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1 | INTRODUCTION

Cancer is the main lethal disease for humans in the 21st century.
Radiotherapy, as one of the most conventional methods for cancer
treatment, participates in approximately 50% of cancer treatments
and cures 40% of cancer patients.! Recently, precision radiother-
apy has received considerable attention under the trend of preci-
sion medicine.? The utilization of imaging modalities (e.g., computed
tomography [CT], magnetic resonance imaging [MRI], and ultrasound)
before, during, and after radiation delivery, namely, image-guided
radiotherapy (IGRT), has greatly improved the precision and accu-
racy of radiotherapy.® These imaging modalities are used in almost all

steps of radiotherapy, including pretreatment simulation and position,

benefits and challenges.

TianLi® | WenlLi® | JiangZhang' |

Magnetic resonance imaging (MRI) is becoming increasingly important in precision
radiotherapy owing to its excellent soft-tissue contrast and versatile scan options.
Many recent advances in MRI have been shown to be promising for MRI-guided radio-
therapy and for improved treatment outcomes. This paper summarizes these advances
into six sections: MRI simulators, MRI-linear accelerator hybrid machines, MRI-only
workflow, four-dimensional MRI, MRI-based radiomics, and magnetic resonance fin-
gerprinting. These techniques can be implemented before, during, or after radiother-
apy for various precision radiotherapy applications, such as tumor delineation, tumor
motion management, treatment adaptation, and clinical decision making. For each of

these techniques, this paper describes its technical details and discusses its clinical

4D-MRI, MR-Linac, MRI-guided radiotherapy

treatment planning, treatment adaption, online monitoring, and post-
treatment follow-up and evaluation. Traditional IGRT focuses on CT-
guided radiotherapy because CT has (1) fast image acquisition speed,
(2) inherent electron density information for dose calculation, (3) no
spatial distortion within the effective field-of-view (FOV), and (4) dig-
itally reconstructed radiograph (DRR) for position verification.* How-
ever, the intrinsic low soft-tissue contrast of CT images cannot fulfill
the increasingly stringent requirement of precision radiotherapy.

MRI presents superior soft-tissue contrast to other imaging modali-
ties. The proportion of MRI-guided radiotherapy has increased rapidly
in the past few years.® The high soft-tissue contrast in MRI images
enables a clearer boundary between the tumor and surrounding struc-

tures, which improves the delineation accuracy of treatment target
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areas and organs at risk (OARs). Apart from high soft-tissue con-
trast, the trend of MRI-guided radiotherapy stems from several further
advantages of MRI over other imaging modalities, including (1) ionizing
radiation-free imaging that eliminates the image dose concern for mul-
tiple MRI scans during radiotherapy; (2) versatile imaging sequences
that provide multi-parameter and multi-contrast information; (3) no
imaging plane restriction; and (4) functional MRI and quantitative MRI
techniques that provide biological characteristics of the tumor and
surrounding tissues. Despite these benefits, the application of MRI-
guided radiotherapy encounters many challenges. One challenge is the
relatively long MRI time, especially when compared with time-efficient
CT scans. The scan time of multi-parametric or functional MRI could
take 30 min or even 1 h, which is intolerable for some patients with
poor physical conditions. The difficulty in dose calculation is also an
important consideration in MRI-guided radiotherapy. A pretreatment
CT scanis essential to obtain electron density information for dose cal-
culation. In addition, the MR images are subjective to geometric dis-
tortion, especially in the case of the large FOV MRI scan. The geo-
metric distortion will consequently decrease the accuracy of radiation
dose delivery. In terms of clinical challenges, MRI-guided radiotherapy
lacks standardized clinical protocols and suitable devices.® MRI quality
assurance (QA) for diagnoses and radiotherapy follows different crite-
ria and utilizes different specialized phantoms. However, there are no
standardized QA protocols for MRI-guided radiation therapy. Also, few
magnetic resonance devices are dedicated to MRI-guided radiother-
apy. For example, conventional MRI receiver coils are not suitable for
MRI simulators.

