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Introduction

The rate of Rectal Cancer (RC), the tenth most lethal cancer, has 
dramatically increased worldwide. The number of new rectal 
cancer cases was estimated as 732,210 in 2020 [1]. In recent 
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ABSTRACT
Background: Magnetic Resonance Imaging (MRI) has become a complementary 
imaging method for the treatment planning process due to the limitations of Com-
puted Tomography (CT) imaging. 
Objective: This study aimed to assess the effect of co-registered MRI and CT 
(MRI/CT)-based target delineation on the dose to the target, small bowel, bladder, 
and femoral heads during Helical Tomotherapy (HT).
Material and Methods: In this cross-sectional prospective study, MRI in 
a prone position were obtained for 12 patients with rectal cancer at one-day inter-
vals with simulation CT. Following the co-registration process with the deformable  
algorithm, target volumes are defined. Gross Tumor Volume (GTV), Clinical Target 
Volume (CTV), and Planning Target Volume (PTV) were delineated for each CT 
and MRI/CT. 
Results: GTV, CTV, and PTV mean values were significantly higher in the CT-
based target delineation method than those in the MRI/CT-based method. In MRI/
CT-based plans, the mean HI value was significantly lower, and the mean Confor-
mity Index (CI) value was significantly higher than that in CT-based plans. In a 
small bowl, the most of dosimetric parameters (Dmax, Dmean, D50%, D50%, V40%, and 
V45%) were significantly higher for the CT-based plans. In the bladder, all dosimetric 
parameters, except V30%, were statistically higher in CT-based plans.  
Conclusion: Co-registered MRI/CT-based treatment planning can produce  
better dose coverage for the target and reduce the delivered dose to the Organs at 
Risk (OARs) when compared to CT-based planning.
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years, the use of preoperative chemoradio-
therapy for localized rectal cancer has widely 
become accepted due to some advantages, 
such as tumor down-staging, reduction of  
local recurrence risk, and improved over-
all survival [2]. However, radiotherapy as 
a therapeutic option has significant clinical 
benefits, some significant risks are associated 
with treatment-related adverse events [3]. 

Modern Radiotherapy (RT) techniques 
can help to reduce the side effects of radia-
tion, such as modern radiotherapy technique  
(Helical Tomotherapy (HT)), yielding highly 
conformal distributions of radiation dose to 
the target and minimizing the level of radia-
tion exposure to the Organs at Risk (OARs) 
[4]. The treatment of rectal tumors primar-
ily aimed to achieve adequate radiation dose 
to the rectum and sparing of OARs, such as 
bladder, small bowel, femoral heads, and  
accurate delineation of Gross Tumor Volume 
(GTV), and Clinical Target Volume (CTV) 
[5]. 

Tumor delineation and treatment planning 
in rectal tumors are based on Computed To-
mography (CT) images. However, there are 
some limitations of CT images in the delin-
eation of treatment volumes in pelvic struc-
tures, including poor contrast between soft 
tissues, artifacts from large bony structures 
or metal prostheses, and partial volume ef-
fects [6]. Recently, Magnetic resonance im-
aging (MRI) can complement CT imaging by 
improving soft tissue contrast, reduce large 
bony structure artifacts, and improve better 
contrast resolution [7,8]. 

Moreover, MR images provides better visu-
alization of tumor extent and nodal involve-
ment in some sites. For these reasons, co-reg-
istered MRI and CT images (MRI/CT) can be 
used for a better definition of treatment goals. 
The effect of co-registered MRI/CT images 
are investigated on tumor volume delinea-
tion [9,10], showing that delineated volumes 
based on CT images were not always the 

same as delineated volumes based on MRI/
CT images. Some studies have reported that 
smaller GTV and CTV based on MRI/CT  
images and differences between treatment 
volumes can impress delivered radiation dose 
to the OARs [11,12]. Bird et al. [11] dem-
onstrated that smaller delineated GTV-based 
MRI/CT images in anorectal tumors causes 
a reduction of delivered dose to the OARs, 
such as bladder and small bowel. 

Using MR images based on CT simulation 
instead of CT images alone is challenging 
in radiation therapy departments. Therefore,  
assessment of the role of co-registered MRI/
CT images in HT treatment planning for rec-
tal cancer is important for dose delivery of 
the target and reduction dose of OARs. 

