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Abstract 

Radiotherapy is one of the modern cancer treatment modalities. Advances in medical technology 

have revolutionized external radiotherapy with CT scanning, allowing for the visualization and 

grouping of tumors and at-risk organs in a three-dimensional view. However, CT has some 

limitations, especially in assessing the character and delineation of tumors. PET and MRI go 

beyond CT in terms of functional and anatomical images. PET/CT/MRI multimodality combines 

the strengths of each technique without conflating their respective weaknesses, thereby 

strengthening the role of imaging for radiation therapy management. On account of this, it can 

become the primary technique in radiotherapy modalities. This review aims to describe 

multimodality of the PET/CT/MRI process for radiotherapy and its potential clinical applications. 
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INTRODUCTION 

        There are many different modalities of 

modern cancer therapy. Radiation therapy is 

one of the backbones of cancer treatment today 

and has been recognized as an option for the 

management of various types of malignancies 

that are potentially curable. This can either be, 

by itself or in tandem with other medical 

procedures, for instance, surgery or 

chemotherapy. Radiation therapy can be 

successful if the tumor is wholly contained 

within the tissue volume treated with 

tumoricidal doses. Candidate patients who can 

be treated with curative or 'radical' radiation 

should have a localized extent of disease in an 

area that can be safely treated with tumoricidal 

doses. The exact location and extent of the 

tumor must be known to plan potentially 

curative radiation therapy.(1) 

        Precise radiation dose calculations have 

been developed to target volumes of nearly all 

malignancies. A new algorithm for three-

dimensional (3D) dose calculation with a 

computer-based linear accelerator capable of 

transmitting an intensity-modulated radiation 

beam has made it possible to determine the 

radiation dose precisely.(2) External 

radiotherapy has evolved with the help of 

computed tomography (CT), which makes it 

possible to visualize and group tumors and 

organs at risk in a three-dimensional way. 

However, CT has some limitations, especially 

in characterizing and delineating tumors. 

Positron emission tomography (PET) and 

magnetic resonance imaging (MRI) are 

superior in functional and anatomical imaging, 

that is, over CT. The PET/CT/MRI trimodality 

is an association of the three.(3) 

This review aims to describe the series of 

actions in the PET/CT/MRI trimodality along 

with its potential implementation in clinical 

practice.  

1. RADIOTHERAPY  

        Radiotherapy is a treatment modality for 

both benign and malignant diseases and can be 

monotherapy or in combination with 

chemotherapy, surgery, or both. In addition, 

palliative radiotherapy is often used to reduce 

pain or the mass’ effect in primary tumors or 
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metastatic deposits. Therapeutic radiation can 

be administered from outside the patient, as 

external beam radiation therapy (EBRT), by 

implanting a radioactive source in a cavity or 

tissue (brachytherapy) or systemically through 

the administration of radiopharmaceutical 

agents. (4) 

      An essential first step in planning radiation 

treatment is delineating the target to determine 

the tumor area because accurate localization 

reduces the possibility of accidental exclusion 

of tumors from radiation exposure and allows 

maximal removal of normal tissue. Treatment 

begins with a radiation treatment planning 

simulation using computed tomographic (CT) 

images obtained while the patient is 

immobilized in a position deemed adequate. 

Magnetic resonance imaging (MRI) and 18F-

fluorodeoxyglucose positron-emission 

tomography (FDG-PET) as complementary 

imaging studies can be incorporated 

electronically into a planning CT scan 

simulation or used as the primary imaging 

study for planning. Thus, complementary 

imaging techniques can be implemented in the 

treatment planning process. In addition, a 

margin of uninvolved, normal tissue adjacent 

to the tumor is often included in target imaging 

to account for variations in day-to-day patient 

settings and alignment, organ movement 

during treatment, and uncertainty about the 

extent of the disease. (4–6) 

 

 

Figure 1. Trimodal acquisition of cancer of the 

base of the tongue in (A) the frontal maximum 

intensity projection PET image, (B) the axial 

PET FDG acquisition, (C) the axial T2 MRI 

acquisition, (D) the axial CT acquisition, (E) the 

axial PET/CT fusion, and (F) the axial PET/MRI 

fusion.(3) 

2. MULTIMODAL IMAGING 

2.1 CT scan 

Computed tomography (CT) imaging is 

now recognized as the standard modality for 

image-based radiation therapy treatment 

planning and is used by radiation oncologists 

to determine the target and organ volumes at 

risk. CT is considered an imaging modality 

with a high spatial resolution. It provides 

spatially accurate data regarding human 

anatomy not affected by geometric distortion 

and portrays electron density mapping of the 

human tissue required for dosimetric 

calculations in radiotherapy. However, CT has 

certain drawbacks, such as a lack of contrast in 

soft tissues and artifacts due to the presence of 

metal (Table 1). (4,7) 

CT imaging studies are registered via a 

laser-defined patient setting fiducial mark and 

are used to determine the anatomical structure 

and target volume from which the shape and 

orientation of the beam are planned. (4,7,8) CT 

can provide electron density information for 

heterogeneity-based dose calculations only if 

properly calibrated and free of image artifacts. 