Recent technological developments in MRI hardware and software
have largely resolved the above-mentioned challenges in MRI-guided
radiotherapy. MRI scanners customized for radiotherapy simulation
have been applied to the clinic. The magnetic resonance-Linac (MR-
Linac) machine has achieved direct treatment implementation after
rapid scanning, which makes it possible to monitor the movement
of the target area during the treatment process. At the same time,
advanced MRI protocols present an extra time dimension for eval-
uating the position changes of the treatment target volume and its
surrounding normal tissues. MRI-guided radiotherapy also benefits
from the rapid development of artificial intelligence and data sciences.”
Hence, it is desirable to review recent technical advances in the field
of MRI-guided radiotherapy that contribute to precision radiotherapy.
This review paper surveyed recent published peer-review papers that
are related to MRI-guided radiotherapy and summarizes them into
six sections, which have been structured in ascending order of the
application distance from current clinical practice: Section 2 intro-
duces MRI simulation, which was emphasized in the current clinical
procedure; Section 3 summarizes MR-Linac; Section 4 describes
the MRI-only workflow with a focus on image synthesis; Section 5
introduces four-dimensional MRI (4D-MRI), which adds an extra time
dimension for improved motion management; Section 6 presents
MRI-based radiomics modeling techniques used for decision-making;
and Section 7 highlights the potential application direction of the
novel quantitative magnetic resonance fingerprinting techniques. The

conclusions are drawn in Section 8.

2 | MRISIMULATION

The purpose of the simulation scan is to localize the treatment site,
delineate tumor target volume and OARs, and perform radiation treat-
ment planning. Currently, MRI simulation is the main clinical practice in
MRI-guided radiotherapy, and has been applied to both external beam
radiotherapy and brachytherapy.®?

At the ASTRO conference in 1993, Okamoto presented the proto-
type MRI positioning system in a 1.5 T MRI.1° Restricted by the hard-
ware of superconducting magnets, early-stage MRI simulators have a
relatively small bore size of 60 cm. Large-size body position fixation
devices (e.g., vacuum pads, polyurethane foam casts, and thermoplastic
fixation masks) are difficult to accommodate in MRI simulators. Unlike
CT, which can have a large bore size of 85 cm or even 90 cm, increas-
ing the bore size of MRl is challenging. Increasing the bore size requires
more coils, which increases the weight of the MRI scanner. More impor-
tantly, increasing the bore size will challenge the magnetic homogene-
ity, whichis animportant indicator to ensure image quality, fat suppres-
sion, and image distortion. Alternatively, a low-field open MRI system
was developed for simulation scanning to avoid bore size restriction.!!
However, the relatively low field strength in an open MRI system sac-
rifices the image quality, prolongs the scan time, and abandons the
functional scan. With the development of MRI hardware, high-field,
wide-bore MRI has become the mainstream. The bore size of MRI can
reach 70 cm, which meets the positioning space requirements of the
radiotherapy.!? Currently, MRI scanners customized for radiotherapy
simulation have been applied in the clinic (Figure 1), and feature the fol-
lowing characteristics:

Bore size >70 cm.

External 3D laser light positioning system.

Flat treatment bed dedicated for radiotherapy.

Receiver coil bridge dedicated for radiotherapy.

Scanning sequence dedicated to radiotherapy positioning.

A L A

MRI QA phantom and QA program dedicated to radiotherapy.

The MRI scanning sequence protocols for simulation are different
from diagnosis to meet the simulation-specific criteria. Table 1 summa-
rizes the difference between sequences used for diagnoses and simula-
tion planning. Fast spin-echo (FSE), as known as turbo spin-echo (TSE),
T1/T2-weighted imaging is the main scan sequence used for MRI simu-
lation. Three-dimensional (3D) sequences are mostly used in MRI sim-
ulation for the reason of no slice selection requirement and minimum
edge distortion between image slices. In addition to FSE/TSE, gradient
echo sequence T1/T2-weighted imaging is applied to MRI simulation
for enhancement scanning.

