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ABSTRACT
Background: Helical Tomotherapy (HT) enables daily verification of patient 
positioning using Megavoltage Computed Tomography (MVCT) during each  
treatment session. 
Objective: The present study aimed to investigate the effects of Automatic 
Registration (AR) compared to a combination of Automatic and Manual Regis-
tration (AR+MR) on setup errors. Additionally, the study aimed to determine the  
corresponding Margins of the Planning Target Volume (MPTV).
Material and Methods: In this experimental study, a total of 1513 daily 
MVCT scans were analyzed from September 2020 to January 2024, which were 
obtained from 71 patients diagnosed with Head and Neck (HN), cervical, and gas-
trointestinal cancer. The scans were registered with the planning CT to determine 
the setup errors of the patients. The analysis compares the setup errors between the 
AR and the AR+MR techniques in translational (X, Y, and Z axes) and rotational 
directions (RX, RY, and RZ). Additionally, the study calculated the MPTV. 
Results: In the AR and AR+MR techniques, the translational setup errors were 
significantly different in the Z-axis for HN patients. For cervical cancer patients, 
AR and AR+MR exhibited significantly different translational errors across all axes. 
Furthermore, they also had notable differences in the Y and Z-axis translational er-
rors for Gastro-Intestinal (GI) patients. Regarding the rotational setup errors, a sub-
stantial difference was observed in the Z-axis translational error for cervical cancer 
patients, and in the Y and Z-axes for GI patients.  
Conclusion: Human assessment after automatic registration helps ensure that 
the registration is clinically appropriate, especially in circumstances involving  
deformable patient anatomy.
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Introduction

Modern radiotherapy technology can 
precisely conform higher radiation 
doses to the target volume while ef-

fectively sparing normal tissues [1-4]. Immo-
bilization devices, such as the thermoplastic 
mask and vacuum cushion, have long been 
employed to obtain great positional repeat-
ability [5, 6]. However, in clinical position-
ing practice, mismatches between the patient 
surface and the immobilization device result 
in visible interfraction setup errors [7, 8]. In 
radiotherapy, image guidance is routinely uti-
lized to identify big setup problems and fine-
tune patient location [9, 10]. Image-guided 
Radiation Therapy (IGRT) uses onboard imag-
ing technologies, including Cone-beam Com-
puted Tomography (CBCT) and Electronic 
Portal Imaging Device (EPID) to increase 
radiotherapy setup accuracy [11]. Despite im-
age guidance, everyday alterations in patient 
setup are unavoidable [12]. The IGRT system, 
including daily monitoring of patient position 
on the treatment machine using X-ray imag-
es, can lead to minimizing geometrical errors 
caused by intra and interfraction motion [13]. 
The reduction of interfraction systematic and 
random errors results in the narrowing of the 
margins between the Clinical Target Volume 
(CTV) and the Planned Target Volume (PTV) 
[14, 15]. To account for systematic and ran-
dom mistakes in daily setup and guarantee an 
appropriate dose to target tissue, the PTV adds 
a margin into the CTV known as the Margin 
of Planned Target Volume (MPTV) [16-19]. 
Currently, MPTV is generally 10 mm in the 
absence of remedial interventions [20]. Con-
sequently, it is crucial to assess intrafraction 
motion individually for each specific tumor lo-
cation and patient immobilization method. In 
this study, MVCT images, obtained from the 
Helical Tomotherapy (HT) system (Accuray, 
Sunnyvale, CA, USA), were utilized to com-
pare the variations in position errors between 
automatic registration (AR) and automatic 
plus manual registration (AR+MR). The study 

aimed to provide a benchmark for determining 
the MPTV in HT treatment for patients diag-
nosed with HN, cervical, and Gastrointestinal 
(GI) cancers.

