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Introduction 

The goal of modern Radiotherapy is to deliver a lethal amount of dose to the tumor while 

sparing surrounding healthy tissue. Since the discovery of the x-ray by Roentgen in 1895, 

radiation therapy has a long history in the use of advancements in technology with the goal of 

improving patient care. 

The future may lie in biologically guided radiation therapy, in which morphological and 

functional imaging is used to characterize tissue biological function. 

Magnetic Resonance Imaging (MRI) use for Radiotherapy planning began in the 1980 and is 

still developing today. MRI is now an important morphological and functional imaging able 

to open new diagnostic and planning scenario  

As new technologies become more complex, their best clinical application often becomes 

very difficult The intent of this paper is to highlight methods and requirements necessary to 

apply MRI in radiation treatments. 

 

The starting point 

Before reviewing MRI imaging used in Radiotherapy, a few important concepts will be 

summarized. 

The International Commission of Radiation Units (ICRU) [1], [2] established several 

important definitions in order to obtain a common vocabulary among radiotherapists in tumor 

volume delineation. The following volumes have been definitively defined (see Fig.1): Gross 

Tumor Volume (GTV): the visible or palpable tumor volume; Clinical Target Volume (CTV): 

GTV plus a margin for sub clinical tumor spread; Planning Target Volume (PTV): CTV plus 

margins for setup inaccuracy and organ movements. 

Accurate margins around the GTV are relevant in particular when external beam radiotherapy 
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is considered for boosting this volume.  

A radiotherapy treatment planning system (RTPS) is a complex combination of hardware and 

software by which a team consisting of radiation oncologists, radiation therapist, and medical 

physicists plan the appropriate external beam or internal treatment technique in order to 

predict the dose distribution emparted to the patient. Typically, medical imaging  are used to 

create a virtual patient for a computer-aided design procedure. Treatment simulations are used 

to plan the geometric and radiological aspects of the therapy using radiation transport 

simulations and optimization  

 

Figure 1. Definition of different tumor volume defined by ICRU [1], [2] 

 

RTPS requires different types of images: Computed Tomography (CT), MRI, 2D/3D 

angiography, Ultrasound (US). Any image needs a calibration in terms of electron density and 

geometrical reconstruction before a clinical use in a RTPS. 

“Pros” in CT image use in Radiotherapy are  information about tissues electron density inside 

this kind of images,  geometrical accuracy and the  quick availability. 

“Cons“ in  CT image use in Radiotherapy are poor soft-tissue contrast and dose delivery to 

patient. 

 

The role of MRI in radiotherapy planning. 

The utilization of conformal radiotherapy planning requires sophisticated imaging modalities. 

Also for this reason, MRI has become an important imaging modality in radiotherapy 

planning, complementing the use of CT and introducing several additional benefits.  

“Pros” in MRI use in Radiotherapy are very good soft-tissue contrast, use of non-ionizing 

radiation, the possibility to acquire functional imaging, unrestricted multiplanar, volumetric 

imaging as well as physiological and biochemical information and no dose delivery to patient  

“Cons” in MRI use in Radiotherapy are absence of electron density content in images, cost 

and availability, geometrical distortion and necessity of image registration with CT images. 

Concerning the possibility to use MRI images to calculate the patient electron density, some 
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authors published important contributions to solve the problem and use only MRI images for 

dose calculation.  Dowling et al [3] proposed a radiation therapy dose planning directly on 

MRI scans, because this solution reduces costs and uncertainties due to multimodality image 

registration. The aim of their work was to develop an atlas based method to map realistic 

electron densities information (pseudo-CT) from MRI scans for dose calculations and 

digitally reconstructed radiograph (DRR) generation. Dose calculations based on the pseudo-

CT scans were in close agreement with the full density CT-based plans.  Dose differences 

were found to be less than 2%. Other researchers, Kerkhof et al [4] , published  the feasibility 

of treatment plan adaptation using solely MRI data.  

The “minimum requirements” for CT scanner used in Radiotherapy are the following: large 

bore of the scanner, flat table, specific laser for patient’s positioning, patient’s immobilization 

devices, breath management. All these requirements are the state of art of the scanner CT used 

to produce images for planning in Radiotherapy. 