MRI simulation can be applied to various tumor regions, even to
regions where MRI is rarely employed for diagnoses.'® For example,
the delineation of the target volume of lung tumors has benefited
from MRI simulation even though MRI is rarely used in lung cancer
diagnosis.'* Using a simulation CT scan to delineate the target vol-
ume is challenging due to the poor contrast of the soft tissue of CT

images. Lung cancer, obstructive pneumonia, and atelectasis cannot be
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FIGURE 1 MRIsimulation systems

TABLE 1 Thedifference between sequences used for diagnoses
and simulation planning

MRI for radiotherapy

MRI for diagnosis treatment planning

Scanning Angulated to anatomy Orthogonal transverse
plane plane without slice
angulation
Spatial Less important Geometrical fidelity is
accuracy important
FOV Depending on the Large FOV and large
anatomy coverage
Geometric Not necessary Requirement
correction
Bandwidth Low readout bandwidth ~ High readout bandwidth
for high SNR for less WFS
Scan Mostly use 2D Mostly use 3D sequences,
dimension sequences and have zero-gap
slice gap
Slices Thick slices for high Thin slices for high
thickness SNR resolutionin all

dimensions, sometimes
isotropic

Abbreviations: MRI, magnetic resonance imaging; FOV, field of view; SNR,
Singal-Noise Ratio; WFS, Water Fat Shift.

distinguished on the CT image, for example, as both the tumor region
and the area of obstructive atelectasis showed enhancement in the
image. In contrast, MRI simulation could use contrast enhancement or
functional MRI scans to identify atelectasis, diagnose the mediastinum,
and assess the recurrence of lung cancer.'® Figure 2 presents an exam-
ple of using apparent diffusion coefficient (ADC) maps to distinguish
between distal atelectasis tissue and lung cancer tissue.

3 | MR-LINAC

MR-Linac is one of the largest technological advances in MRI-guided

radiotherapy. It integrates a magnetic resonance scanner with a linear

1.821 103 mm"2/s

Area: 14.0.mm?
Mean: 2,002 10°-3imnit2/s

FIGURE 2 ADC maps to distinguish between distal atelectasis
tissue (red arrow) and lung cancer tissue (yellow arrow)

TABLE 2 Commercially available MRI-Linac systems

B, field Magnet

Institution (T) type Beam-field orientation
ViewRay/MRldian 0.35 Open Perpendicular
Alberta/Magnet Tx 0.5 Open Inline and perpendicular
Australia MR-Linac 1.0 Open Inline and perpendicular

Elekta/Unity MR-Linac 1.5 Closed Perpendicular

accelerator. The Cancer Institute of the University of Albertain Canada
developed the first MR-Linac. Since then, major research institutes and
manufacturers have developed various types of MR-Linac systems.®

Table 2 lists the commercially available MR-Linac systems.

3.1 | The hardware of MR-Linac

Due to conflicts in the design principles between magnetic resonance
and linear accelerators, integrating these two components has sev-
eral technical challenges, especially under high magnetic field strength
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(a) Tl-weighted

(b) T2-weighted

FIGURE 3 Brain MRl images acquired on a 1.5 T MR-Linac unity, including (A) T1-weighted MRl image and (B) T2-weighted MRI image

(>1.0 T). However, high-quality MR imaging requires a high signal-to-
noise ratio, which is positively correlated with high field strength. In
2018, the first high-field MR-Linac, named Unity, was developed and
clinically introduced. It was approved by the Food and Drug Adminis-
tration (FDA) in December 2018 and treated the first patient in North
America at the MD Anderson Cancer Center in January 2019.17 Unity
MR-Linac consists of a 1.5 T magnetic resonance imaging system and a
7-megavolt (7 MV) linear accelerator. A ring gantry holds all the beam-
generating components of Linac and is positioned around the cryo-
stat of the MRI. Different from conventional MRI systems, gaps are
designed in many magnet resonance components to ensure the pas-
sage of megavolt beams, including the main magnetic, gradient coils,
and built-in body coils. This discrete hardware introduces magnetic
field inhomogeneity and reduces the gradient performance. In terms
of image quality, though meeting clinical needs, Unity’s image has a
slightly lower signal-to-noise ratio than the conventional 1.5 T MR
image. Figure 3 demonstrates brain MR images scanned by Unity MR-
Linac.

