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Introduction 
In stereotactic body radiotherapy 
(SBRT), high-gradient dose is deliv-
ered and target volumes have to be 
delineated precisely in order to avoid 
irradiation of healthy tissue. Liver 
lesions are not always visible on plan-
ning CT imaging, even after injection 
of contrast agent. MR images are 
therefore necessary for a precise 
lesion contouring. Accurate registra-
tion is thus a crucial step for SBRT 
planning in order to perform relevant 
delineation of target volumes. 

Prior to imaging, gold fiducials are 
implanted under echo or CT guidance 
inside or in the vicinity of the lesions. 
These fiducials are used both as  
surrogate to pinpoint the lesion in 
order to precisely position the patient 
on the treatment machine, and also 
as markers to register planning CT 
and MR images.

Liver imaging is challenging because 
of movement caused by breathing. 
This movement has been reported to 
be up to 2 cm in free breathing [1]. 
Our institution uses audio coaching 
for a better breathing pattern repro-
ducibility [2].

In order to account for breathing 
motion, planning CT is performed on 
a 4D CT. The planning and treatment 
are generally made on exhale images 
as these are more reproducible [3]. 
MR sequences were thus optimized 
to match CT images in exhale phase.

MR imaging 
With the aim of improving registra-
tion accuracy, MR images were 
acquired in the same position as  
for CT planning images using Orfit 
(Orfit Industries, Wijnegem, Belgium) 
dedicated thermo-plastic nets,  

table, supports and cushions and  
Civco (Civco Medical Solutions, 
Coralville, Iowa, USA) knee cushion 
(Figs. 1A, 1B).

MR imaging series of the liver were 
acquired at the 1.5T MAGNETOM Aera 
(Siemens Healthcare, Erlangen,  
Germany) using the 18-channel body 
flex coil (Fig. 1C). The optimized MR 
sequences were able to take into 
account the support table and immo-
bilization devices, which neither inter-
fered with, nor degraded the images. 

A total of three sequences were  
systematically acquired:

•	For T2 lesion visualization, axial 
series of Single Shot Fast Spin Echo 
T2-weighted with fat saturation (T2) 
were used. Image acquisition is trig-
gered on exhale and allows motion 
artifact reduction. TR and TE are 
5248 ms and 73 ms respectively.

Dedicated table, supports and cushions for patient’s immobilization and positioning at the MR 1.5T Aera scan (1A);  
patient’s thermo-plastic net with laser alignment (1B) and final setting with body coil ready for MR acquisitions (1C).
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•	The combination of Dixon and 
ultra-fast gradient echo 
T1-weighted images with  
CAIPIRINHA (Controlled Aliasing  
in Parallel Imaging Results in 
Higher Acceleration) technique 
allows performing the acquisition 
in one exhale breath-hold. Fidu-
cials are visible on Dixon water 
separation images (T1 Dixon).  
TR and TE are 6.78 ms and  
2.39 ms respectively. 

•	After injection of gadolinium-
based contrast agent, lesion  
visualization was obtained with  
a T1-weighted Fast Low Angle 
Shot imaging sequence (T1 TFL) 
acquired using GRAPPA (General-
ized Autocalibrating Partially  
Parallel Acquisitions) technique 
and with breath triggering on 
expiration phase. Gold fiducials 
are also visible on this sequence. 
TR and TE are 835 ms and 2.32 ms 
respectively. 

Slice thickness was set to 2 mm  
for all series and pixel size was  
1.48 x 1.48 mm2 for T2 and T1 TFL; 
and 1.18 x 1.18 mm2 for T1 Dixon. 
All sequences were acquired in  
the same plane and with the same 
slice positions in order to ease image 
registration in the treatment plan-
ning software. 

The entire MR imaging protocol  
lasts generally between 15 and 20 
minutes, depending on the regularity 
of the patient’s breathing pattern.

Image registration for 
treatment planning
Radiotherapy planning is based on  
a 4D CT reconstructed in six phases 
across the respiratory cycle, CT0 and 
CT50 corresponding to inhale and 
exhale phases respectively. The  
CT50 expiration phase is the image 
set used for MR image registration.  