To the best of our knowledge, there is no 
published work on the evaluation of MRI/
CT images in rectal cancer patients for HT 
treatment planning. For this reason, HT treat-
ment plans were analyzed for comparison of 
both planning methods in the present study. 
This study aimed to compare volumetric and 
dosimetric parameters between MRI/CT and 
CT images alone for treatment planning of 
rectal cancer tomotherapy, and also to assess 
the influence of co-registered MRI/CT-based 
target delineation on the dose to the target 
and OARs, such as small bowel, bladder, and 
femoral heads during tomotherapy.

Material and Methods

Patients
In this cross-sectional prospective study, 12 

patients with rectal cancer including 7 males 
and 5 females with a mean age of 60 years 
(range of 30-81 years) were selected after ap-
proval by the Isfahan University of Medical 
Sciences ethics committee. All patients were 
referred to the Department of Radiation On-
cology, Seyed Al-Shohada Hospital, Isfahan 
for pre-operative chemo-radiation therapy 
between February 2022 and December 2022. 
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All tumors were staged by echo endoscopy, 
diagnostic MRI, and CT.

Scanning methods
All patients underwent simulation CT and 

diagnostic MR images. Simulation CT scans 
were obtained using Siemens SOMATOM 
(Confidence®RT, Pro) with and without con-
trast enhancement. Patients were scanned 
with bladder filling protocol in the prone  
position, and all scans were obtained at 3 
mm slice thickness. The MR images were 
obtained on a 1.5 T (Siemens MAGNETOM, 
Symphony) scanner with T2W 2D turbo spin 
echo and T1W 2D turbo spin echo sequences.

Image Fusion and Contouring
All images were imported into Radixact-

X9® tomotherapy machine TPS (accu-
racy precision treatment planning system 
V2.0.1.1) for image fusion, contouring, and 
treatment planning. Both imaging methods 
were matched using a deformable fusion  
algorithm [13]. Then, all fused images were 
visually reviewed by a Radiation Oncologist 
and a Medical Physicist. An expert radiation 
oncologist delineated GTV, CTV, and OARs 
according to the RTOG (radiation therapy 
oncology group) protocols [14]. Based on the 
CT and MRI/CT images, two different GTVs 
were delineated for each patient: GTVCT and 
GTVMRI/CT, respectively. At first, GTVCT was 
manually delineated in all slices, in which 
the tumor was visible, and GTVMRI/CT was 
then delineated with a week interval by the 
same radiation oncologist. In the same way, 
CTVCT and CTVMRI/CT were defined. Clinical 
target volume included the GTV mesorectal, 
presacral, common, and internal iliac lymph 
nodes [15]. In addition, some OARs were 
contoured, including the bladder, small bow-
el, and femoral heads. In the end, the PTV 
was generated with a 3-mm margin around 
the CTV.

Treatment planning
Following the contouring process, tomo-

therapy plans were performed for all cases. 
The prescription dose for PTV was 45 Gy in 
25 fractions of 1.8 Gy. Also, dose constraints 
are defined as covering ≥98% of the PTV 
with ≥93% of the prescribed dose, V35<180 
cc for small bowel, V40<40% for femoral 
heads, and V40<40% for bladder. All plans 
were generated using a 5-cm field width, a 
pitch ranging from 0.28 to 0.43, and a modu-
lation factor of 2 to 3. For each patient, plan-
ning was defined for two PTVs (CT and MRI/
CT) under the same condition. All plans were 
reviewed by the Physicist and Oncologist. 
Treatment plans was compared after analyz-
ing the Dose Volume Histogram (DVH) and 
target volumes.

Plan evaluation 
For volumetric comparison, GTVCT and  

GTVMRI/CT were calculated by the treatment 
planning software, and CTV and PTV vol-
umes were compared. To evaluate the plans, 
dosimetric parameters were calculated using 
DVH data. For PTV, the CI (Conformity in-
dex) and HI (homogeneity index) were cal-
culated according to the following equations 
[16,17]: 

45

PTV

V GyCI
V

=               (1)

maxIHI
RI

=                   (2)

where V45 Gy is the volume of PTV that  
receives 45 Gy radiation dose, VPTV is the vol-
ume of PTV, Imax is the maximum isodose in 
the target, and RI is the reference isodose. For 
OARs, such as bladder, both femoral heads, 
and small bowel, Dmean (mean dose) and Dmax 
(maximum dose) were analyzed; Also, Vn% 
(percent volume of the organ that receives at 
least dose of n Gy) and Dn% (a dose received 
by n% of the volume of organ) were reported 
in various levels.