3.2 | Online adaptive radiotherapy

MR-Linac makes it possible for online MRI-guided radiotherapy and
adaptive radiotherapy. Previously, IGRT was achieved by a kilovolt-
level cone beam CT (CBCT). However, the image quality obtained by
CBCT is suboptimal. Unity MR-Linac obtains high-quality MR images
before radiotherapy with treatment setup. Thereafter, the position and
shape variations of the target volume (gross target volume [GTV] or
clinical target volume [CTV]) and OARs can be assessed by comparing
against the reference plan. Based on the image information, two treat-
ment modes, adapt to position (ADP) and adapt to shape (ADS), can be
chosen to adjust the treatment plan to improve the planning accuracy
and reduce the amount of repeated planning.!® Online adaptive radio-

therapy could monitor the intrafraction motion and access the motion

impact on the planned dose distribution. One recent study quantified
the delivered dose for prostate patients treated on a Unity MR-Linac
based on online 3D cine-MR and treatment log files.1?

The development of fast MR imaging techniques largely reduced
the imaging latency. For example, one study achieved a latency time of
300-500 ms in real-time 3D MR imaging on MR-Linac.2° With further
reduced latency time in real-time MRI, real-time adaptive treatment
is possible in MR-Linac by irradiating moving targets using multileaf
collimator (MLC) tracking and real-time dose calculation. Deep learn-
ing strategies have been used for real-time dose calculation.?! Further
evaluation of the accuracy of real-time imaging and dose calculation

needs to be implemented in real-time MRI-guided workflows.

4 | MRI-ONLY WORKFLOW

Multi-modality image registration increases the uncertainty in radio-
therapy. Many studies have been performed to investigate the feasibil-
ity of MRI-only workflow. Treatment planning and dose calculation are
performed without the need for a CT simulation scan. CT image syn-
thesis is the main approach to obtain electron density information in
MRI-only workflow. Besides CT synthesis, many other synthesis tech-
niques have the potential to be incorporated into MRI-guided radio-
therapy. This section also introduces functional MRI (fMRI) synthesis
and contrast-enhanced MRI (CE-MRI) synthesis.

4.1 | Synthetic CT technique

A CT simulation scan is required in the MRI simulation workflow
to obtain electronic density information. The CT image, as the main
image, is used for the dose calculation, and the MR image, as a sec-
ondary image, is used to assist the delineation of the target vol-

ume. This extra CT scan increases the complexity of MRI-guided
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Synthetic CT

FIGURE 4

radiotherapy. For example, registering CT to MRI introduces geomet-
rical uncertainty. As an alternative, synthetic CT (sCT) image tech-
nology has been developed to simulate pseudo-CT images from MRI.
The synthesized image contains CT value (Hounsfield unit, HU) infor-
mation, which can be used directly for dose calculation and patient
positioning.2223 Figure 4 presents two examples of sCT. The applica-
tion of sCT for dose calculation has the potential of replacing CT sim-
ulation. It simplifies the MRI simulation workflow by using MRI images
for both target area delineation and dose calculation, namely, MRI-only
simulation. Current synthetic simulation techniques can be divided
into three categories: (1) bulk density sCT techniques; (2) atlas-based
sCT techniques; and (3) voxel-based sCT techniques.?* Currently,
instead of research institution-driven technique exploration, several
companies have developed and commercialized sCT techniques. For
example, a commercial software, Magnetic Resonance for Calculation
Attenuation (MRCAT), developed by Philips, demonstrated a data con-
sistency of 98% between sCT with reference CT images. The dose
distribution maps calculated by sCT images and real CT images have
no clear difference.?> However, the application of sCT is restricted to
some anatomical regions. A whole-body sCT technique is still not avail-
able. More importantly, the consistency between the sCT image and
the real CT image needs to be further verified, and safety and ethical
issues are still under discussion.?® One study reported the first clini-
cal experience that used MRI-only simulation for treatment planning.
Atotal of 585 patients with prostate cancer were included in this study
and underwent an MRI-only simulation. MRI-only simulation was suc-
cessful in 544 (93.2%) patients and the resting patient underwent a
backup CT scan because of the failure of reconstructing the sCT caused

by large patient size, artifacts, and motion.>

4.2 | Functional MRI synthesis

Historically, fMRI refers to a class of MRI techniques to describe

spatial-temporal variation in brain metabolism.2” Now it is generalized

Synthetic CT

(b)

sCT technology in (A) brain and (B) the pelvic cavity. The left image is the original MRl image and the right image is the sCT image