These “minimum requirements ” must be applied also for MRI scanner technology usable for 

Radiotherapy, but MRI scanner technology needs also:  

 Uniformity of magnetic field (1.5T, 3T) is very important (inside 40 cm sphere diameter) 

 Image distortion is an important consideration in the use of magnetic resonance images for 

radiotherapy planning  

 Open MRI technology is better for patient positioning, as patient’s immobilization devices 

can be easily fitted  

 RF Coil (Surface Head Body) characteristic should have optimized; specific coils for 

radiotherapy should be used were the quality for this specific application must be 

optimized.  

 

Geometrical distortion  

The MRI geometrical distortion (GD) is defined in Fig 2 . 

 

Figure 2. Geometrical distortion:  GD%=100 * Max ([(Li-Lnom)/ Lnom];[(Di-

Dnom)/Dnom])  Where Lnon and Dnom: nominal values 
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GD is a consequence of system distortion from main magnetic field inhomogeneity, 

nonlinearities in the applied magnetic field gradients and MRI eddy currents. 

For MRI application in Radiotherapy a specific consideration should be done for GD: a 

systematic distortion is introduced by the patient; GD can be mitigated by appropriate choice 

of MRI sequence. GD reduction can be obtained through 2D and 3D correction and through 

Bo localized shimming. Large Fields of View (FOV) may increase the GD, particularly at the 

edges of the image matrix.  

In order to produce the best RTPS dose distribution, it is important to measure the GD of the 

system for  the MRI sequences used, to evaluate its effect on the treatment planning. In 

general Echo Planar Imaging (EPI) have severe distortion. In Fig 3 some examples are 

presented for three different scanners: the same EPI MRI acquisition protocol is used; the 

GD% of scanner (c) is the best. 

 

Figure 3. GD% from EPI sequences: MRI system(a):3.2%,  MRI system(b):3.6%,  MRI system(c):0.7%  

 

Distortions have been shown to range from typically 0.2 to 5 mm as the distance from the 

centre of the magnetic field increases from 5 to 10 cm (Prott et al. [5] ). The same authors 

investigated the effects of MRI distortion on RTPS. They investigated 27 MRI units. The 

distortions were found to cause small variations in maximum dose (±0.5%). ICRU reports [1], 

[2] suggested a dose uniformità inside the PTV from -5% to +7% for 3DCRT. Changes in the 

95% isodose volume were seen (25% cases showed an increase and 60% a decrease). Organ 

at risk dose variations were found to be comparable to those in the PTV. 

Different approaches concerning the MRI GD are presented; Baldwin et al. [6] proposed 

methods for predicting, measuring and correcting geometric distortions in a 3 T MRI with the 

purpose of  image guidance in RTPS: distortions due to gradient non linearities were 

separated from distortions due to inhomogeneities in the background Bo field and the image 

slices were corrected for distortion in order to provide geometrically accurate phantom 

images; Tanner et al. [7] applied correction procedures  to remove MRI system distortion: 

their esults are presented which show that the scanner and the phantoms used in measuring 
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distortion give highly reproducible results with mean changes of the order of 0.1 mm between 

repeated measurements of marker positions in the same imaging session.. The measured MRI 

distortion maps were evaluated by Chen et al [8].  They used to perform point-by-point 

corrections for patients with large dimensions inside the effective FOV. Using the point-by-

point method, the geometrical distortion after the gradient distortion correction was reduced to 

less than 3 mm for external contour determination and, from their results,  the effective FOV 

was expanded from 36 cm to 42 cm.  

Concerning some clinical application, the conclusion of Mah et al [9] were that for patients 

with lateral separation less than 40 cm, a homogeneous dose calculation using a 1.5 T MRI or 

a 0.23 T MRI with a gradient distortion correction will yield a monitor unit calculation not 

significantly different  from that generated using CT simulation.  

 

MRI and image registration technique 

Multimodality imaging is generally used to improve delineation of a static target by 

combining information. MRI image information are important in radiotherapy application but 

image registration methods and pre-processing techniques are mandatory to superimpose in 

the same “coordinate references” different information coming from different image 

modalities.  