Statistical analysis
For all volumetric and dosimetric parame-

ters of MRI/CT and CT-based plans, normal-
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ity tests were performed. Paired Wilcoxon 
tests were used to compare the variables since 
none of the parameters showed normal dis-
tribution. The data analysis was carried out 
using SPSS version 22.0 statistical software  
and a P-value<0.05 was considered statisti-
cally significant.

Results

As stated in methods section, the tumors were 
staged and their outputs are shown in Table 1.

Volume comparisons
The results of the volumetric analysis are 

shown in Figure 1. According to both vol-
ume delineation methods, Table 2 presents 
GTV, CTV, and PTV mean volumes. In GT-
VCT, the mean value was significantly high-
er than in GTVMRI/CT (243.00±145.00 vs. 
219.02±131.00, P<0.001). CTVCT showed 
a significantly higher mean value than CT-
VMRI/CT (504.00±241.00 vs. 461.00±249.00, 
P<0.001). In addition, the mean value of the 
PTVCT was significantly higher in the CT-

Structure
CT MRI/CT

P-valueMean 
(cc) SD Mean 

(cc) SD

GTV 243.00 145.00 219.02 131.00 <0.001

CTV 504.00 241.00 461.00 249.00 <0.001
PTV 675.00 263.00 602.00 266.03 0.019

CT: Computed Tomography, MRI: Magnetic Resonance  
Imaging, GTV: Gross Tumor Volume, CTV: Clinical Target Volume, 
PTV: Planning Target Volume, SD: Standard Deviation

Table 2: Mean gross tumor volume, clinical 
target volume, and planning target volumes

Figure 1: Volumetric comparison between 
CT-based and MRI/CT-based treatment  
volume delineation. (CT: Computed Tomog-
raphy, MRI: Magnetic Resonance Imaging, 
GTV: Gross Tumor Volume, CTV: Clinical  
Target Volume, PTV: Planning Target Volume)

Patient 1 2 3 4 5 6 7 8 9 10 11 12
Stage T3N2M0 T3N1M0 T3N2M0 T2N1M0 T3N2M1 T3N2M0 T3N0M0 T4N2M0 T4N1M0 T2N2M1 T3N1M0 T4N1M0

T: Shows the size of the tumor and any spread of cancer into nearby tissue, N: Shows the spread of cancer to nearby lymph nodes, 
M: Shows metastasis

Table 1:  Tumor node metastasis or staging system in rectal cancer.

based planning method compared to MRI/
CT-based planning method (675.00±263.00 
vs. 602.00±266.03, P=0.019). The PTVCT 
was larger than the PTVMRI/CT in 9 cases 
(75%) and smaller in only 3 cases (25%).

Dosimetric comparisons
Planning target volume (PTV)
Table 3 shows the results of Dmean, CI, and 
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HI parameters for CT- and MRI/CT-based 
plans. The mean HI value in CT-based plans 
was significantly higher than that in MRI/
CT-based plans (1.08±0.03 vs. 1.06±0.02, 
P=0.005). Additionally, the mean value for 
the Dmean parameter was significantly lower 

in PTVCT than in PTVMRI/CT (4613.00±79.00 
vs. 4620.00±99.00). Also, Figure 2 shows 
the radiation dose distribution in PTVCT and  
PTVMRI/CT.
Bladder
Dmax, Dmean, D50%, and D98% for bladders 

Structure Parameters
CT MRI/CT

P-value
Mean SD Mean SD

PTV
Dmean (cGy) 4613.00 79.00 4620.00 99.00 <0.001

HI 1.08 0.03 1.06 0.02 0.005
CI (%) 90.00 11.00 92.00 8.00 0.042

Bladder

Dmax (cGy) 4545.00 655.00 4401.00 639.00 0.004
Dmean (cGy) 3360.00 610.03 3198.00 593.00 0.005

D50% 75.00 21.00 71.00 22.00 0.015
D98% 41.09 18.00 36.00 18.00 0.019
V30% 57.00 29.00 53.00 24.00 0.099
V40% 47.00 21.00 41.00 18.00 0.010
V45% 29.00 20.00 24.00 18.00 0.026

