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Abstract---Background Hybrid imaging techniques, including
PET/MRI and PET/CT, are transforming medical diagnostics by
integrating metabolic data from Positron Emission Tomography (PET)
with the detailed anatomical resolution provided by Magnetic
Resonance Imaging (MRI) or Computed Tomography (CT). This
integration improves diagnostic accuracy, especially in oncology,
where accurate tumor localization and characterization are essential
for effective treatment planning. PET/CT is commonly utilized;
however, PET/MRI presents benefits including enhanced soft tissue
contrast and decreased radiation exposure, rendering it especially
beneficial for pediatric patients or individuals needing multiple scans.
Challenges persist in standardization, accessibility, and addressing
the inherent physical limitations associated with the integration of
these distinct imaging modalities. Aim This review seeks to evaluate
the current status of hybrid imaging, specifically PET/MRI and
PET/CT, by analyzing their diagnostic efficacy, integration challenges,
and prospective developments. The review analyzed the benefits and
drawbacks of each technique, compared their clinical applications,
and investigated emerging hybrid modalities. Methods A thorough
literature review was performed, including studies and articles on the
applications of PET/MRI and PET/CT in diverse disease areas. The
review examined current studies on diagnostic accuracy, technical
integration challenges, and prospective developments in hybrid
imaging technology. Results The review demonstrated significant
evidence indicating the enhanced diagnostic efficacy of hybrid imaging
relative to standalone modalities. PET/MRI exhibits distinct benefits
in the characterization of soft tissues and in minimizing radiation
exposure. Integration challenges were identified, specifically in
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managing magnetic field interference and achieving precise
attenuation correction. The review examined emerging hybrid
techniques that may have future clinical applications. Conclusion
Hybrid imaging, specifically PET/MRI and PET/CT, signifies a notable
progression in medical diagnostics, providing enhanced accuracy and
diminished radiation exposure. Resolving the outstanding technical
challenges and promoting standardization will improve the clinical
applicability of these advanced tools. Ongoing investigation into
innovative hybrid modalities is expected to enhance diagnostic
capabilities in the future.

Keywords---Medical Diagnostics, Oncology, Hybrid Imaging,
PET/MRI, and PET/CT.

Introduction

In the last few years, the combination of different imaging technologies has
become very relevant in the diagnostic procedures, including PET/MRI and
PET/CT. These modalities integrate into a single scan the metabolic imaging of
PET with the high spatial resolution of MRI and CT and dramatically improve
diagnostic accuracy and its sub-specialities such as oncology (1). Cancer,
particularly lung cancer, has been on the increase around the world and therefore
accurate diagnostic techniques remain vital. Staging and particularly the
identification of a metastatic deposit is central to designing the management
strategy (2). Hybrid imaging has been demonstrated to have better sensitivity and
accuracy in tumoral localization and metabolic activity measurements, which are
crucial for characterizing tumour behaviour and treatment outcomes (3). Even
though PET/CT is used routinely for initial tumor staging of NSCLC patients,
PET/MRI might be advantageous due its higher soft tissue contrast, and lower
radiation dose, so it can be used in young patients or in cases where repeated
scans would be required (4).

There has been mounting evidence of the high diagnostic performance of hybrid
imaging as demonstrated by PET/MRI and PET/CT. For example, Alshamrani (5)
explained how PET/MRI offered superior diagnosticity in cases of prostate cancer
compared to other imaging techniques, as well as Crimi et al. (6), which explicated
the importance of this technology concerning the preparation of the treatment
plans for rectal cancer patients. Also, the usage of PET/MRI is not only being
extended into the diagnostic field of neurodegenerative disease as Lee et al (7)
mentioned, but this is also parallel to the idea of personalized medicine. However,
issues like standardisation of the protocol and its availability are still issues
present even in the current state of the field. This review discusses PET/MRI
design, examining integration challenges, attenuation correction, image
reconstruction methods, and potential advancements in PET/MRI technology.