Material and Methods

Patient characteristics
In this experimental study, a total of 71 pa-

tients participated, who underwent treatment 
with HT at the Mazandaran Radiotherapy 
Center between September 2020 and Janu-
ary 2024 (ranging in age from 30 to 82 years 
old). The patients were categorized based on 
their cancer types, specifically HN, cervical, 
and GI cancers. MVCT scans of these patients 
were analyzed as part of the study. All patients 
underwent HT with 6 MV photon beams and 
daily fan beam MVCT imaging guiding. The 
MVCT image slice width includes three op-
tions; coarse (6 mm), normal (4 mm), and fine 
(2 mm) mode. The images were obtained in 
normal mode at the center. The duration of im-
aging may vary based on the thickness of the 
slice and the length of the scanned area. Fur-
thermore, HT uses a binary Multi-leaf Colli-
mator (MLC) to produce helical highly modu-
lated IMRT plans. The MLC has 64 interleaved 
leaves that measure 6.25 mm in width at the 
isocenter. It is important to highlight that pa-
tients, who had dental implants (which could 
cause metal artifacts) and MVCT images with 
any kind of artifacts, were excluded from the 
study. Additionally, only patients with a mini-
mum of 20 sets of daily MVCT images were 
included in the dataset. 

a) Head and Neck Patients
Twenty-five HN patients, comprising glio-

blastoma (14), neuroblastoma (2), and menin-
gioma (9), received Intensity Modulated Ra-
diotherapy (IMRT) with HT. The patient was 
positioned supine, supported by a headrest and 
a thermoplastic immobilization shell (Orfit, 
Jericho, NY, USA). 

b) Cervical cancer patients
All twenty-four cervical patients were 
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pathologically confirmed, including 18 squa-
mous cell carcinoma, 4 adenocarcinoma, and 
two cervical intraepithelial neoplasia grade III 
cases. During the treatment, the patients were 
set in a supine position on a carbon fiber body 
frame and secured with a thermoplastic body 
membrane. The placement was simulated us-
ing a CT simulator to ensure consistency and 
accuracy throughout the treatment process.

c) Gastrointestinal sufferers
This research included twenty-two consecu-

tive GI cancer patients, including 10 cases of 
esophageal cancer, 2 Pancreatic cancer, and 
7 Gastric cancers. All patients had non-meta-
static cancer at stage T3 or T4, with an unre-
spectable or borderline unrespectable illness. 
Every patient has normal functioning in both 
kidneys. The patients were positioned supine, 
with both hands on the elbows, and the ther-
moplastic body fixator was used to secure the 
patient’s position.

Image Acquisition, Planning, and 
Verification

The CT images were obtained on a comput-
ed tomography machine (Siemens, Germany) 
using a matrix of 512×512 with a voxel size of 
0.976×0.976×3 mm3 that was transferred via 
DICOM local area network to the planning 
system process to produce the treatment plan. 
The target region was defined using the ICRU-
83 reporting standard. The study involved de-
fining the Gross Tumor Volume (GTV), Clini-
cal Target Volume (CTV), Planning Target 
Volume (PTV), and Organs at Risk (OARs). 
The medical physicist was responsible for de-
signing the treatment plan, which was then 
evaluated by the supervising physician and 
physicist collaboratively. To ensure accurate 
patient alignment during each treatment frac-
tion, daily MVCT images were captured us-
ing the HT unit. The images were obtained 
with a 512×512 matrix and voxel dimensions 
of 0.763×0.763×4 mm³. These images served 
as a reference for aligning the patient and 
verifying the correct positioning before each  

treatment session. Typically, the MVCT scan 
range includes the whole GTV, CTV, and 
OARs. MVCT images were rebuilt and com-
pared to the positioned planning CT image. 
The HT treatment planning system employs 
over appropriate landmarks for each disease 
site, and the positions of PTV (both bone land-
marks and soft tissue) in AR mode involve as-
sessing the supra-orbital ridge, which stays 
undamaged within the immobilization mask, 
as well as the chin and other stable anatomical 
structures. The bone features around the PTV 
were regarded as landmarks for cervical and 
GI patients. After AR was finished, the posi-
tion error values were calculated for the three 
linear directions and angular rotations of the 
left and right (X), head and feet (Y), and ab-
dominal back (Z) axis directions, as well as 
rotating coronal position (RX), sagittal posi-
tion (RY), and transverse position (RZ). The 
unit of translational heading was millimeter 
(mm), though the unit of turning heading was 
degree (°). The overlap between the MVCT 
image and the anticipated CT image was then 
calculated, and manual registration was used 
as needed until the registration result matched 
the criteria. The record applies the most recent 
automated positioning + manual allocation er-
ror (AR+MR) to the radiation treatment bed. 
A third-party verification system called the 
Delta4 Phantom (ScandiDos, Sweden) is em-
ployed, before commencing the treatment.