Small bowel

Dmax (cGy) 4553.00 957.00 4409.00 996.00 0.028
Dmean (cGy) 2105.00 850.00 2080.00 867.00 <0.001

D50% 39.00 24.00 39.00 25.00 <0.001
V20% 45.00 24.00 46.00 24.00 <0.001
V30% 31.00 18.00 31.04 15.00 <0.001
V40% 22.00 14.00 21.00 12.00 <0.001
V45% 15.00 12.00 13.00 10.00 <0.001

Left femoral head

Dmax (cGy) 3817.00 770.00 3541.00 812.00 0.034
Dmean (cGy) 2322.00 623.00 2197.00 695.00 0.084

D50% 55.00 18.00 49.00 23.00 <0.001
V20% 71.00 20.07 65.00 22.00 0.004
V30% 29.00 28.00 30.01 28.00 0.99

Right femoral head

Dmax (cGy) 3991.00 650.00 3755.00 791.00 0.034
Dmean (cGy) 2361.00 623.00 2240.00 753.00 0.099

D50% 55.00 15.00 49.00 20.00 0.055
V20% 73.00 20.00 69.00 21.00 0.093
V30% 29.00 27.00 27.00 25.08 <0.001

CT: Computed Tomography, MRI: Magnetic Resonance Imaging, PTV: Planning Target Volume, HI: Homogeneity Index, CI: Conformity Index, 
Dmax: Maximum Dose, Dmean: Mean Dose, Vn%: Percent Volume Of The Organ That Receiving At Least Dose Of N Gy, Dn%: A Dose Received By 
N% Of The Volume Of The Organ, SD: Standard Deviation

Table 3: Comparison of dosimetric parameters for organs at risk and planning target volume.
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in CT-based plans were significantly high-
er than in MRI/CT-based plans (P-value 
=0.004, P-value=0.005, P-value=0.015, and 
P-value=0.019, respectively) (Table 3). For 
both V40% and V45% parameters, CT-based 
plans had significantly higher mean values 
than those of MRI/CT-based plans (P-val-
ue=0.010 and P-value=0.026, respectively). 
However, no significant difference was found 
between the two planning methods in V30% 
(P-value =0.099).
Small bowel
Dmax, Dmean, D50%, V40%, and V45% mean  

values for both planning methods are men-
tioned in Table 3. All mean values were sig-
nificantly higher in CT-based plans (P-val-
ue=0.028, P-value<0.001, P-value<0.001, 
P-value<0.001, P-value<0.001, respective-
ly). However, the opposite results were ob-
tained for the V20% and V30% parameters.
Femoral heads
In Table 3, the mean values of Dmax, Dmean, 

D50%, V20%, and V30% were presented for femo-
ral heads. For the left femoral head, the mean 
values of Dmax, D50%, and V20% parameters were 
significantly higher in the CT-based planning 

Figure 2: (A) Image fusion with deformable registration algorithm. (B and C) Dose distribution 
comparison between MRI/CT-based contour (B) and CT-based contour (C) in the same patient 
and same slice. (CT: Computed Tomography, MRI: Magnetic Resonance Imaging)
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method compared to MRI/CT-based planning 
method (P-value=0.034, P-value<0.001,  
P-value=0.004, respectively). On the other 
hand, there was no significant difference in 
Dmean and V30%.

In the right femoral head, the mean value of 
Dmax and V30% was significantly lower in the 
MRI/CT-based planning method than in the 
CT-based planning method (P-value=0.034 
and P-value<0.001, respectively). In addi-
tion, no significant difference was observed 
in other parameters.

Discussion
Accurate target volume delineation is a 

critical issue in rectal radiotherapy, with the 
use of the HT technique. This study aimed to 
compare volumetric and dosimetric param-
eters between MRI/CT- and CT-based treat-
ment plans for rectal cancer tomotherapy.

Due to CT limitations, it has recently be-
come more common to use MR imaging for 
treatment planning. Better soft tissue con-
trast, lower large bony structure artifacts, 
and better contrast resolution are some of the 
advantages of MRI over CT [18]. The MRI 
scan can be acquired in the treatment position 
or the diagnostic position. For using MRI/CT 
for treatment planning, it is recommended 
that the MRI scan be acquired in the treat-
ment position. However, some clinical cen-
ters do not have access to MRI scanners that 
can scan the patient in the treatment position 
[19]. 