As the three MR image sets are regis-
tered, the T1 Dixon water-only image 
set is used to register to CT50 images 
using the gold fiducials and the two 
other sequences are automatically 
registered. T1 Dixon is useful to  
register water separation MR images 
based on fiducials’ position, as they 
are the most visible on this sequence 
(see red arrow on Figure 2B). The 
two breath-triggered (expiration 
phase) sequences (T2 and injected  
T1 TFL) provide a motion artifact- 
free image necessary to accurately 
delineate the lesion (Figs. 2C, D).  
An example of lesion delineation is 
given in Figure 2A.

Target motion range is assessed 
based on fiducials’ displacement. 
Treatment planning is most fre-
quently performed on expiration 
phases, but when lesion movement 
caused by breathing is small, target 
contouring is done on all breathing 
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Example of registered image for a breast metastasis in liver segment V. Injected CT50 with target contour delineated in red thanks to the 
MR sequences (2A), T1 Dixon with red arrow identifying fiducial (2B), T2 showing hyper intense lesion (2C) and injected T1 TFL (2D).
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better registration with 4D CT plan-
ning over the entire breathing cycle. 
Delineation accuracy will benefit 
from significant improvements if  
the same respiratory phases are  
registered from both MR and CT 
modalities. 
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phases based on fiducial movements, 
and treatment planning is achieved 
in free breathing.

Conclusion
CT and MRI acquisitions in treatment 
position are performed with the 
same table and immobilization 
device. The use of MR imaging 
sequences optimized to account  
not only for the dedicated table and 
immobilization devices but also  
for fiducial visualization and tumor 
delineation allow high precision  
target delineation for treatment  
planning. The increasing number of 
patient cases eligible for SBRT and 
proof of its benefit have stimulated 
the effort to set up and improve new 
imaging protocols at our institute for 
a personalized and optimal SBRT 
treatment.

Recent developments in 4D MRI have 
demonstrated the possibility to sort 
and reconstruct the images accord-
ing to the different phases of the 
respiratory cycle [4–7]. The use  
of 4D MRI acquisition would allow 
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Introduction
The superior soft tissue contrast, 
as well as potential for probing molec-
ular composition and physiological 
behavior of tumors and normal tis-
sues and their changes in response to 
therapy, makes MRI a tempting alter-
native to CT as a primary means of 
supporting the various processes 
involved in radiation therapy treat-
ment planning and delivery. Obvious 
examples of the benefit of MRI over 
CT include target delineation of intra-
cranial lesions, nasopharyngeal 
lesions, normal critical organs such 
as the spinal cord, tumors in the liver, 
and the boundaries of the prostate 
gland and likely cancerous regions 
within the prostate gland. For brachy-
therapy planning for cervical cancer, 
a recent GEC-ESTRO report directly 
recommends a change from tradi-
tional point-based prescriptions based 
primarily on applicator geometry, to 
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MRI simulation system shows 
a volunteer in position for initial 
setup wearing a customized face 
mask (1A). Close-up view of 
anterior coil setup and crosshairs 
from laser marking system (1B).
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volumetric treatment plans and pre-
scriptions aided by soft tissue visual-
ization, specifically improved by the 
use of MRI. MRI-based maps of diffu-
sion and perfusion have demonstrated 
potential for predicting therapeutic 
outcome for tumors as well as nor-
mal tissues, and current clinical trials 
seek to validate their roles and per-
formance as a means to individualize 
therapy to improve outcomes (mini-
mize toxicity and improve local tumor 
control). In addition to these advan-
tages, MRI has been initially investi-
gated as a means to better map the 
movement and deformation of organs 
over time and due to physiological 
processes such as breathing.

The historically accepted challenges 
in using MRI for primary patient 
 modeling in radiation oncology have 
included distortion, lack of electron 
density information, and lack of 

 integrated optimized systems to scan 
patients immobilized in treatment 
configuration.