MPTV determination
According to the International Commission 

on Radiation Units and Measurements (ICRU) 
Report No. 62 [21], the left side of the x-axis 
is positive; the upper side of the y-axis is posi-
tive; the front side of the z-axis is positive and 
the rear side is negative. Finally, the angle of 
rotation is positive when the upper end is tilted 
toward the foot and the lower end is tilted to-
ward the foot. 

Σ and δ indicate systematic and random 
errors, respectively. Van Herk’s [22] re-
search found that the formula for CTV to 
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PTV expansion in X, Y, and Z directions was 
MPTV=2.5∑+0.7δ, where δ is the root mean 
square of the individual random error.

Statistical Processing
The data was reported as x±s. SPSS software 

(version 20.0) was used to compute Σ and δ in 
each direction. A paired t-test was utilized to 
compare the AR positioning error value with 
the automatic-assisted manual registration po-
sition error. P-value<0.05 indicates statistical 
significance.

Results

General Data
A total of 1513 eligible CBCT scan results 

were collected, with each patient receiving 
20-25 treatment fractions. The scans were ob-
tained from 530 HN-cancer, 502 cervical-can-
cer, and 481 GI-cancer patients. For detailed 
data, please refer to Table 1.

Comparison of Translational Setup 
Errors for AR and AR+MR Values 

The AR and AR+MR values in translation-
al setup errors for HN, cervical, and GI can-
cer cases are shown in Table 2. According to  
Table 2, the X, Y, and Z axis translational setup 
errors for HN patients with AR were -1.1 mm, 
-0.2 mm, and 1.5 mm, respectively. HN pa-
tients with AR+MR had X, Y, and Z axis trans-
lational setup errors of -0.7 mm, 0.3 mm, and 

0.2 mm, respectively. There was a significant 
difference between AR and AR+MR transla-
tional setup error in the Z-axis (P-value<0.05). 
However, there was no statistical significance 
between AR and AR+MR position error values 
on the x and y axes (P-value>0.05). Results of 
Table 2 show that cervical patients with AR 
had X, Y, and Z axis translational setup errors 
of -2.1 mm, 3.5 mm, and 2.2 mm, respective-
ly. The cervical cancer patient with AR+MR 
had X, Y, and Z axis translational setup errors 
of -0.1 mm, 1.4 mm, and 0.5 mm, respec-
tively. AR and AR+MR showed significantly 
different translational errors across all axes  
(P-value<0.05). Finally, for GI cases, results 
show that GI patients with AR had X, Y, and 
Z axis translational setup errors of -1.1 mm, 
-1.4 mm, and 1.7 mm, respectively. The GI pa-
tient with AR+MR had X, Y, and Z axis trans-
lational setup errors of -0.7 mm, 0.5 mm, and 
0.1 mm, respectively. There was a substantial 
difference in Y and Z-axis translational errors 
between AR and AR+MR (P-value<0.05).

Comparison of Rotational Setup  
Errors for AR and AR+MR values

The AR and AR+MR values in rotational 
setup errors for HN, cervical, and GI can-
cer cases are shown in Table 3. According to  
Table 3, the rotational setup blunders of HN 
cases with AR were 0.76, -1.04, and 1.07 
degrees, respectively. The RX, RY, and RZ ro-
tational setup errors in AR+MR were 0.52, 

Head & Neck patients Cervical cancer patients Gastrointestinal patients

Number of Patient 25 24 22
Median Age 52.5 48.3 53.2

Tumor type
Glioblastoma (14) 
Neuroblastoma (2) 

Meningioma (9)

cases of squamous cell carcinoma 
(18), adenocarcinoma (4), cervical 

intraepithelial neoplasia (2)