In this study, a deformable image registra-
tion algorithm was used to register diagnos-
tic MRI images with CT simulation images 
(Figure 2A). The target volumes derived from 
MRI/CT and CT images were compared and 
their delivered dose of target and OARs in 
both planning methods were analyzed. 

B. O’Neill et al. [20] showed tumor vol-
umes on MRI were smaller, shorter, and more 
distal from the anal sphincter than those de-
fined on CT. Tan et al. [10] showed that rectal 

treatment volumes are lower in co-registered 
MRI and CT images than only CT images. In 
addition, Bird et al. [11] released that MRI 
data in rectal radiotherapy, either in MRI-
only planning or MRI/CT planning can lead 
to a decrease in target volume and delivered 
doses to OARs. However, research results 
may be affected by new radiotherapy tech-
niques. According to the results, the GTVs, 
CTVs, and PTVs delineated with simulation 
CT were significantly larger than those delin-
eated with MRI/CT. In the present study, CT 
significantly overestimates target volumes in 
rectal cancer (Table 2), due to poor soft tis-
sue contrast in CT, leading to defining larger 
volumes in an attempt to minimize regional 
misses [10,11].

The correct target volumes delineating is 
essential for achieving a better target volume 
dose distribution and reducing doses to the 
OARs. Consequently, it is expected that the 
dose delivered to the OARs decreases due 
to the smaller PTV in MRI/CT-based plan-
ning. The present study also compared CT- 
and MRI/CT-based planning methods based 
on dosimetric parameters. The findings of 
the present work showed that HI and CI 
parameters were significantly improved in  
PTVMRI/CT compared to PTVCT. Additionally, 
Dmean was significantly higher in PTVMRI/CT 
than in PTVCT.

Results of this study showed the MRI/
CT-based planning method achieves better 
results than CT-based planning in terms of 
dose conformity and dose homogeneity in the 
PTV. In rectal cancer radiotherapy, the small 
bowel is the most important organ, which is 
dose-limited and causes toxicity in patients 
[21]. 

This study also showed most of the dosi-
metric parameters (Dmax, Dmean, D50%, D50%, 
V40%, and V45%) were significantly higher in 
the CT-based plans than in the MRI/CT-based 
plans in the small bowel. Also, in the blad-
der, all dosimetric parameters except V30% 
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(P-value=0.099) were statistically higher in 
CT-based plans than in MRI/CT-based plans. 
In femoral heads, several of the dosimetric 
parameters showed higher mean values in 
CT-based plans compared to MRI/CT-based 
plans, reducing the probability of avascular 
necrosis occurring [22]. However, the dif-
ference between the two methods was not as 
great as in other organs at risk. In the pres-
ent study, the smaller MRI/CT-based target 
volumes delivered less dose to the OARs, 
especially the small bowel. The MRI/CT-
based planning method also improved dose 
distribution in the PTV, which confirms the  
results of previously studies [10,11]. Findings 
of this work showed it is possible to define 
safer treatment planning by using deformable 
registration of MRI/CT-based plans than only 
CT-based plans.

The present study has some limitations as 
follows: 1) the small number of patients, 2) a 
change in tumor volume due to the one-day 
interval between the CT and MRI scans, and 
3) contouring by two or more radiation On-
cologists, separately, instead of one radiation 
Oncologist.

Conclusion
In this work, it was found that mean values 

of GTV, CTV, and PTV are lower in CT-based 
plans in comparison with MRI/CT-based 
plans. In addition, MRI/CT-based plans may 
be produced better dose coverage and dose 
homogeneity for the target and also may re-
duce the delivered dose to the bladder, small 
bowel, and femoral heads in comparison with 
CT-based plans. Accordingly, co-registration 
of diagnostic MRI images with CT simula-
tion images can improve the efficiency of to-
motherapy treatment plans for rectal cancer 
patients.

Authors’ Contribution
B. Rahmani contributed to idea formation, 

proposal writing, data collection, and draft-

ing of the manuscript. D. Shahbazi-Gahrouei 
contributed to idea formation and develop-
ment, data interpretation and analysis, edit-
ing of the manuscript, and supervised the 
research project as the principal person. M. 
Roayaei contributed to idea development and 
data collection. All the authors read, modi-
fied, and approved the final version of the 
manuscript.