Positron Emission Tomography (PET)

Positron Emission Tomography (PET) is a non-invasive imaging method that
allows for monitoring of physiological and pathological processes at a molecular
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scale (8). It employs nuclear imaging principles through the use of radiotracers,
which decay and emit positrons. These positrons undergo annihilation, producing
gamma rays emitted at 180 degrees, which are detected by collinearly aligned
detectors, such as scintillators (9). PET's electronic collimation provides enhanced
sensitivity compared to other nuclear imaging techniques. However, a primary
limitation of PET is its lack of anatomical context. Magnetic Resonance Imaging
(MRI), on the other hand, offers detailed three-dimensional soft tissue contrast
through specific T1 and T2 relaxation times, making it an ideal technique for
initial tumor evaluation.

MRI systems operate at Ultra High Frequency (UHF) magnetic fields, providing
structural imaging with high spatial resolution and functional contrast,
particularly Blood Oxygen Level Dependent (BOLD) contrast (10). Functional MRI
techniques such as Diffusion Weighted Imaging (DWI), Magnetic Resonance
Spectroscopy (MRS), and Perfusion Weighted Imaging (PWI) yield precise
estimations for tumor grading (11, 12). Although MRI provides motion correction
during anatomical reconstruction and does not involve ionizing radiation, its
functional sensitivity and specificity are lower than those of PET.

Combining PET with MRI can integrate their strengths, offering improved soft
tissue contrast, flexible tissue characterization parameters, reduced radiation
exposure, and higher sensitivity for specialized clinical and research applications
(13). PET/MRI was first proposed in 1990, alongside PET/CT; however, PET/CT
advanced more quickly due to fewer technical challenges in combining PET and
CT. While PET/CT has proven highly useful, PET/MRI surpasses it in soft tissue
contrast, radiation dose reduction, and applicability across body regions, making
it ideal for small animal imaging in serial studies (14). A significant limitation of
PET/CT lies in its sequential imaging setup, as it requires data collection from
separate systems with software-based attenuation correction, which can
introduce errors due to patient movement. In contrast, PET/MRI offers motion
correction based on MRI data, demonstrating high efficacy across a range of
clinical applications, including oncology, cardiology, neurology, and
musculoskeletal medicine.

Integration Challenges of PET and MRI Modalities

Integrating PET and MRI in a single system presents considerable challenges,
particularly in managing the magnetic field. The goal of integration is to maintain
the functional integrity of both modalities. Commonly used designs for integration
include Sequential and Simultaneous acquisition. In the Sequential design, PET
and MRI scans are conducted one after the other with co-registration software
and a uniform patient transfer table (Figure 1). Sequential designs are cost-
effective and reduce patient claustrophobia by using separate modalities with
magnetic shielding (15). Philips Healthcare uses this design in its TF-PET/MRI
system (16).
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Figure 1. Multiple arrangements of PET/MRI: (a) Sequential layout, (b)
Simultaneous PET place MRI scanning device, and (c) Simultaneous completely
integrated structure (17).

However, this setup can lead to organ motion artifacts and requires a large space
for the equipment, emphasizing the need for simultaneous acquisition. The
Simultaneous design uses a shared gantry, with configurations either as a PET
insert MRI scanner or a fully integrated system (18). This setup minimizes system
occupancy and addresses compatibility challenges between PET and MRI
systems, as outlined in Figure 2.
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Figure 2. Difficulties in Combining MRI and PET (17)
MRI’s Impact on PET Imaging

Integrating PET with MRI faces specific physical interaction challenges due to
bore size and detector thickness. High magnetic fields, gradient magnetic fields,
and radiofrequency signals in MRI can impair PET functionality, necessitating
innovative solutions to maintain both systems' performance (19).