Esophageal cancer (10)  
Pancreatic cancer (5) 

Gastric cancer (7)
Number of CBCT 530 502 481

CBCT: Cone-beam Computed Tomography

Table 1: The collected data of the patients.
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Rotational errors
Case Group Number of CBCT X (range) Y (range) Z (range)

HN Patients

AR 530 0.76 (0.35,1.72) -1.04 (-1.8,1. 2) 1.07 (0.5,1.8)
AR+MR 530 0.52 (-0.19,1.2) -0.51 (-1.1,0.2) 0.81 (0.3,1.42)

T 1.2 2.6 3.7
P-value 0.36 0.44 0.54

Cervical patients

AR 502 1.23 (0.5,2.79) 1.08 (-0.5,1.9) 1.43 (0.8,1.95)
AR+MR 502 0.71 (0.4,1.6) 0.84 (-0.2,1.08) 0.51 (0.1,0.88)

T 1.19 1.18 3.2
P-value 0.24 0.25 0.004

GI patients

AR 481 0.95 (0.5,2.15) 1.04 (-0.5,1.5) 1.25 (0.2,1.65)
AR+MR 481 0.55 (0.1,1.4) 0.62 (-0.3,1.1) 0.36 (0.1,0.65)

T 0.83 2.97 2
P-value 0.40 0.03 0.02

CBCT: Cone-beam Computed Tomography, HN: Head & Neck, AR: Automatic Registration, MR: Manual Registration, GI:  
Gastrointestinal

Table 3: Comparison of rotational errors between the two groups for all patients

Translational errors

Case Group Number of CBCT X (range) Y (range) Z (range)

HN Patients

AR 530 -1.1 (-2.5,3.5) -0.2 (-1.7,1.3) 1.5 (-1.5,3.8)
AR+MR 530 -0.7 (-1.4,2.6) 0.3 (-0.1,1.1) 0.2 (-0.8,1.4)

T -2.2 1.5 4.2
P-value 0.65 0.225 0.001

Cervical patients

AR 502 -2.1 (-4.7,0.8) 3.5 (-1.1,5.0) 2.2 (-1.4,4.6)
AR+MR 502 -0.1 (-1.1,0.6) 1.4 (-0.2,2.3) 0.5 (-0.3,1.8)

T -1.5 2.8 3.2
P-value 0.01 0.006 0.005

GI patients

AR 481 -1.1 (-2.3,1.1) -1.4 (-3.1,3.5) 1.7 (-0.8,4.2)
AR+MR 481 -0.7 (-1.2,1.3) 0.5 (-0.7,1.1) 0.1 (-0.6,1.3)

T -2.2 3.2 4.8
P-value 0.86 0.02 0.001

CBCT: Cone-beam Computed Tomography, HN: Head&Neck, AR: Automatic Registration, MR: Manual Registration, GI:  
Gastrointestinal

Table 2: Comparison of translational errors between the two groups for all patients
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-0.51, and 0.81 degrees, respectively. The two 
registration approaches showed no significant 
variations in rotational error (P-value>0.05). 
Cervical cancer patients with AR had RX, RY, 
and RZ rotational setup errors of 1.23, 1.08, 
and 1.43 degrees. The rotational setup errors 
in AR+MR were 0.71, 0.84, and 0.51 degrees, 
respectively. Both groups showed a signifi-
cant dissimilarity in Z-axis translation error  
(P-value<0.05). The rotational setup inac-
curacies of GI cases with AR were 0.95, 
1.04, and 1.25 degrees, respectively. RX, RY, 
and RZ rotational setup errors in AR+MR 
were 0.55, 0.62, and 0.36 degrees, respec-
tively. The Y and Z-axes translational errors  
differed significantly between the two clusters  
(P-value<0.05).

Comparison of MPTV Values
Systematic and random error  

computation
For each individual case, all movements 

and displacements were recorded in the X, Y, 
and Z axes and the average displacement was  
determined. 

