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Background: To study the feasibility of defining the individual internal gross tumor volume (IGTV) 
of hepatocellular carcinoma (HCC) using four-dimensional computed tomography (4DCT) imaging and  
T2-weighted magnetic resonance imaging (T2-weighted MRI) by deformable registration (DR).
Methods: Ten HCC patients who previously received radiotherapy treatment were selected for this study. 
The following simulation images were acquired sequentially: 4DCT in free breathing and T2-weighted 
MRI in deep-inspiration breath holding. All 4DCT images were sorted into ten phases according to breath 
cycle (CT00–CT90). Gross tumor volumes (GTVs) were contoured on all CT images and the IGTV was 
obtained by merging the GTVs in each phase of 4DCT imaging. The GTV on the T2-weighted MRI image 
was deformably registered to each 4DCT phase image using MIM software version 6.5.6 and the results 
were labeled with DR subscript. The IGTVDR was obtained by merging the GTVDR on the 4DCT images. 
Statistical differences in the GTVs and between the IGTV and IGTVDR were assessed by a paired t-test.
Results: The edge of most lesions could be definitively identified using T2-weighted MRI images, 
compared to 4DCT images. The Reg Reveal and Reg Refine were used to minimize the DR error manually 
within 1 mm. The GTVs after DR on 4DCT different phase imaging increased by an average of 8.18% 
(P<0.05), while the volume of IGTVDR increased by an average of 9.67%, compared to that of IGTV (P<0.05).
Conclusions: The use of 4DCT imaging alone has the potential risk of missing a partial volume of 
HCC. However, T2-weighted MRI images can carry more information than 4DCT image. As such, the 
combination of 4DCT and T2-weighted MRI images using the DR technique may improve accuracy in the 
delineation of HCC.
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Introduction

As our understanding of science technology and liver cancer 
has developed, the management of hepatocellular carcinoma 
(HCC) with radiotherapy has been well established over 
the last ten years. An estimated 65% of patients with 
primary HCC require radiotherapy treatment over the 
course of the disease. However, the clinical curative effect 
of radiotherapy in HCC is limited by normal liver toxicity. 
Precise radiotherapy greatly improves the dose received by 
the tumor target, while at the same time reducing radiation 
exposure to the normal liver. Two main variables are 
involved in this precise radiotherapy treatment of HCC, the 
respiratory movement and delineation of target area.

The movement of the liver associated with respiration 
creates challenges for scanning and treatment protocols. 
The liver is the largest organ affected by respiratory 
movement and has been reported to move in the range of 
0.5–4.1 cm cranial to caudal (1). A CT scan acquired with 
the patient breathing freely will less accurately display the 
size and location of the target and surrounding normal 
liver tissue than one in breath hold (2). Breath motion 
management methods for precision radiotherapy of 
HCC currently include active breathing control (ABC), 
abdominal compression and four-dimensional computed 
tomography (4DCT). 4DCT sorts the volumetric CT 
images according to breath cycle, which are recorded and 
segmented applying a respiratory position management 
(RPM) system. Use of transarterial chemoembolization 
(TACE) prior to radiotherapy may assist in the location and 
treatment of smaller liver cancer lesions and help to identify 
the tumor target area. However, in tumors not treated with 
TACE, the delineation of the target relies on CT and MRI. 
MRI has been reported to be superior to CT in detection, 
follow up and staging of lesions due to its higher sensitivity 
and specificity (3). HCC demonstrates high signal in  
T2-weighted MRI, and strong signal differences with 
normal liver tissue. Indeed, using MRI to evaluate liver 
cancer following radiotherapy, Mahmoud et al. (4) reported 
that 77% of recurrent lesions elicit a high signal, indicating 
that T2-weighted images are superior to the non-enhanced 
T1-weighted images in the detection of HCC. As such, in 
the present study we used T2-weighted MRI to achieve 
deformable registration (DR) with 4DCT, in order to 
delineate the target in HCC for radiotherapy treatment.

In the present study, we investigate a novel method of 
defining the individual internal gross tumor volume (IGTV) of 
HCC using 4DCT and T2-weighted MRI images using DR. 
The delineation of IGTV using contrast-enhanced 4DCT 

scanning remains in the study due to the difficulty associated 
with capturing the timing of contrast agent injection during 
the extended 4DCT image acquisition process.

Methods

Patient information

Ten patients (median age 50, range, 38–60 years) with 
HCC as confirmed by pathology or imaging, were 
recruited for this study from the Shandong Cancer 
Hospital between September 2015 and January 2016. The 
study was approved by the Research Ethics Board of the 
Shandong Cancer Hospital, with all patients providing 
written informed consent at enrollment. None of the 
patients included in the study received TACE. Prior to 
receiving initial radiotherapy, the patients’ Karnofsky 
performance status was greater than 80. The patient 
characteristics are summarized in Table 1.