as a set of special MRI scan protocols to provide quantitative infor-
mation (e.g., perfusion, diffusion) of cancer-related tissue variations.28
fMRI captures cancer-specific characteristics, such as tissue perfusion,
oxygenation, and microvessel density. Thereby, fMRI techniques have
been integrated with MRI-guided radiotherapy for diagnosis, treat-
ment planning, and treatment response assessment, serving as a pow-
erful tool for personalized radiotherapy. The application of fMRI in
MRI-guided radiotherapy has encountered many constraints, such as
labor, time, financial cost, and potential hazards. Artificial intelligence
may accelerate the application of fMRI by using data-driven fMRI syn-
thesis. For example, diffusion-weighted MRI (DWI) has been widely
used for cancer evaluation because of its high sensitivity. However, a
high b-value DWI requires a prolonged acquisition time. One study
utilized generative adversarial networks (GANs) to synthesize high-b-
value diffusion-weighted images for prostate cancer patients.?’ The
results demonstrated deep learning could synthesize realistic high-b-
value DWI with satisfying image quality and accuracy.

4.3 | CE-MRI synthesis

CE-MRI is obtained through the injection of gadolinium-based contrast
agents (GBCAs) and is used to improve the clarity of the tumor-to-
normal tissue interface for accurate tumor delineation.’® However,
nephrogenic systemic fibrosis (NSF), a serious disease that can lead to
joint contractures and immobility, has been observed to have a strong
connection with the injection of GBCAs in recent studies.3%32 For
safety considerations, there is an urgent need to eliminate the use of
GBCAs. Interests are focused on synthesizing the virtual contrast-
enhanced MRI (VCE-MRI) through deep learning to eliminate the use
of GBCAs while reserving the enhanced contrast information.33-3°
The VCE-MRI, which has a similar function to the GBCA-based CE-
MRI, is generated from the information provided by contrast-free MRI
(Figure 5). The contrast-enhanced reagion is indicated in the in the red

arrow.



® L WILEY @@

LIUET AL.

Input T2

Input T1

Real CE-MRI VCE-MRI

FIGURE 5

Illustration of deep learning-based virtual contrast-enhanced MRI synthesis. The images from left to right are input T1, input T2,

real gadolinium-based contrast-enhanced MRI, and the synthetic virtual contrast-enhanced MRI through deep learning

5 | FOUR-DIMENSIONAL-MRI

The 4D medical imaging technique includes a time dimension for the
medical image and presents the motion of tumor target and organs-
at-risk. Motion information is beneficial to many aspects in radiother-
apy, such as determining planning target volume, treatment planning,
and tumor position tracking during treatment. For example, dynamic
MRI has been used for monitoring real-time lung motion. The proba-
bility distribution function (PDF) of patient geometries could be calcu-
lated from dynamics MRI and used for treatment planning. PDF-based
treatment planning is an off-line strategy that the dose is adjusted by
the probability of the organs at a specific location.?¢3” 4D-CT is the
standard option in current radiotherapy for motion management. As
an alternative, 4D-MRI has been developed to solve the intrinsic poor
soft-tissue contrast problem in 4D-CT. The 4D-MRI technique can be
categorized into retrospective and prospective methods.3® Retrospec-
tive 4D-MRI continuously acquires images over the entire region of
interest (ROI) and retrospectively sorts the images into respiratory
phase bins.3?-41 Retrospective binning is based on different types of
breathing surrogates, which are either calculated from medical images
(e.g., diaphragm and liver dome position, body area, thermal noise) or
extracted from external devices (e.g., breath signal).*®42-44 Prospec-
tive 4D-MRI methods rely on fast 3D acquisition or respiratory-
gated two-dimensional (2D) acquisition.*>#¢ 3D acquisition mainly
uses gradient-echo sequences and provides 3D T1-weighted images
with a subsecond speed, while respiratory-gated 2D acquisition can
monitor the data sufficiency of each phase bin in real time and over-
come the data incompetency problem in retrospective sorting.
Although 4D-MRI has not yet been routinely used in the clinic, a few
clinical studies have reported the potential applications of 4D-MRI in
adaptive radiotherapy, online treatment guidance, and MRI-only work-
flow. For example, in adaptive radiotherapy, the radiotherapy plans
could be adapted based on the registration position shifts between 4D-
MRI and mid-position planning.*” In the first clinical trial for abdom-
inal stereotactic body radiation therapy (SBRT) with 4D-MRI-based
online adaptation and real-time MRI monitoring, 10 patients were
treated without the aid of CT.*® As for online treatment guidance, mul-

tiple methods have been proposed for real-time volumetric cine-MRI.