The mean (M) of the averages and Standard 
Deviation (SD) for each axis were then calcu-
lated. The systematic error (Σ) was estimated 
by calculating the standard deviation of aver-
ages (m) for each axis. The random error (σ) 
is calculated by taking the square root of the 
average of the SD2 per axis. Table 4 shows 
the expansion boundaries beyond the target 
region for all patients with AR and AR+MR. 
According to this, results show that the  

Case Group Axis Σ Σ MPTV=2.5∑+0.7δ

HN Patients

AR
X 0.92 1.14 3.098
Y 1.26 1.31 4.067
Z 2.26 2.44 7.358

AR+MR
X 0.87 0.91 2.812
Y 1 1.29 3.403
Z 1.43 1.04 4.303

Cervical patients

AR
X 1.26 1.22 4.004
Y 2.51 1.64 7.423
Z 2.7 2.1 8.22

AR+MR
X 1.08 0.93 3.351
Y 1.4 0.97 4.179
Z 1.67 1.34 5.113

GI patients

AR
X 1.41 0.94 4.183
Y 2.94 3.12 9.534
Z 1.95 3.55 7.36

AR+MR
X 1.29 0.8 3.785
Y 1.66 1.32 5.074
Z 1.65 1.06 4.867

MPTV: Margins of Planning Target Volume, CTV: Clinical Target Volume, PTV: Planning Target Volume, HN: Head & Neck,  
AR: Automatic Registration, MR: Manual Registration, GI: Gastrointestinal

Table 4: Margins of Planning Target Volume (MPTV) of Clinical Target Volume (CTV) to Planning 
Target Volume (PTV expansion boundary for all Patients in different registration methods
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expansion boundaries beyond the target region 
for HN patients with AR and AR+MR were 
X (3.098, 2.812) mm, Y (4.067, 3.403) mm, 
and Z (7.358, 4.303) mm, respectively. The  
expansion boundary beyond the target re-
gion of cervical cancer patients with AR and 
AR+MR were X (4.004, 3.351) mm, Y (7.423, 
4.179) mm, and Z (8.22, 5.113) mm; finally, 
the expansion boundaries beyond the target re-
gion of the GI patients with AR and AR+MR 
were X (4.183, 3.785) mm, Y (9.534, 5.074) 
mm, and Z (7.36, 4.867) mm, respectively.

Discussion
More modern approaches, such as IMRT 

or Adaptive Radiation Therapy (ART), may 
provide highly conformal dose distributions 
with better target volume coverage and nor-
mal tissue sparing than traditional proce-
dures [23-25]. These approaches can enhance 
treatment results while dramatically lower-
ing the dose of OARs [26]. Nonetheless, in-
consistencies in inter-fraction placement 
may result in dose mistakes; the steepness 
of the dose-effect curves might restrict IGRT  
effectiveness, influencing patient outcomes for 
both local tumor reduction and normal tissue  
consequences [27, 28]. 

For HN patients, the superior and inferior 
shifts play a significant role in tumor under-
dose [29]. A 3-millimeter setup mistake in the 
posterior and lateral orientations considerably 
affects the dose of the spinal cord [30, 31]. 
Likewise, setup mistake in the lateral and an-
terior orientations influences the dose to both 
parotids [32]. Similarly, in the treatment of GI 
malignancies, the radiation dose administered 
to the lung and heart should be monitored, 
since even modest doses of radiation to the 
lung may cause significant harm [33]. Re-
search indicated that dose discrepancies in the 
thoracic region, especially in the supine posi-
tion might be linked to the patient setup [34].

Image registration may help to ensure 
that the target region and OAR are as close 
to the intended location as feasible during  

fractionated treatments [35]. The HT image 
guiding feature, enables real-time image reg-
istration, instantly determines the error value 
of the treatment, and applies it to the treat-
ment plan, making the registration easy and 
fast. Manual registration necessitates a visual 
evaluation of the overlap between the anatom-
ical structure and the area of interest, which 
takes time, puts a strain on technicians, and  
necessitates clinical verification [36].