MRI ‘simulator’ system
Over the past several years, we have 
investigated the feasibility of MRI sys-
tems to function in the same roles that 
CT scanners have for the past 10–15 
years, that is as primary tools for patient 
modeling for radiation therapy. These 
efforts have accelerated in the past 
years with the installation of a dedi-
cated MRI ‘simulator’ at the University 
of Michigan, based on a 3T wide-bore 
scanner (MAGNETOM Skyra, Siemens 
Healthcare, Erlangen, Germany), 
 outfitted with a laser marking system 
(LAP, Lueneburg, Germany) and sepa-
rate detachable couch tops supporting 
brachytherapy and external beam 
 radiation therapy applications.
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Colorwash of measured distortion through an axial plane of the distortion phantom (2A). Magnitude of distortion-induced 
shifts in circles of increasing radius from the bore center in axial planes at the center and +/– 6 cm along the bore (2B). 
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The process of integrating MRI into 
the standard workflow of radiation 
oncology requires attention be paid to 
a number of specific areas of system 
design and performance. In our 
instance, we chose a system that could 
potentially support both external beam 
therapy as well as brachytherapy. The 
brachytherapy requirement played 
a specific role in some of our design 
choices. As the high-dose-rate (HDR) 
brachytherapy system was housed in 
a room across the hall from the MRI 
suite, a room design was created that 
permitted the direct transfer of patients 
from MRI scanning to treatment. Typi-
cally brachytherapy treatment has 
involved transferring patients to and 
from imaging systems, a process that 
could potentially influence the treat-
ment geometry and changes the dose 
delivered away from that planned. 
Treating a patient directly without mov-
ing them has significant advantages 
for geometric integrity as well as patient 
comfort. To facilitate such treatments, 
a detachable couch was chosen as part 
of the magnet specifications, and two 
such couches were specifically pur-
chased to support simultaneous treat-
ment of patients on the couch used for 
MRI scanning and scanning of other 
patients for subsequent external beam 
treatments.

To support external beam radiother-
apy, patients need to be scanned in 
positions and configurations that can 
be reproduced at treatment. In addi-
tion to necessitating a wide bore MRI 
scanner, an indexed flat table top 
insert was purchased from a company 
that specializes in radiation therapy 
immobilization systems (Civco, 
Kalona, IA, USA). A number of immo-
bilization accessories were custom-
ized for use in the MRI environment, 
most notably a head and neck mask 
attachment system. To support high 
quality scanning of patients in treat-
ment position without interfering 
with their configuration for treatment, 
a series of attachments to hold sur-
face coils (primarily 18-channel body 
coils) relatively close to the patient 
without touching are used.

Initial commissioning  
and tests
To commission the system, a number 
of tests were performed in addition 
to the standard processes for MRI 
acceptance and quality assurance. 
The laser system was calibrated to 
the scanner coordinates through 
imaging of a phantom with externally 
visible laser alignment markings and 
internal MRI-identifiable coordinates 

indicating the nominal laser intersec-
tion, and end-to-end tests were per-
formed on phantoms and volunteers 
to establish the accuracy of isocenter 
marking using MRI scans as a source 
of input.

To characterize system-level distor-
tion, a custom phantom was devel-
oped to fill the bore of the magnet 
(with perimeter space reserved for 
testing the 18-channel body coil if 
desired). The resulting phantom was 
a roughly cylindrical section with a 
sampling volume measuring 46.5 cm 
at the base, with a height of 35 cm, 
and a thickness of 16.8 cm. This sam-
pling volume was embedded with a 
three-dimensional array of intercon-
nected spheres, separated by 7 mm 
center-to-center distances. The result-
ing system provided a uniform grid  
of 4689 points to sample the local 
distortion. The phantom was initially 
scanned using a 3D, T1-weighted, 
spoiled gradient echo imaging 
sequence (VIBE, TR 4.39 ms and TE 
2.03 ms, bandwidth 445 Hz/pixel) to 
acquire a volume with field-of-view 
of 500 × 500 × 170 mm with a spa-
tial resolution of 0.98 × 0.98 × 1 mm. 
Standard 3D shimming was used for 
scanning, and 3D distortion correc-
tion was applied to the images prior 
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