Imaging study

Image acquisition of 4DCT scans was performed using a 
Brilliance Big Bore CT scanner (Philips Medical Systems, 
Highland Heights, OH, USA) in free breathing. All patients 
were positioned in a supine position in an immobilization 
device during the scans. The CT scans were equipped 
with the RPM system (Varian Medical System, Palo Alto, 
CA, USA), using infrared cameras to record the trajectory 
of two fluorescent marker points placed near the Xiphoid 
process module and to record the respiratory signal. 
4DCT images were sorted into ten series of CT images  
(CT00–CT90) according to the respiratory phase, with CT00 
defined as end inspiration and CT50 end expiration. For 
all images, the following parameters were used: 120 KV, 
300 mAs, 3 mm slice thickness, reconstruction matrix of 
512×512 and a field of view (FOV) of 450–500 mm.

All MRI acquisitions were performed on a Philips  
3.0-T Ahieva MR system (Philips Medical System, Best, 
Netherlands). The T2-weighted MRI was completed in 
breath hold using a respiratory-triggered fast relaxation fast 
spin echo sequence. The imaging parameters for T2-weighted 
MRI were as follows: TR/TE: 12,857 ms/64.196 ms;  
FOV: 350×227 mm2; 5-mm slice thickness. In the present 
study, MRI scanning was conducted on the same day as 
4DCT, 5–6 hours later.

All images, including 4DCT and MRI, were exported 
into MIM version 6.5.6, (MIM Software Inc., Cleveland, 
OH, USA) for analysis.
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Target delineation

GTVs and liver contours were delineated on all images 
and IGTVs acquired by merging ten GTVs at all phases of 
4DCT images. The GTVs on T2-weighted MRI images 
were deformably registered to each phase of 4DCT images 
and labeled –DR. The IGTVDR was obtained by merging the 
ten GTVsDR after DR. The volume difference among the 
GTVs, and between IGTV and IGTVDR were compared. 
All GTVs and liver contours were delineated by the same 
radiation oncologist, using the same window width and level 
on 4DCT images (width: 400 HU, level: 40 HU).

T2-weighted MRI and 4DCT DR and accuracy 
measurements

The contours on T2-weighted MRI were propagated to all 
4DCT images using deformable image registration provided 
by our treatment planning system (MIM). The deformation 
image registration technique was based on the Gauss mixture 
model. In this study, T2-weighted MRI images were selected 
as the target image and ten phases of 4DCT images used 
as the reference images. The target image was registered to 
different 4DCT phase images on the basis of application of 
automatic deformation, and Reg Refine used to lock the local 
interest area. Tracking liver volume as the organ of interest 
was used to assess the registration effect.

To check the accuracy of automatic DR, two methods 
were utilized. Liver contours were delineated on all images 
and liver volume calculated on every phase image of 4DCT 
(V-LIVERCT00–V-LIVERCT90)and on T2-weighted MRI 

images (V-LIVERT2w MRI). P-Liver, defined as (V-LIVERT2w MRI 

/V-LIVERCT)*100, was used to evaluate the accuracy 
of DR. Additionally, the maximum displacement on 
three dimensional directions of two specific anatomical 
landmarks, the bifurcation point in the portal vein and the 
celiac trunk, was also contoured for both 4DCT and MRI 
to confirm accuracy of DR. The left to right distance was 
labeled X, the cranial to caudal distance Y and the anterior 
to posterior distance labeled Z. Then, the Reg Reveal and 
Reg Refine were used to minimize the registration error 
manually.

Statistical analysis

The data were analyzed using the SPSS 17.0 software package 
(IBM, Chicago, IL, USA). The difference of GTVs and IGTVs 
before DR and after DR was determined by a paired t-test. Data 

are presented with as the mean ( x ) ± standard deviation(s). A 
value of P<0.05 was considered statistically significant.

Results

T2-weighted MRI and 4DCT DR and accuracy

The mean l iver  volume as  determined by 4DCT 
and T2-weighted MRI was  1 ,987.03±989.87 cm 3  

(1,065.86–4,144.06 cm3) and 2,039.69±988.21 cm3 

(1,321.99–4,238.36 cm3), respectively. The P-LIVER 
was 115.4%±13.8%. Automatic deformation registration 
was used. The maximal observed displacements of the 
bifurcation point in the portal vein were 3.6±1.2 mm  
along the X-axes ,  5 .0±1.4 mm along the Y-axes , 
4.2±0.9 mm along the Z-axes, whereas the celiac trunk 
demonstrated maximal displacements of 2.8±2.3 mm along 
the X-axes, 3.0±1.7 mm on the Y-axes, and 2.5±3.4 mm  
on the Z-axes. After using Reg Refine registration tool, 
the maximal observed displacements of the bifurcation 
point in the portal vein were 0.3±0.8 mm along the X-axes, 
0.8±1.8 mm along the Y-axes, 0.5±1.5 mm along the 
Z-axes, whereas the celiac trunk demonstrated maximal 
displacements of 0.1±1.0 mm along the X-axes, 0.7±1.2 mm 
on the Y-axes, 0.6±2.0 mm on the Z-axes (as show in Table 2). 
The Reg Reveal and Reg Refine were used to minimize the 
registration error manually within 1 mm.