Image registration or alignment refers to the process of aligning two or more images of the 

same scene so that their details overlap accurately in order to improve diagnosis accuracy 

(Bankman et al. [10]; Goshtasby et al. [11] ). Typically, one image, called the “reference 

image”, is considered the reference to which the other images, called “target images”, are 

compared. The objective of image registration is to align the target image into alignment with 

the reference image by applying a spatial transformation to the target image. A lot of 

approaches concerning the registration exist in the literature: from rigid body registration to 

deformable morphing of datasets. In addition, fiducial markers, either external to the patient, 

or implanted close to the tumor, have been used. 

The most popular approach in multimodal image registration maximizes the Mutual 

Information (MI) between the reference and target images (Maes et al. [12]). Various methods 

have been proposed to improve the robustness of MI-based registration, (Cahill et al [13]),  

including normalized mutual information (it is a robust similarity measure that allows for 

fully automated intermodal image registration algorithms)  and Rényi entropy based 

approaches (this generalized entropic divergence method enjoys appealing mathematical 
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properties affording a great flexibility in a number of applications).  

Deformable motion models are generally necessary when targets are soft tissues prone to 

deformation (e.g. lung and liver tumor). The main approach adopted for the application to 

RTPS is the use of a B-splines (Rueckert et al. [14]). For example, non-rigid image 

registration was implemented (van der Put et al. [15]) using a transformation based on B-

spline control points. 

Quality assurance procedures of CT and MR image registration are discussed by Brunt [16]. 

The quality of CT and MRI image registration can be favorably influenced by aspects of scan 

acquisition, including patient positioning/immobilization and acquisition protocols. Quality 

assurance of the whole procedures must be developed. 

 

MRI and brachytherapy 

Brachytherapy is a form of radiotherapy in which the sealed radiation source is close to the 

tissues to be treated (target volume). Sometimes brachytherapy needs specific patient’s 

applicators; if we need MRI for RTPS, specific devices must be used. Titanium device and 

plastic ring cap are generally used; distortion and RF heating are negligible but should be 

controlled and susceptibility artifact should be considered. Finally, MRI acquisition protocols 

must be carefully chosen.  

 
(a)                                                                                             (b) 

Figure 4. Examples of tandem and ring applicator outside (a) and inside (b) patient during 

MRI acquisition 

 

Some authors [17] studied the feasibility and accuracy of CT and MRI data fusion for MRI 

based treatment planning. The registration inaccuracy of applicators and soft tissue was 

assessed in 42 applications with CT/MRI data fusion. Dolezel and coll.’s results suggest that 

this technique is feasible and safe with an acceptable inaccuracy of soft-tissue registration: 
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median absolute difference of the center of tandem on CT and MRI was 1.1 mm.  

MRI and radiosurgery 

MRI is essential in stereotactic therapy; images should have superior diagnostic quality, and 

in this case, MRI generally have poor geometric distortion depending on the scan protocol 

used. Gamma Knife application is an example: the GammaPlan RTPS uses principally MRI 

images for planning and strong quality assurance must be applied before using MRI for 

planning. Saconn et al. [18] investigated the efficacy of 3.0 T MRI for detecting brain 

metastases for stereotactic radiosurgery planning. The 3.0 T MRI system appears to be 

superior to a 1.5 T MRI system for detecting brain metastases, which may have significant 

implications in determining the appropriate treatment modality.   

 

Advanced MRI images  for planning in Radiotherapy 

Magnetic Resonance Spectroscopy (MRS), functional MRI (fMRI), Diffusion Tensor 

Imaging-Fiber Tracking (DTI-FT) are now applied in Radiotherapy for dose calculation after 

images registration with the reference CT images. The RTPS workstations can’t generally 

manage advanced MRI images, so image transferring from other computer system to them is 

needed. This transfer is not generally easy and different technical problems must be solved: 

data format transformation (DICOM standard format may not be in each data set of Advanced 

MRI) and integration of the advanced MR images with the RTPS reference images.  

Concerning the patient applications, Hoskin et al. [19] investigate the ability of blood oxygen 

level–dependent (BOLD) MRI to define clinically significant prostate tumor hypoxia; 

Groenendaal et al [20] proposed a study to quantify if diffusion weighted imaging and 

dynamic contrast-enhanced-MRI are able to identify suspicions of tumor tissue. 