For example, Harris et al. used principal component analysis (PCA) to
model patients’ breathing patterns and deformed prior images based
on onboard 2D images to obtain 4D-MRI.4?->1 The limitation of image
processing speed impedes the clinical application of 4D-MRI in a real-
time approach. Recently, the rapid development of artificial intelli-
gence (Al) is expected to perform image processing tasks such as super-
position, registration, and segmentation more efficiently and precisely,
which may widen the clinical application of 4D-MRI.>2 For example,
Figure 6 demonstrates synthetic ultra-quality 4D-MRIs from the origi-
nal 4D-MR image.

6 | MRI-BASED RADIOMICS MODELING

MRI has been widely used in quantitative modeling for radiotherapy
assessments, such as diagnosis, prognosis, and toxicity predictions.
Successful applications of MRI-based clinical modeling in radiotherapy
could allow fully personalized treatment and follow-up strategies
guided by MRI. Radiomics is one of the most popular quantitative
approaches to analyzing medical images. It leverages the high-
throughput features (e.g., size/shape-based features, intensity-based
features, textural-based features) extracted from medical images
using either predefined mathematical formulas or intermediate layers
from deep-learning images.>® Due to the higher soft-tissue contrast
of MRI scans, MRI-based radiomics models have been demonstrated
to sustain higher sensitivity to various clinical questions compared to
other imaging modalities, making MRI a better candidate for tissue
characterization. For example, the areas-under-curve (AUCs) of the
MRI-based radiomics models were higher than those of CT-based mod-
els in both training and validation for radiation-induced xerostomia
predictions 3 months after head-and-neck cancer radiotherapy.®*

Due to the availability of MRI scans at multiple time points of
MRI-guided radiotherapy, the changes of MR radiomics feature in
time, namely, delta-radiomics, can be monitored throughout the treat-
ment course.>® Delta radiomics has been proposed to predict final
treatment responses so that the treatment plans can be adjusted
between fractions at an individual level to achieve the optimized treat-

ment outcome. One pilot study investigated the predictive power of
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FIGURE 6 Visual examples of synthetic ultra-quality 4D-MRIs and the original T1w 4D-MRI. Tumors are indicated with arrows: (1) synthetic
T1w 4D-MRI; (2) synthetic T2w 4D-MRI; (3) synthetic 4D-DWI (b = 50); (4) synthetic 4D-DWI (b = 800); (5) original T1w 4D-MRI

delta-radiomics on 16 rectal cancer patients undergoing magnetic
MRI-guided radiotherapy. Radiomics features were extracted within
GTV from six MRI scans on different treatment times, including the
first MRI simulation and at fractions of 5, 10, 15, 20, and 25. Signifi-
cant associations between multiple delta-radiomics features and com-
plete clinical response were observed, indicating the promising future
of personalized treatment surveillance in MRI-guided radiotherapy.’®
In another study, delta radiomics between the pretreatment and post-
treatment MR images was used to predict 2-year distant metastasis
locally advanced rectal cancer patients, and satisfactory performance
of balanced accuracy of 78.5% was achieved on testing.>”

In addition to prognosis, MRI-based radiomics has been widely
applied in diagnosis and toxicity predictions. A substudy following
the prospective phase Il trial on ultra-hypofractionated radiother-
apy (AIRC 1G-13218) has revealed multiple predictive MRI-based
radiomics on diagnostic scores, including risk class, T-stage, Gleason
score (GS), extracapsular extension (ECE) score, and Prostate Imag-
ing Reporting and Data System (PI-RADS v2) score, which describe
tumor aggressiveness for localized prostate cancer.>® The areas under
the receiver operating characteristic curve (ROC AUCs) remained high,
with a range from 0.74 to 0.94. Hou et al. have developed a ready-to-
use radiomics nomogram model that combines radiomics signatures
from the T2-w MR images at the end of the radiotherapy and con-
ventional clinical factors for radiotherapy-induced temporal lobe injury
predictions of nasopharyngeal carcinoma patients.”? The combined
model has shown superior performance (AUC = 0.87) compared with
single models that use only radiomics features and clinical features.
Some studies have attempted to apply MR-based radiomics in clinical
decision support such as adaptive radiotherapy. This is directly deter-
mined by the significant changes of patient anatomy, which is a wholis-

tic effect from both tumor and normal tissue responses to radiation. For

example, Yu et al. have shown promising performances (AUC =0.984 in
training and 0.930 in testing) of combined radiomics features extracted
from contrast-enhanced T1-weighted and T2-weighted MR images for
adaptive radiotherapy eligibility predictions on advanced nasopharyn-
geal carcinoma patients.®°