One patient is described as an example. Automatic 
deformation registration was used. When automatic 
deformation registration was used, the maximal observed 
displacements of the bifurcation point in the portal vein was 

Table 1 Patients characteristics

Characteristics Data

Age, median [range], years 50 [38–60]

Gender

Male:female 7:3

Lesion location

Left lobe:right lobe:caudate lobe 3:6:1

Liver volume (mean ± standard 
deviation, cm3)

4DCT 1,987.03±989.87

MRI 2,039.69±988.21

MRI, magnetic resonance imaging; 4DCT, four-dimensional 
computed tomography.
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2.5, 1.0 and 2.0 mm along X-axes, Y-axes and Z-axes. The 
maximal observed displacements of the celiac trunk were 
3.0, 1.8 and 1.0 mm along X-axes, Y-axes, Z-axes. After 
using the Reg Refine registration tool, the maximal observed 
displacements of the bifurcation point in the portal vein was 
0.5, 0.5 and 1.0 mm along the X-axes, Y-axes and Z-axes. The 
maximal observed displacements of the celiac trunk were 0.5, 
0.6 and 1.0 mm along X-axes, Y-axes, Z-axes (Figure 1).

Comparison of GTVs before and after DR

GTVs obtained from 4DCT images were increased by an 
average of 4.23% (P<0.05) after DR, with GTVs following DR 
of each phase consistent with T2-weighted MRI image basic 
volume (Table 3, Figures 2,3). After DR all 4DCT image phases 
GTV were larger than DR before (except CT90, P<0.05).

Comparison of IGTVs before and after DR

The IGTV before DR was 383.89±342.53 cm3, with a 9.67% 
increase observed following DR (421.02±382.13 cm3),  
indicating that a significant increase in IGTV volume 
occurred after DR (P=0.018) (as shown in Table 4).

Discussion

The tumor target can move and deform significantly during 
respiration, which is a critical parameter for precision 
radiotherapy in order to accurately delineate the target 
lesions for treatment. To combat this, 4DCT is increasingly 
used in radiation oncology to account for the effect of 
breathing on organ and tumor position in the thorax and 
abdomen. Accordingly, the use of 4DCT may minimize the 
PTV, resulting in improvements in organs at risk sparing 

Table 2 Three-dimensional displacement of portal vein and abdominal cavity before and after using Reg Refine registration tool

Anatomical
landmarks

Automatic deformation registration (mm) Using Reg Refine registration (mm)

X Y Z X Y Z

portal vein 3.6±1.2 5.0±1.4 4.2±0.9 0.3±0.8 0.8±1.8 0.5±1.5

Celiac trunk 2.8±2.3 3.0±1.7 2.5±3.4 0.1±1.0 0.7±1.2 0.6±2.0

Figure 1 Two anatomical landmarks were placed on CT, T2-weighted MRI and fusion images. (A) The bifurcation point in the portal vein 
contour (B) celiac trunk contour. T2-weighted MRI, T2-weighted magnetic resonance imaging.

A

B
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Table 3 Comparison of GTVs in different breathing phases before and after DR (cm3, x ±s)

Scan/phase
GTV

Before DR After DR P

MRI-T2 scan 357.16±13.19 – –

4DCT scan

CT00 335.04±311.98 357.82±313.65 0.003

CT10 340.45±313.00 357.81±313.41 0.006

CT20 334.81±312.41 357.72±312.66 0.004

CT30 339.07±313.02 357.68±311.70 0.005

CT40 339.14±312.54 357.62±313.24 0.002

CT50 342.99±313.48 357.48±313.13 0.006

CT60 344.37±312.10 357.41±313.15 0.004

CT70 352.06±313.22 357.45±312.71 0.002

CT80 348.67±313.12 357.65±313.36 0.007

CT90 354.19±313.09 357.57±313.45 0.013

4DCT, four-dimensional computed tomography; GTVs, gross tumor volumes; DR, deformable registration.

Figure 3 Comparison of GTV contours obtained from CT00 after DR. (A) Axial view; (B) sagittal view; (C) coronal view. □ Reg Refine. 
Images are representative of one patient. GTV, gross tumor volume; DR, deformable registration.