(9) 

2.2 MRI 

MRI is a medical imaging technique that 

provides superior soft tissue contrast that can 

be both anatomical and functional. MRI also 

provides millimetric spatial resolution, which 

allows better differentiation between normal 

tissue and multiple tumors. Differentiating this 

contrast to metabolic and biochemical levels is 

also possible in the presence of magnetic 

resonance spectroscopy. Moreover, MRI is not 

limited to the acquisition of axial plane 

images.(4,9) Despite the advantages of non-

irradiation, the acquisition process is time-

consuming, and this technique presents many 

contraindications. The use of MRI as 

monotherapy for planning radiotherapy 

treatment will be limited by the lack of 

information about the electronic density of the 

tissue, the image intensity that is not constant, 

and the presence of geometric distortions that 

distort the image, including the desired 
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volume. (3,10) Spatial distortion can alter the 

position of the target volume concerning 

anatomical landmarks. Other factors such as 

the patient's skin or external fiducial markers 

make MRI studies unsuitable for treatment 

planning (Table 1). (9) 

2.3 PET  

Positron emission tomography (PET) is a 

functional imaging modality that can provide 

excellent tumor/node contrast and the 

possibility of obtaining a wide field of view. 

(3) PET also provides unique information 

about the patient's physiology. PET has been 

used to evaluate tumor metabolism, 

differentiate tumor recurrence from radiation 

necrosis processes, evaluate regional lung 

function, detect hypoxic areas of the tumor, 

and perform other functional imaging. (9) 

PET has limitations, including poor spatial 

resolution. As a result, this can result in 

inaccurate representations of the patient’s 

external contour as well as other normal 

structures. In addition, partial volume artifacts 

create blurred edges that make it difficult to 

segment the desired volume (Table 1).(3,9) 

2.4 CT/MRI/PET Trimodality  

Radiotherapy is relied on as the technique 

of choice in cancer treatment, and trimodality 

may offer anatomical and functional 

information depictions with a detailed spatial 

resolution and allow for increased definitions 

of the target volume in radiotherapy.(11,12) 

 Images of each modality should be 

performed in the radiotherapy treatment 

position, as the trimodality allows obtaining 

additional information about the disease and 

tumor. Each of the machines is fitted with a 

fixed table positioned above the device table. 

Each of these rigid tables has a marker and 

indexing system that allows the installation of 

a radiotherapy immobilization solution. Patient 

repositioning on each device was performed 

using markers on the skin (i.e., positioning 

reference) created during CT planning and an 

external positioning laser. (3,13) 

Currently, no medical devices allow the 

acquisition of all three imaging modalities 

simultaneously. The solution uses two separate 

imaging devices, a bimodal hybrid engine, and 

an independent engine. Two trimodality 

systems are possible: PET/MRI coupled to 

planning CT (possibly with pseudo-CT 

generated from MRI for planning) or PET/CT 

coupled to MRI and then registered to plan for 

CT (possibly CT PET/CT if calibrated for 

radiotherapy). (3)  

Data acquisition and processing solutions 

with PET/MR should be done with precautions 

considered. The patient is positioned on a 

device with an MR coil compatible with 

radiotherapy immobilization fixation. MR coil 

attenuation mapping must be performed 

beforehand to allow for the calibration of 

attenuation on the PET image. (3,14) The 

results of planning PET/MR and CT imaging 

are then registered prior to volume delineation 

and dosimetry planning. Another way to 

address these issues is by replacing CT 

planning with pseudo-CT, i.e., synthetic 

CT.(3,15) With artificial intelligence 

innovations, powerful new algorithms such as 

GAN (generative adversarial networks) allow 

the creation of attenuation maps and synthetic 

CT from different MR images. Thus, treatment 

planning can be carried out without proceeding 

to the imaging registration step.(16) 

The second PET/CT + MRI approach is 

carried out through the same process; the 

patient undergoes the two tests in sequence in 

the position for the radiotherapy treatment. 