Van As et al. [21] analysed the apparent diffusion coefficient (ADC) generated from 

diffusion-weighted magnetic resonance imaging with respect to repeated biopsy findings and 

time to radical treatment in patients in a prospective study of active surveillance. Tumour 

ADC on DW-MRI may be a useful marker for prostate cancer progression and may help to 

identify patients who may benefit from radical treatment. 

DTI tractography helps the definition of marginal prescription isodose of the tumor. In Fig. 5 

treatment planning of a patient with granulocytic astrocytoma treated with Gamma Knife 

Radiosurgery is presented: the blue line contour motor tract, the yellow line contour marginal 

prescription isodose around the tumor. 

As it has already been observed, a key point is represented by image registration (Koga et at 
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[22] ),and the integration of fMRI and DTI-FT could lead to consistent advantages during 

treatment planning  in order to reduce potential damages (Pantelis et al. [23]). 

 

 

Figure 5. Granulocytic astrocytoma treated with Gamma Knife: the blue line contour motor 

tract fibbers, the yellow line contour marginal prescription isodose to the tumor 

 

MRS is a helpful approach to define tumor target definition for RTPS and to evaluate 

response and recurrence. MRS is able to detect signals from low molecular weight 

metabolites such as choline and creatine that are present at concentrations of a few mM in 

tissue. Spectra may be acquired from single voxels, or from a 2D or 3D array of voxels using 

spectroscopic imaging. Correlated conventional MR images are acquired in the same 

examination. The application of MRS in Radiotherapy needs a registration with reference 

image for dose evaluation made by RTPS. The contrast achieved  with MRS, based on tissue 

biochemistry, provides a promising opportunity to identify tumor extent and regions of high 

metabolic activity. MRS should become an essential tool for treatment planning when other 

modalities lack the necessary contrast. 

 

PET and MRI for planning in Radiotherapy 

CT and MRI are standard imaging modalities for radiotherapy evaluation. Functional imaging 

with 18F fluorodeoxyglucose (FDG) positron emission tomography (PET), combined with CT 

(FDG-PET/CT) gives additional functional information to define the shape and the size of 

GTV in the correct way.  

Evaluation and changes in the shape and size of the GTV are published by Brandengen et al. 
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[24]  using the combination of GTV-MRI and GTV-PET in rectal cancer cases.  Target 

volume definition for fractionated radiotherapy in patients with intracranial meningiomas by 

correlation of CT, MRI, and [68Ga]-PET is reported by Milker-Zabel et al. [25] and by 

Thorwarth et al. [26]. The experience of target volume definition in oropharyngeal cancer  is 

reported by Thiagarajan et al. [27]..  Jansen et al. [28] (Fig. 6) correlate proton 1H MRS, 

dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI), and 18F-labeled FDG 

PET for tumor biology assessment in nodal metastases of head and neck squamous cell 

carcinoma for assessment of tumor biology; fig. 6(A) has coronal T1-weighted image, fig. 6 

(B) has the axial STIR with 1H-MRS voxel overlaid , and fig. 6 (C) has axial T1-weighted 

postcontrast MR images. The node is indicated with white arrows (fig. 6A and C). The voxel 

of interest for 1H-MRS is indicated in red (fig. 6(B)). In fig.6 (D) the corresponding [18F]FDG 

intensity map is shown overlaid on a CT, indicating [18F]FDG uptake in the node. In fig. 6 (E) 

the localized 1H-MR spectrum from the node of patient is displayed and in fig. 6 (F)  the 

LCModel analysis of the spectrum, highlighting Cho resonance is presented.  

 

 

(E)                                        (F)  

Figure 6. Image Correlation between 1H-MRS, DCE-MRI, and [18F]FDG-PET of nodal 

metastases in patients with head and neck squamous cell carcinoma (from Jansen et al. [28]) 

 

Except Thorwarth et al. [26], all authors use specific scanners for  MRI, PET, CT. 

Now the combination of PET and MRI scanners is available and truly simultaneous 

acquisition is possible, creating a kind of bridge between molecular and systems diagnosis. 