Advances in Hybrid Imaging

Over the past five years, new hybrid imaging techniques have emerged, many with
potential for integration with other imaging modalities. These include
Fluorescence — X-Ray Computed Tomography (FMT-XCT), PET-Cerenkov light
imaging, Fluorescence — Diffuse Optical-Computed Tomography (FT/DOT/XCT),
FPhotoacoustic Imaging, luorescence Molecular Imaging-Computed Tomography
(FMT-CT), Magnetic Resonance Elastography, and Thermoacoustic Tomography,
among others (20-22). Photoacoustic imaging, which combines ultrasound with
optical imaging, has shown promise in providing high spatial resolution and
optical contrast for organ imaging (23). Cerenkov-light imaging, which captures
visible photons from high-speed electrons, has demonstrated effective integration
with PET, producing fused images that mitigate some of Cerenkov imaging’s
limitations. While these advanced systems remain in the preclinical research
stage, they are anticipated to play a transformative role in neuroimaging (24).
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Comparative Analysis of Three Hybrid Modalities

Hybrid imaging techniques differ significantly in their anatomical, functional, and
cognitive capabilities, necessitating a comparative analysis. Figure 3 provides a
radar diagram comparing EEG-fMRI, SPECT-CT, PET-CT, MEG-fMRI, EEG-NIRS,
and PET-MRI in terms of sensitivity, resolution, cost, and radiation dose. This
analysis categorizes modalities into groups based on procedural and principal
similarities, revealing the strengths and limitations of each hybrid system (15).
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Figure 3. An analytical examination of hybrid imaging techniques for
neuroimaging uses across multiple factors (9).

Benefits of Hybrid PET/MRI Compared to PET/CT

Hybrid PET/MRI imaging offers distinct advantages compared to PET/CT,
especially in the diagnosis of lesions in the brain, breast, liver, kidneys, and bone,
due to MRI's superior soft tissue contrast, which provides enhanced detail relative
to CT (25). MRI offers enhanced delineation of lesion margins in intricate areas
such as the pelvis and breast. Preliminary research suggests that hybrid
PET/MRI could enhance lesion alignment, thereby improving tissue
segmentation, attenuation correction, and PET quantification. While CT is
currently the standard for detecting small lung nodules, emerging rapid, high-
resolution MRI techniques are anticipated to address this limitation (26).

PET/MRI facilitates simultaneous cancer assessment by integrating both
modalities in a single session, thereby minimizing overall radiation exposure as
CT is unnecessary. PET/MRI provides precise, synchronized multiparametric
imaging that integrates high-contrast MRI with the quantitative molecular
insights of PET, facilitating a comprehensive evaluation of tumor biology across
anatomical, functional, and molecular dimensions (27).
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Obstacles in the Implementation of PET/MRI

Despite its potential, PET/MRI encounters obstacles that hinder wider clinical
implementation. Optimizing attenuation correction necessitates improved MRI-
based techniques for more accurate estimation of tissue density (28). Current
Dixon-based correction methods exhibit vulnerability to misregistration resulting
from breath-holds and may experience signal loss in proximity to metal artifacts.
Additionally, inconsistencies in the segmentation of air cavities can result in
quantitative inaccuracies (29). Additional complications arise from MRI contrast
agents and coils within the PET field of view, along with magnetic field
inhomogeneities, which may influence standardized uptake value (SUV)
measurements. The agreement between SUV values and PET/MRI remains
inconsistent; however, studies indicate a strong correlation in certain instances,
with variations influenced by the generation of the PET/MRI system (30).

New muic MRI sequences are essential for enhancing clinical workflow by
minimizing scanning time and improving patient comfort. Research is actively
focused on enhanced lung nodule detection, effective motion correction, and
dynamic gated PET/MRI with motion correction as key priorities. PET/MRI
systems currently exhibit limitations compared to cCT machines, particularly in
point-spread-function resolution recovery and time-of-flight capabilities. However,
preliminary research indicates potential for incorporating these features to
enhance the quantitative accuracy of PET/MRI (28-30).