Despite the promising future of radiomics in clinical modeling of
MR-guided radiotherapy, the poor repeatability and reproducibility
of many radiomics features have raised the concern of reliable clini-
cal utilities. For instance, less than 10% of the total (1023) extracted
radiomics features exhibit excellent repeatability between two MR-
Linac scans, and they showed worse reproducibility between differ-
ent MR scanners.? Such high susceptibility of radiomics features to
random and nonrandom variations imposes great challenges in routine
clinical applications of radiomics-based models. Rigorous feature selec-
tion procedures that eliminate the low-robust features and detailed
reporting of the image acquisition protocols and feature extraction
parameters are of paramount importance in future developments of

MRI radiomics clinical modeling in radiotherapy.

7 | MAGNETIC RESONANCE FINGERPRINTING

Magnetic resonance fingerprinting (MRF) is a novel MRI technique that
achieves simultaneous tissue properties quantification within a single
scan sequence.®?2 MRF employs a fast pulse sequence train with a series
of pseudo-random flip angles (FA) and repetition times (TR) to gener-
ate highly under-sampled image sets. Every frame, or dynamic, in the
image set has distinct contrast. As a result, each voxel formulates a sig-
nal evolution in the time domain. The signal evolution or “fingerprint” is
unique for a specific tissue type. In addition to MRF scanning, the signal

evolution could be simulated by the Bloch equation with parameters of
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FIGURE 7 Tissue maps from multiple respiratory phases: A, T1 relaxation time map; B, T2 relaxation time map; C, proton density map

scanning protocols (e.g., FAs, TRs, time to echo [TE]) and tissue prop-
erties (e.g., T1 and T2 relaxation times, proton density). A dictionary
that contains various tissue types is constructed by simulating a series
of signal evolutions. By comparing with the signal evolutions acquired
from the MRF scan with the dictionary, the tissue properties (e.g.,
T1 and T2 relaxation times, proton density) at each voxel could be
retrieved.

MRF has great potential to improve MRI-guided radiotherapy
workflow.%® Contrary to conventional qualitative MRI scan schemes,
the quantitative tissue maps derived from MRF demonstrated high
repeatability and reproducibility.®* These tissue maps may improve
the accuracy of many MRI-related studies, such as CT synthesis and
radiomics-based decision-making. The application of MRF to IGRT is
promising. Simultaneous multi-parametric acquisition eliminates the
uncertainty of image registration. Quantitative MRF biomarkers could
be a reliable indicator for outcome prediction. One study has imple-
mented MRF on MR-Linac, in which daily tissue maps are obtained.®>
In addition, the signal evolution could be retrospectively sorted for
motion management.®4¢7 As shown in Figure 7, tissue maps from mul-
tiple phases could be obtained by re-binning and optimizing the MRF
signal. Though promising, the development of the MRF technique is
still in its early stages. This limitation still exists that impedes its clinical
implementation and validation. First, to date, the MRF scan sequence is
not clinically available. Second, the MRF scan time is prohibitive longer
than the commercial sequence. For example, the acqusition time for
a 2D slice is about 10s and and 10 min for a 3D volume. Lastly, the
reconstruction is time-consuming and computational power demand-
ing. These limitations impede the clinical implementation and valida-
tion of MRF.

8 | CONCLUSION

This paper reviews recent technical advances in MRI-guided precision

radiotherapy. The rapid development of MR imaging and image pro-

cessing techniques have substantially improved the performance and
expanded the capacity of MRI-guided radiotherapy. With the assis-
tance of Al and data science, MRI-guided radiotherapy is moving
toward to real-time and online adaptive, contributing to the personal-

ized precision radiotherapy.
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