In order to calculate the appropriate PTV 
margin, the inter-fractional setup errors of 
patients should be analyzed when applying a 
new treatment technique, such as a new gen-
eration of tomotherapy machine and new-fan-
gled immobilization device or extending the 
indication of the technique to malignancies 
at other sites. [37]. The current study aimed 
to determine setup errors in all three dimen-
sions as well as final CTV-PTV margins. Daily 
setup was recorded in all three dimensions (X, 
Y, and Z), and CBCT images were matched 
using bone landmarks and soft tissues. That 
would be a reference for clinical practice 
and future development of artificial intelli-
gence neural networks for patients undergoing  
tomotherapy.

Head and Neck cases
The implementation of AR+MR registra-

tion led to a reduction in both systematic and 
random uncertainties. However, when specifi-
cally analyzing the HN patients, the results in-
dicated no significant difference between AR 
and AR+MR registration in terms of transla-
tional and rotational setup errors, except for a 
significant difference observed in the Z-axis. 
This discrepancy could potentially be at-
tributed to the utilization of a headrest and a 
thermoplastic immobilization shell for body 
fixation during radiotherapy. These immobi-
lization devices may have contributed to the 
observed variation in the Z-axis setup error. It 
was close to the findings of Hu Jian et al. [38] 
that compared the automatic registration of 
cone beam CT (CBCT) with automatic + man-
ual registration in head and neck tumors, and 

VII



J Biomed Phys Eng

Danial Seifi Makrani, et al

the difference was not statistically significant. 
In the study by Amer et al. [39] the residual 
errors for head and neck tumors were rather 
small, which can be explained by the use of a 
small region of interest for automatic match-
ing due to the limited collimator size of the 
Beam modulator in the Elekta Synergy system 
Boswell et al. [36] used HT airborne MVCT 
to analyze the impact of automatic and man-
ual registration methods on head membrane 
body treatment error values. During the 1872-
step automatic registration process, it was 
found that 2.5% of the treatment error values  
exceeded 10 mm. On the other hand, when 
using manual registration, all treatment er-
ror values were below 6 mm, showing that 
the manual registration method resulted in  
smaller treatment errors compared to the  
automatic registration method. 

Cervical cancer cases
In the context of cervical cancer patients, 

this study found a statistically significant dif-
ference between the two registration methods. 
These findings indicate that relying solely on 
simple automatic registration of bone and soft 
tissue is insufficient to meet the requirements 
for precise treatment in this particular patient 
group. Additional measures or more advanced 
registration techniques may be necessary to 
achieve the desired level of treatment preci-
sion for cervical cancer patients. Manual ad-
justment is necessary based on specific con-
ditions, and is more effective than solo auto 
registration. The reason may be that, unlike 
head and neck tumors, abdominal and pelvic 
tumors are more affected by physiological ac-
tivity and the filling of the diaphragm, intes-
tine, bladder, and rectum than head and neck 
tumors, which makes the need for manual  
registration more apparent. Laursen et al. 
[40], Cao Qianqian et al. [41], and Wang  
Xiaoyun et al. [42] used vacuum pads to fix the 
body position, and conducted CBCT-guided 
radiotherapy for cervical cancer and endome-
trial cancer. The MPTV on the x, y, and z axes 
are 9.6, 8.2, 11.6 mm, 8.1, 11.4, 12.8 mm, 5.4, 

7.3 and 5.7 mm, respectively, while the MPTV 
in the three directions of Xin et al. [43] under 
the fixation of the thermoplastic mask are re-
spectively 5.2, 11.0, and 5.6 mm. The above 
studies all show that the displacement is large 
in the y- and z-axis directions, and the external 
boundary of thermoplastic body mold fixation 
is smaller than that of vacuum pad fixation. In 
this study, the MPTV in the three directions 
under AR+MR and the thermoplastic mask 
fixation were 3.351, 4.179, and 5.113 mm, re-
spectively, which were smaller than the above 
CBCT studies. The results were lower than 
Singh et al. [38], who used EPID image guid-
ance to obtain PTV boundary values of 0.9 
cm, 1.0 cm, and 0.6 cm for X, Y, and Z when 
alignment marker points were added without 
body fixation. Wu et al. [39] employed CBCT 
image-guided equipment, requiring MPTV 
boundary values of 0.39 cm for X, 0.80 cm for 
Y, and 0.44 cm for Z. The expansion bound-
ary values of X and Y were greater than those 
of this investigation. Patni et al. [44] used the 
CBCT image-guided apparatus for estimat-
ing the MPTV values. When compared to the  
values in this study, the expansion boundary 
values of X, Y, and Z were greater. 