Two approaches may be implemented for this 

PET/CT + MRI workflow. The first one is by 

employing a transfer system appropriate to 

both instruments. This technique consists of a 

low-damping air cushion bed and a non-

magnetic stretcher that makes it possible for 

the operator to move the bed from one 

instrument to the other without displacing the 

patient at all. The air cushion bed is placed on 

the fixed table of the first imaging instrument, 

and the patient is oriented in a position 

corresponding to the desired positioning 

reference for CT planning. After the first 

observation, the patient is transferred to a 
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stretcher using a suction system and then 

transferred to the second imaging unit for 

imaging from the stretcher to the assessment 

table with the help of the same suction system. 

Ultimately, the system enables the 

implementation of a multimodal imaging 

system while maintaining the same position for 

the patient.(3,17) 

For the second technique, PET/CT and 

MRI images are also performed in the 

radiotherapy planning condition but in the 

position of the patient standing between the 

two acquisitions. The patient is positioned on 

the first imager in the radiotherapy treatment 

condition using the markers defined during CT 

and external laser acquisition planning and 

continued under the same conditions to the 

second device. Image registration is the last 

step in the trimodality, where all acquisitions 

are placed in a common coordinate system. 

Image registration allows for the relationship 

of information from each modality to improve 

clinical interpretation.(3) 

Image registration can be considered in 

two complementary approaches. The former is 

material-based and consists of carrying out all 

acquisitions under the same condition. First, 

the patient maintains the same position for 

each imaging procedure with the same 

immobilization system for radiotherapy.(18) 

The acquisition parameter will also allow for 

obtaining the best image alignment by keeping 

the table height and selecting equal slice 

thickness, the same plane extraction, or 3D 

acquisition with a wide field of view.(2) 

This first approach accommodates the 

second approach, which is software-based. 

Image registration is done manually by a 

doctor, or assisted by an automated algorithm 

for image registration. For the second 

approach, evaluating beforehand the accuracy 

of the algorithm used is crucial. Several pieces 

of research have analyzed algorithms for CT-

MRI or trimodality registration algorithms 

reporting that the mean error between 0.4 and 

2 mm.(2,19) Finally, a special trimodality 

image fusion method may be considered for 

better delineating the target. However, visual 

validation remains important before 

proceeding with radiotherapy treatment 

planning. Image fusion is the final step in this 

trimodality process, linking information from 

each modality and improving clinical 

interpretation. In the multimodality context of 

radiotherapy, optimizing the acquisition 

parameters is a crucial step to facilitate image 

registration.(3)
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Table 1. A Summary of the advantages and disadvantages of CT, MRI, and PET separately and 

combined as PET/CT/MRI trimodality.  

      MODALITY                         Advantages Disadvantages 
CT • Anatomy 

• Spatial resolution  

(1 mm) 

• Fast acquisition 

• Irradiating 

• Contrast 

• Artifacts (metal, teeth, etc.) 

MRI • Anatomy and function 

• Spatial resolution  
(1 mm) 

• Contrast (Soft tissues) 

• Non-irradiating 

• Long acquisition 

• Compatible MRI equipment with high-
performance dedicated coils 

• Contraindications 

• Artifacts (Distortions, no uniformity, etc.) 
PET • Function 

• Tumor/Background 
Contrast 

• Acquisition field 

• Irradiating 

• Spatial resolution (>3-4 mm) 

• Partial volume (blurred edges) 

PET/CT/MRI Trimodality • Anatomy and function 

• Spatial resolution 

• Tumor characterization 

• Assessment of disease 

spread 

• Dosimetry for RT 

• Irradiating 

• Long acquisition 

• Image registration 

• Compatible MRI equipment with  

high-performance dedicated coils 

• Contraindications MRI 

 

 

Figure 2. A diagram of performing the PET/CT/MRI trimodality in the radiotherapy treatment position. 
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3. GAMMA KNIFE RADIOSURGERY  

Gamma Knife radiosurgery (GKS) is a 

radiotherapy modality with the advantages of 

high conformity to intracranial tumors and 

sparing surrounding normal tissue from 

irradiation, thereby reducing radiation-related 

complications. However, due to inaccurate target 

delineation, GKS is often inadequate for 

achieving local control in patients with recurrent 

nasopharyngeal cancer (NPC). Therefore, an 

accurate depiction of tumor volume is essential 

to achieve better control with GKS. However, 

post-irradiation changes on MRI, such as edema, 

fibrosis, or tissue loss, can be confused with 

recurrent disease. Therefore, innovative GKS-

related techniques such as co-registration with 

PET-CT and MRI should be considered to 

prevent such confusion. 