Figure 2 GTV contours obtained from 4DCT and T2-weighted MRI scans before DR (on axial view). (A) CT00 respiratory phase of 4DCT 
images; (B) CT50 respiratory phase of 4DCT images; (C) T2-weighted MRI images. Images are representative of one patient. T2-weighted 
MRI, T2-weighted magnetic resonance imaging; 4DCT, four-dimensional computed tomography; DR, deformable registration.

A B C

A B C
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due to more precise target localization (5).
CT imaging is used in radiation dose calculations as it 

provides electronic density information, but it is unable to 
precisely identify the boundary of HCC lesions. However, 
this defect can be offset by use of T2-weighted MRI. 
Nonetheless, CT and MRI imaging are associated with a 
number of limitations. T2-weighted MRI is performed in 
deep inspiration, and thus differences in liver shape may 
occur. Additionally, the MRI aperture is small and does 
not allow space for a position-fixing device, thus the MRI 
scanning position is not completely consistent with CT. 
Furthermore, MRI and CT scan are generated at different 
times, potentially resulting in differences in location and 
filling degree of internal organs. Given these limitations, 
this study investigated DR technology to combine 4DCT 
and T2-weighted MRI images for use in radiotherapy 
planning in the treatment of HCC.

Deformable image registration can achieve the 
corresponding points to space position and anatomical 
position exactly, or at least all the points of diagnostic 
significance in order to match between two given images 
through a space algorithm (6). It has been reported that DR 
technology improves the accuracy of the target sketch and 
cumulative dose assessment (7-10). This study acquired DR 
on different sequence images from 4DCT, and made targets 
on the T2-weighted MRI image deformation to each phase 
image of 4DCT. Use of 4DCT provided target movement 
information, and improved the precision of the target 
sketch. Our results indicate that the delineation of GTVs 

size and scope based on T2-weighted MRI was greater than 
CT scan images. Although DR is associated with increased 
processing time, relative to the artificial sketch based 
on MRI images with each phase image of 4DCT, it may 
significantly increase the precision outline of target.

DR was performed using the VoxAlign algorithm 
incorporated with MIM. The VoxAlign algorithm is a 
constrained, intensity-based, free form DIR algorithm. Reg 
Reveal and Reg Refine were implemented recently in MIM 
as tools that allow the user to view and refine DR. Pukala 
et al. (11) tested the algorithm between five commercial 
deformable image registration algorithms (MIM, Velocity, 
RayStation, Pinnacle, and Eclipse) for head and neck cancer 
patients and determined that the target registration error 
(TRE) for an individual DR using the MIM algorithm under 
similar conditions was less than 1 mm for these structures. 
Furthermore, Annemarie et al. (12) used this algorithm to 
assess liver tumor motion. Thus, these reports support the 
accuracy and reliability of organ registration using MIM.

To assess the accuracy of image registration, we adopted 
three indicators: overlap degree of the liver, the displacement 
of the bifurcation point in the portal vein and celiac axis. Our 
results demonstrated that maximal displacement occurred 
in the cranial to caudal direction, in keeping with previously 
published reports (12,13). We used DR technology to analyze 
the application of 4DCT and MRI images in the delineation 
of the liver target. Our results revealed that the delineation 
of GTV size and range based on MRI is significantly greater 
than 4DCT images. GTV increased by an average of 4.23% 
(P<0.05) and IGTV volume increased by an average of 9.67% 
(P<0.05), suggesting that MRI may be a good supplement 
to CT image information. This not only improves the 
accuracy of HCC target identification using 4DCT but also 
may be beneficial in cases where there is a lot of exit noise 
on the original 4DCT image and failure to identify tumor 
boundaries.

Our study is limited by a relatively small number of 
patients. In addition, MRI scans were performed in the 
absence of breath control devices under an independent 
state of deep inspiration. Further studies should address 
these limitations in MRI-4DCT image DR.

Conclusions

Here, we demonstrated the IGTVs obtained from combination 
of MRI and 4DCT images may better determine the scope 
and the trajectory of the tumor target, and thus, improve target 
delineation accuracy for use in radiation treatment of HCC.

Table 4 Changes in IGTV volume before and after DR (cm3)

Patient IGTV IGTVDR P

1 397.55 435.30 –

2 236.36 255.26 –

3 175.99 188.31 –

4 10.12 10.72 –

5 902.13 1,001.36 –

6 425.47 463.76 –

7 520.38 549.00 –

8 97.70 106.24 –

9 71.03 77.77 –

10 1,002.25 1,122.52 –

Average 383.89±342.53 421.02±382.13 0.018

IGTV, internal gross tumor volume; DR, deformable registration.
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