Additional advancements in hardware, software, and standardization are
necessary to tackle these technical challenges. Long-term challenges may involve
securing sufficient reimbursement and demonstrating the impact of PET/MRI on
patient outcomes relative to PET/CT or MRI alone. Successful integration of
PET/MRI in medical settings requires practical considerations such as training
radiologists and nuclear medicine specialists in hybrid imaging interpretation,
addressing potential role conflicts, establishing standardized protocols for
morphologic, functional, and metabolic data, and developing user-friendly
software for viewing complex fused images. Institutional stakeholders must
acknowledge the benefits of PET/MRI and implement quality assurance protocols.
PET/MRI currently accommodates patients requiring both PET and MRI, as well
as those needing PET/CT who prefer reduced radiation exposure when basic MRI
sequences are clinically adequate (31-33).

Limitations

While hybrid imaging techniques offer substantial diagnostic benefits, ongoing
improvements are needed to address their limitations. PET-CT’s sequential setup,
for example, can result in motion artifacts due to prolonged scanning times.
SPECT-CT suffers from lengthy acquisition times and lower spatial resolution,
necessitating extensive training. PET-MRI integration requires trade-offs, such as
using a wide-bore MRI scanner to accommodate the PET detector ring, which may
compromise MRI performance due to thermal effects from magnetic field
gradients. EEG-fMRI and MEG-fMRI face limitations related to differing biological
foundations, spatial and temporal resolution discrepancies, and challenges in
signal integration.
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Emerging hybrid modalities like EEG-NIRS show promise in cognitive
neuroimaging by leveraging complementary spatial and temporal sensitivity,
although precise electrode placement remains challenging. Trimodal systems are
still under exploration, with potential for clinical application as research
continues.

Conclusion and Future Direction

The integration of anatomical and functional imaging modalities in hybrid
imaging techniques, particularly PET/MRI and PET/CT, represents a significant
advancement in medical diagnostics. This review highlights significant
advancements in diagnostic accuracy and treatment planning achieved through
these integrated approaches, especially in the field of oncology. The enhanced soft
tissue contrast of PET/MRI, along with its lower radiation exposure relative to
PET/CT, establishes it as an effective modality, particularly for pediatric patients
or individuals needing repeated imaging assessments. Precise delineation of
tumor boundaries, assessment of metabolic activity, and characterization of
tissue properties enhance treatment strategy precision, resulting in improved
patient outcomes and a potential reduction in unnecessary interventions.

Nonetheless, the field presents several challenges. The integration of PET and MRI
presents inherent complexities, especially in addressing magnetic field
interference and achieving precise attenuation correction, which require
continuous technological advancements. The standardization of protocols and
increased accessibility are essential for maximizing the effectiveness of these
techniques in various clinical environments. The significant expense linked to
these advanced technologies poses a challenge to their widespread adoption,
especially in resource-limited settings.

Future directions in hybrid imaging research must concentrate on several critical
areas. Continued technological innovation is essential for enhancing the efficiency
and robustness of system integration, reducing artifacts, and improving image
quality. This involves the advancement of more refined attenuation correction
techniques, and the investigation of innovative detector designs to enhance
sensitivity and spatial resolution. Secondly, research should concentrate on
broadening the clinical applications of hybrid imaging beyond oncology,
investigating its potential in cardiology, neurology, and additional medical
specialties. Further validation studies are necessary in these areas to determine
the clinical utility and cost-effectiveness of hybrid imaging relative to existing
techniques. Thirdly, efforts must focus on creating more user-friendly interfaces
and streamlined workflows to facilitate the acquisition and interpretation of
hybrid images, thereby enhancing accessibility for clinicians.

The integration of emerging imaging modalities, including photoacoustic imaging
and Cerenkov luminescence imaging, significantly enhances the capabilities of
hybrid systems. These techniques provide distinct benefits regarding spatial
resolution, contrast mechanisms, and the capability for molecular-level imaging.
The advancement of sophisticated image analysis techniques, particularly those
utilizing artificial intelligence (Al), is essential for automating image processing,
enhancing diagnostic accuracy, and streamlining clinical workflows. Addressing
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these challenges and pursuing future directions will enable hybrid imaging to
evolve, thereby transforming medical diagnostics and enhancing patient care.
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