 The co-registration technique provides several 

advantages. One is clearer tumor margins 

compared to MRI or CT alone due to the co-

registered PET-CT image technique. MRI is 

required to delineate tumor margins in GKS 

planning and is superior to CT; however, MRI 

contrast enhancement often makes it difficult to 

tell apart radiation-induced tumors, inflammation, 

and fibrosis. Second, the treatment plan can be 

customized so that the maximum radiation dose is 

applied to the "hot spots" identified on the PET-

CT scan. Third, PET-CT for a treatment plan is 

valid for decision-making when the same modality 

will be used for follow-ups, especially in terms of 

identifying tumor recurrence and differentiating 

between malignant tissue and radiation necrosis. 

 The co-registration technique with PET/CT 

and MRI in GKS in recurrent NPC using the 

Model G Leksell Stereotactic Frame is applied to 

patients under local anesthesia. After attaching an 

imaging-compatible fiducial system to the frame, a 

high-resolution stereotactic MRI is performed. 

Images are then transferred to a computer 

workstation for treatment planning; stereotactic 

MR images are fused with PET-CT images using 

the co-registration technique. Recurrent NPC is 

outlined using optimized imaging integration of 

stereotactic MRI and conventional PET-CT. 

4. CLINICAL APPLICATION 

Radiation therapy requires accurate 

imaging as a key part of the treatment planning 

process for most malignancies that are managed 

with a curative purpose.(1) Trimodality has a 

high clinical impact and good observer 

agreement, especially for head and neck cancer, 

brain tumors, prostate cancer, and cervical 

cancer, and is already possible to do routinely 

clinically.(3) 

 Co-registration of various anatomical (e.g., 

CT and MRI) and functional (e.g., PET) images 

is a promising way to improve target volume 

imaging in planning head and neck tumor 

radiotherapy. Studies in patients with 

pharyngeal-laryngeal tumors imaged by CT 

scan, MRI (T1 and T2-weighted sequences), and 

PET (FDG transmission and emission) showed 

that co-registration accuracy was in the range of 

0.8–6.2 mm and 1.2–4.6 mm for phantom and 

patient, respectively. Apart from that, the 

consistency is perfect except in the y direction. 

Thus, the study concluded that accurate co-

registration of CT, MR, and F-

fluorodeoxyglucose positron-emission 

tomography (FDG-PET) images could be 

obtained in the head and neck region.(2) 

       Integrating amino acid MRI and PET/CT 

can help increase gross tumor volume coverage 

in gliomas treated with 3D conformal 

radiotherapy, avoiding greater differences 

between physical and biological imaging 

techniques, especially for suspected areas of 

non-enlarging tumors. (10,20) In addition, 

68Ga-DOTATOC PET, exploring SST2 receptor 

expression, could be useful in conjunction with 

CT and MRI for treatment planning for 

meningiomas, especially for detecting and 

assessing the extent of invasion of intracranial 

meningiomas and with impact on sparing normal 

tissue.(3,21)  
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       A prospective study on the combination of 

PET PSMA and multiparametric MRI provided 

reliable TNM staging in patients with prostate 

cancer with changes in therapeutic management 

for nearly one-third of patients. PSMA PET is of 

great interest for delineating lymph node 

metastases. (22,23) 

       A cohort study of 134 patients has shown 

that MRI-guided intensity-modulated 

radiotherapy (IMRT) in combination with 

PET/CT-guided brachytherapy (IMRT) 

administered to primary cervical tumors 

correlates with local tumor control. However, 

imaging remains difficult because differences in 

tumor volume were observed between MRI and 

PET/CT. In addition, a prospective observational 

study involving 237 patients explored the role of 

MRI and FDG PET undertaken before, during, 

and after radiotherapy and 

chemotherapy.(3,24,25) 

CONCLUSION 

        The key to planning radiotherapy for the 

treatment of malignancies is accurate imaging. 

The multimodality of PET/CT/MRI—combining 

the techniques' strengths and limiting each of 

their weaknesses—reinforces the role of imaging 

in guiding radiation therapy. Despite this recent 

multimodality, it is already possible to perform 

this routinely with high clinical impacts and 

good inter-observer agreement. However, 

additional clinical research is necessary to 

confirm the role of multimodality in clinical 

practices. 
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