Zaidi et al. [29] summarize the state-of-the-art of this new technology and latest advances in 
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dedicated hybrid PET/MRI instrumentation. This technology seems to be promising for  

radiotherapy applications too. 

 

Future trends  

Finally, new prospective application of MRI in Radiotherapy are presented concerning Hybrid 

and integrated systems and nanoparticles. 

Kron et al. [30] proposed to combine a MRI scanner with a helical tomotherapy (HT) system 

in order to enable daily target imaging improving conformal radiation dose delivery to the 

patient using 60Co radioactive source. HT uses an intensity-modulated fan-beam rotating 

around the patient, while he slowly advances through the plane of rotation, yielding a helical 

beam trajectory. 60Co is used as a radiation source, because a linear accelerator may be 

incompatible with the pulsed radiofrequency and the high and pulsed magnetic fields required 

for MRI. An open low field (0.25 T) MRI system is proposed, with the tomotherapy ring 

gantry located between two sets of Helmholtz coils that can generate a sufficiently 

homogenous main magnetic field. This hybrid system would offer excellent target definition 

and allow target motion tracking during treatment by fast imaging techniques, thus providing 

the input for adaptive radiotherapy. 

New logistics model with strong integration between MR and radiotherapy units are proposed 

by Karlsson et al. [31]:  a 1.5 T MRI unit with a 70-cm-bore size was installed close to a 

linear accelerator, and a special trolley was developed to transport patients, who were fixed in 

advance, between the MRI unit and the accelerator. As reported by the authors, the new 

logistics model with an integrated MR unit is efficient and will allow for improved tumor 

definition and geometrical precision without a significant loss of dosimetric accuracy. The 

most significant development needed is improved bone imaging. 

The University of Utrecht (Lagendijk et al. [32]) is working on a new integration between 1.5 

T MRI functionality and a 6MV linear accelerator. The realization of a prototype of this 

hybrid system is a joint effort between the Radiotherapy Department of the University of 

Utrecht (the Netherlands), Elekta  (Crawley, U.K.), and Philips Research (Hamburg, 

Germany). The aim of the system is high precision radiation dose delivery, based on 

diagnostic quality MR images. No degradation of the performance of either system was found 

(Raaymakers et al. [33]) and both of them operate independently. The integrated 1.5 T MRI 

system and radiotherapy accelerator allows simultaneous irradiation and MR imaging. MRI 

full diagnostic imaging abilities can be used and dedicated sequences for MRI guided 
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radiotherapy treatments were developed. 

Gating and tracking strategies are most effective in cases where anatomic motion can be 

visualized directly and an integrated MRI accelerator is able to support them (Crijns et al. [34]).  

To establish a solid relationship between the imaging coordinate system and world 

coordinates Crijns at al.[35] proposed inherently distortion-free MR images for image-guided 

radiotherapy on an MRI accelerator.  

Other future trends are also available in the literature; for example, nanoparticles and MRI 

should be able to open new scenario. MacDonald et al. [36] studied lymphotrophic 

nanoparticles able to identify lymph node metastasis of breast cancer with high accuracy. 

These particles circulate systemically and travel to the interstitium, where they are 

internalized by macrophages located within lymph nodes. Normal or benign nodes show 

homogenous uptake and signal drop on postcontrast MRI, whereas areas of tumor infiltration 

retains their high signal intensity with no signal drop. Thus, this technique allows detection 

and anatomic localization of benign as well as malignant lymph nodes in relationship to 

adjacent vascular structures and bony anatomy. 

 

Conclusion 

This review has focused on the use of MRI in Radiotherapy.  

The concept of image is still in progress, following the evolution of human body knowledge. 

Many different methods to get diagnostic information of a tumour will be acquired; MRI 

images will be more and more important in the next future. 

The combination of information from complementary imaging modalities is expected to have 

a great benefit in cancer treatment. This fact is particularly relevant for target definition, 

which remains, one of the most important sources of error in Radiotherapy. 

Anatomical imaging with CT and MRI produces different gross tumour volumes. Functional 

imaging with modalities such as MRI and PET will generally reveal an even different volume. 

Thus a decision has to be taken about how to combine such information in clinical 

applications. The solutions of these new problems are “in progress” and a lot of researches in 

clinical applications are in discussion.  
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