Possible reasons would be that all patients in 
the current study were fixed with thermoplas-
tic masks, emptied their bladders and rectums, 
and also drank 600 ml of water 1 hour before 
treatment. In addition, Laursen et al. [40] be-
lieve that for patients with para-aortic irradia-
tion systematic errors can cause compromised 
target coverage which may lead to more and 
larger abnormal registration treatment error 
values. In the current study, the registration 
site does not include the para-aortic lymph 
node, which may also be the reason for the 
small MPTV. 

Cervical cancer is sensitive to radiation, and 
the volume of cervical tumors can be reduced 
by up to 79% with only 30 Gy [45]; the rap-
id shrinkage of the tumor changes the posi-
tion of the cervix, causing the uterus to shift 
downward and forward significantly, and the  
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bladder between treatments. Moreover, the 
fullness of the rectum affects the anterior-pos-
terior position of the target area [45, 46], and 
studies have shown that the external expansion 
of the head and feet (y-axis) and the anterior-
posterior direction (z-axis) are larger. Howev-
er, the results of this study showed that manual 
registration followed by automatic one can de-
crease position change in the anteroposterior 
direction to prevent outliers in the automatic 
registration. Definitely, the strict management 
of the filling status of the bladder and rectum 
during the experiment also plays an important 
role in reducing the MPTV.

GI cases
In this study, the translational and rotational 

errors for GI patients reduced after AR+MR, 
and the decrease was significant except for X 
and Rx. Equally for the MPTV value of CTV 
to PTV expansion, the external boundary  
values of X, Y, and Z were 4.183 mm, 9.534 
mm, and 7.36 mm in the AR group and 3.785 
mm, 5.074 mm and 4.867 mm in AR+MR 
group, respectively. The values of the ex-
pansion boundaries to the left and right were 
about the same. The AR+MR group had lesser 
values in the head-foot and ventrodorsal di-
rections compared to the AR group, measur-
ing 4.4 mm and 2.5 mm, respectively. Sá et al. 
[43] used 3D surface image guidance to reach 
MPTV boundary values of 8.9 mm, 10.4 mm, 
and 9.3 mm for X, Y, and Z, respectively. These 
values were higher than those in the current 
investigation for AR and AR+MR. The study 
by Akimoto et al. conducted an error analy-
sis of image-guided pancreatic cancer patients 
before each treatment. The MPTV values of 
PTV in the three directions of X, Y and Z were 
8.9, 9.8, and 11 mm, respectively. The main 
reason for the large value is that the pancre-
atic position changes greatly due to respira-
tory movement [47]. This study suggests that 
manual registration should be done in addition 
to automatic registration, based on the con-
sistent results found. To better manage setup 
errors and organ motion, especially in the GI 

zone, Four-dimensional CT technology could 
be a valuable option. It applies respiratory 
gating technology for CT image acquisition 
and plan design, and can detect the amplitude 
and direction of tumor movement during the  
respiratory cycle [48].