Ethical Approval
This work was approved by the Isfahan 

University of Medical Sciences Ethics Com-
mittee (IR.MUI.MED.REC.1401.052).

Informed Consent
Before entering the study, each participant 

signed a consent form.

Funding
This work was financially supported (grant 

No: 340129) by Isfahan University of Medi-
cal Sciences, Isfahan, Iran.

Conflict of Interest
None

References
 1. Sung H, Ferlay J, Siegel RL, Laversanne M, 

Soerjomataram I, Jemal A, Bray F. Global 
Cancer Statistics 2020: GLOBOCAN Estimates 
of Incidence and Mortality Worldwide for 36 
Cancers in 185 Countries. CA Cancer J Clin. 
2021;71(3):209-49. doi: 10.3322/caac.21660. 
PubMed PMID: 33538338.

 2. Wo JY, Anker CJ, Ashman JB, Bhadkamkar NA, 
Bradfield L, Chang DT, et al. Radiation Therapy 
for Rectal Cancer: Executive Summary of an 
ASTRO Clinical Practice Guideline. Pract Ra-
diat Oncol. 2021;11(1):13-25. doi: 10.1016/j.
prro.2020.08.004. PubMed PMID: 33097436.

 3. Youssef FF, Parikh PJ, DeWees TA, Mutch MG, 
Tan BR Jr, Grigsby PW, et al. Efficacy and toxic-
ity of rectal cancer reirradiation using IMRT for 
patients who have received prior pelvic radia-
tion therapy. Adv Radiat Oncol. 2016;1(2):94-
100. doi: 10.1016/j.adro.2016.02.002. 

VIII



J Biomed Phys Eng

PubMed PMID: 28740875. PubMed PMCID: 
PMC5506712.

 4. Yu M, Lee JH, Jang HS, Jeon DM, Cheon 
JS, Lee HC, Lee JH. A comparison of dosi-
metric parameters between tomotherapy and 
three-dimensional conformal radiotherapy in 
rectal cancer. Radiat Oncol. 2013;8:181. doi: 
10.1186/1748-717X-8-181. PubMed PMID: 
23866263. PubMed PMCID: PMC3721992.

 5. Teoh S, Muirhead R. Rectal Radiotherapy-
-Intensity-modulated Radiotherapy Delivery, 
Delineation and Doses. Clin Oncol (R Coll 
Radiol). 2016;28(2):93-102. doi: 10.1016/j.
clon.2015.10.012. PubMed PMID: 26643092.

 6. Sterzing F, Kalz J, Sroka-Perez G, Schubert K, 
Bischof M, Roder F, et al. Megavoltage CT in 
helical tomotherapy - clinical advantages and 
limitations of special physical characteristics. 
Technol Cancer Res Treat. 2009;8(5):343-52. 
doi: 10.1177/153303460900800504. PubMed 
PMID: 19754210.

 7. Metcalfe P, Liney GP, Holloway L, Walker A, 
Barton M, Delaney GP, et al. The potential 
for an enhanced role for MRI in radiation-
therapy treatment planning. Technol Cancer 
Res Treat. 2013;12(5):429-46. doi: 10.7785/
tcrt.2012.500342. PubMed PMID: 23617289. 
PubMed PMCID: PMC4527434.

 8. Brunt JN. Computed tomography-magnetic 
resonance image registration in radiotherapy 
treatment planning. Clin Oncol (R Coll Ra-
diol). 2010;22(8):688-97. doi: 10.1016/j.
clon.2010.06.016. PubMed PMID: 20674300.

 9. Sarolkar A, Singh SN, Bagdare P, Bhandari V, 
Lodi AI, Moharir S. To evaluate volume changes 
on computerized tomography scan and mag-
netic resonance imaging-based delineation dur-
ing radiotherapy treatment planning in prostate 
cancer. J Cancer Res Ther. 2021;17(2):379-
82. doi: 10.4103/jcrt.JCRT_839_18. PubMed 
PMID: 34121680.