The significant gap observed between the 
actual treatment position and the HT setup 
position can be attributed to the positioning 
method employed in HT. In HT, the position-
ing is typically performed at the virtual isocen-
ter, which is located 700 mm outside the bore. 
Consequently, the patient is positioned based 
on the setup lasers outside the bore, while the 
actual treatment takes place inside the bore. 
This discrepancy ignores the potential effects 
of absolute tomotherapy couch sag, which can 
further contribute to variations in positioning 
accuracy. It is important to consider and ac-
count for these factors to ensure precise and 
accurate treatment delivery in HT. As a result, 
the treatment bed board error value is relative-
ly large during the first treatment. By utiliz-
ing a correction system for the bed during the 
initial treatment, any positioning errors in the 
Z-direction can be automatically recorded and 
subsequently adjusted in the following treat-
ments. This systematic approach helps mini-
mize Z-direction positioning errors over the 
course of the treatment. The correction system 
ensures that the patient is accurately positioned 
and aligned, leading to improved treatment 
precision and reduced errors in the Z-direction 
[49, 50]. The primary cause of setup errors in 
the z-axis for all patients, including those with 
HN, cervical, and GI cancers, could be associ-
ated with the process of removing upper body 
clothing and subsequent plate-laying. These 
actions may lead to muscle contraction in the 
back, causing changes in the thickness of the 
human body in the ventrodorsal direction. 
This contraction can result in an increased 
z-axis error during registration with the plan-
ning image. The contraction of back muscles 
and the associated changes in body thick-
ness should be considered as potential factors  
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contributing to setup errors in the z-axis, and 
measures should be taken to mitigate their im-
pact on treatment accuracy. Correspondingly, 
the data showed that the maximum range of 
RX value for AR of cervical and GI patients 
was higher than 2° (2.79˚ and 2.15˚, respec-
tively). A previous study demonstrated that the 
rotation angle >2° influences the distribution 
of the planned dose [51]. Therefore, if the set-
up error angle was greater than 2°, it was nec-
essary to reset the position. By AR+MR meth-
od, the maximum range became lower (1.6˚ 
and 1.4˚, respectively). The head pad cushion 
and the vacuum pad wrapped across the chest, 
abdomen, and most of the thighs, may have 
contributed to the greater RX value. The lower 
leg and foot of the patient, not being covered 
by the vacuum pad, may come into direct con-
tact with the carbon fiber plate of the treatment 
bed. This situation can lead to patient discom-
fort and potentially contribute to errors in the 
setup. The patient’s dissatisfaction with this ar-
rangement may have influenced their position-
ing during treatment, potentially resulting in  
errors. It is important to address patient con-
cerns and discomfort to ensure their coopera-
tion and accurate positioning during treatment.

Conclusion
HT has entered the era of precision, which 

can achieve complete coverage of the tumor 
target area with a high dose according to plan-
ning requirements while forming a steep dose 
drop area around the tumor to reduce the tox-
icity for normal tissues around the target area. 
Therefore, if the fixed position of cancer pa-
tients is slightly changed during treatment, it 
will lead to the failure of cancer treatment and 
the aggravation of normal tissue toxicity.

This study examined the PTV margins for 
different disease sites in patients undergo-
ing MVCT-based IGRT treatment for HT. In 
short, the setup error of patients treated with 
HT using the AR process will be greater than 
that with AR+MR. The MVCT image guid-
ance system that comes with tomotherapy can  

effectively correct the pre-treatment images 
of patients, and results showed that manual 
adjustment based on automatic registration is 
necessary in HT, especially for cervical and GI 
cases. Therefore, this mistake must be taken 
seriously, especially in the ventrodorsal direc-
tion. The findings of this study suggest that the 
utilization of AR for MPTV margins is almost 
sufficient for patients with HN. However, it 
was observed that the computed MPTV mar-
gins for cervical and GI patients were deviated 
from the clinical margins. With the utilization 
of daily image guidance, there is a possibility 
to reduce the margin in cases, where suitable 
anatomical sites and landmarks are available. 
By continuously verifying the patient’s posi-
tion and aligning it with the treatment plan us-
ing daily image guidance, the need for larger 
treatment margins can be minimized. This ap-
proach allows for more precise targeting of 
the tumor while sparing surrounding healthy 
tissues, potentially leading to improved treat-
ment outcomes and reduced side effects.  
Conversely, in cases of HN, when daily im-
aging guidance is not possible, the clinical 
margins used in this protocol, along with im-
mobilization devices, effectively keep the set-
up errors within the acceptable range. These 
margins can serve as a reference for non-IGRT 
setups, but factors like immobilization and 
contouring techniques should be taken into 
account.

This study primarily utilizes MVCT to mea-
sure position errors during HT and provides an 
initial estimation of PTV magnification. How-
ever, further research is needed to determine 
how to combine positioning and organ motion 
errors to obtain a more accurate estimation of 
PTV magnification.
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