 10. Tan J, Lim Joon D, Fitt G, Wada M, Lim Joon 
M, Mercuri A, et al. The utility of multimodal-
ity imaging with CT and MRI in defining rec-
tal tumour volumes for radiotherapy treatment 
planning: a pilot study. J Med Imaging Radiat 
Oncol. 2010;54(6):562-8. doi: 10.1111/j.1754-
9485.2010.02212.x. PubMed PMID: 21199435.

 11. Bird D, Nix MG, McCallum H, Teo M, Gilbert 

A, Casanova N, et al. The benefit of MR-only 
radiotherapy treatment planning for anal and 
rectal cancers: A planning study. J Appl Clin 
Med Phys. 2021;22(11):41-53. doi: 10.1002/
acm2.13423. PubMed PMID: 34687138. 
PubMed PMCID: PMC8598134.

 12. Gwynne S, Mukherjee S, Webster R, Spezi E, 
Staffurth J, Coles B, Adams R. Imaging for 
target volume delineation in rectal cancer ra-
diotherapy--a systematic review. Clin Oncol (R 
Coll Radiol). 2012;24(1):52-63. doi: 10.1016/j.
clon.2011.10.001. PubMed PMID: 22035634.

 13. Oh S, Kim S. Deformable image regis-
tration in radiation therapy. Radiat On-
col J. 2017;35(2):101-11. doi: 10.3857/
roj.2017.00325. PubMed PMID: 28712282. 
PubMed PMCID: PMC5518453.

 14. Myerson RJ, Garofalo MC, El Naqa I, Abrams 
RA, Apte A, Bosch WR, et al. Elective clinical 
target volumes for conformal therapy in anorec-
tal cancer: a radiation therapy oncology group 
consensus panel contouring atlas. Int J Ra-
diat Oncol Biol Phys. 2009;74(3):824-30. doi: 
10.1016/j.ijrobp.2008.08.070. PubMed PMID: 
19117696. PubMed PMCID: PMC2709288.

 15. Feuvret L, Noël G, Mazeron JJ, Bey P. Con-
formity index: a review. Int J Radiat Oncol 
Biol Phys. 2006;64(2):333-42. doi: 10.1016/j.
ijrobp.2005.09.028. PubMed PMID: 16414369.

 16. Shaw E, Kline R, Gillin M, Souhami L, 
Hirschfeld A, Dinapoli R, Martin L. Radiation 
Therapy Oncology Group: radiosurgery quality 
assurance guidelines. Int J Radiat Oncol Biol 
Phys. 1993;27(5):1231-9. doi: 10.1016/0360-
3016(93)90548-a. PubMed PMID: 8262852.

 17. Wang YY, Zhe H. Clinical application of mul-
timodality imaging in radiotherapy treatment 
planning for rectal cancer. Cancer Imaging. 
2013;13(4):495-501. doi: 10.1102/1470-
7330.2013.0046. PubMed PMID: 24334539. 
PubMed PMCID: PMC3864219.

 18. Thorwarth D, Low DA. Technical Challenges of 
Real-Time Adaptive MR-Guided Radiotherapy. 
Front Oncol. 2021;11:634507. doi: 10.3389/
fonc.2021.634507. PubMed PMID: 33763369. 
PubMed PMCID: PMC7982516.

 19. O’Neill BD, Salerno G, Thomas K, Tait DM, Brown 
G. MR vs CT imaging: low rectal cancer tumour 
delineation for three-dimensional conformal ra-

MR Images in Tomotherapy of Rectal Cancer

IX



J Biomed Phys Eng

diotherapy. Br J Radiol. 2009;82(978):509-13. 
doi: 10.1259/bjr/60198873. PubMed PMID: 
19153180.

 20. Holyoake DLP, Partridge M, Hawkins MA. 
Systematic review and meta-analysis of small 
bowel dose-volume and acute toxicity in con-
ventionally-fractionated rectal cancer radiother-
apy. Radiother Oncol. 2019;138:38-44. doi: 

10.1016/j.radonc.2019.05.001. PubMed PMID: 
31136961.

 21. Ugurluer G, Akbas T, Arpaci T, Ozcan N, Se-
rin M. Bone complications after pelvic radia-
tion therapy: evaluation with MRI. J Med Im-
aging Radiat Oncol. 2014;58(3):334-40. doi: 
10.1111/1754-9485.12176. PubMed PMID: 
24716673.

Baranoosh Rahmani, et al

X


