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Simple Summary: Normal tissue toxicities in head and neck cancer persist as a cause of decreased
quality of life and are associated with poorer treatment outcomes. The aim of this article is to review
organ at risk (OAR) sparing approaches available in MR-guided adaptive radiotherapy and present
future developments which hope to improve treatment outcomes. Increasing the spatial conformity
of dose distributions in radiotherapy is an important first step in reducing normal tissue toxicities,
and MR-guided treatment devices presents a new opportunity to use biological information to drive
treatment decisions on a personalized basis.

Abstract: MR-linac devices offer the potential for advancements in radiotherapy (RT) treatment of
head and neck cancer (HNC) by using daily MR imaging performed at the time and setup of treatment
delivery. This article aims to present a review of current adaptive RT (ART) methods on MR-Linac
devices directed towards the sparing of organs at risk (OAR) and a view of future adaptive techniques
seeking to improve the therapeutic ratio. This ratio expresses the relationship between the probability
of tumor control and the probability of normal tissue damage and is thus an important conceptual
metric of success in the sparing of OARs. Increasing spatial conformity of dose distributions to target
volume and OARs is an initial step in achieving therapeutic improvements, followed by the use of
imaging and clinical biomarkers to inform the clinical decision-making process in an ART paradigm.
Pre-clinical and clinical findings support the incorporation of biomarkers into ART protocols and
investment into further research to explore imaging biomarkers by taking advantage of the daily MR
imaging workflow. A coherent understanding of this road map for RT in HNC is critical for directing
future research efforts related to sparing OARs using image-guided radiotherapy (IGRT).

Keywords: MR-guided; adaptive radiotherapy; OAR; normal tissue; head and neck cancer; MRI;
quantitative imaging

1. Introduction

Radiotherapy (RT) treatment of head and neck cancer (HNC) has inspired the devel-
opment of advanced methods for increased conformity of dose distributions to tumors
and organs at risk (OARs) because of the anatomical complexity of the region and its
propensity for changes throughout the course of treatment [1]. As the primary target of any
treatment planning workflow begins with delivery of the prescribed dose to the tumor, in
intensity modulated RT (IMRT) optimizations there are often constraints regarding doses to
critical nearby OARs to prevent adverse normal tissue damage as a result of the prescribed
treatment [2–4]. Limiting dose to OARs is a key concept for optimal treatment outcomes
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due to inevitable dose deposition in normal tissues surrounding the tumor tissue. The ther-
apeutic ratio is a metric to quantify the optimization problem of balancing tumor treatment
while limiting dose to the surrounding tissues. This ratio can be defined as the ratio of the
tumor control probability (TCP) to the normal tissue complication probability (NTCP) [5].
Minimizing the NTCP is the focus of many new RT development. Decreased NTCP enable
dose escalation studies and limit radiation-induced toxicities that often lead to long term
effects such as dysphagia and xerostomia in patients with complete tumor control [6,7].
MR-linac devices present a new opportunity for adaptive RT which can improve NTCP
through the use of daily MR imaging. MRI is well established for its superior soft-tissue
contrast compared with other imaging modalities that are developing for image-guided
RT (IGRT) [8]. Increasing the conformality of dose to the tumor and away from critical
soft-tissue structures could lead to long-term reductions in NTCP. Daily MRI also presents
an opportunity to improve current NTCP models with the exploration of imaging biomark-
ers, matching perfectly with adaptive strategies possible on MR-linac devices. This article
aims to detail specific methods and developments used in this framework for optimizing
the therapeutic ratio in adaptive radiotherapy (ART) by minimizing the NTCP within
MR-guided adaptive radiotherapy (MRgART).

2. OAR Sparing in Conventional IMRT Planning Process

IMRT was a substantial improvement normal tissue sparing compared to standard
3D conformal therapy, yet further improvement can be achieved as the field aims toward
personalized care. The traditional workflow includes a planning computed tomography
(CT) that is used for dose optimization. OAR sparing methodologies used in the treatment
planning stage depend on the planning strategy used, such as 3D conformal planning,
IMRT, and volumetric modulated arc therapy (VMAT) which differ in complexity and time
requirements. 3D conformal planning initializes with setting up beam orientations followed
by iterative changes to meet required dose constraints. IMRT begins with target and OAR
delineations, followed by defining dose constraints and objectives, in order to calculate the
dose with a dose optimization algorithm to create the best treatment plan. VMAT adds
new degrees of freedom to the IMRT planning approach and allows for beams to be on
while the gantry rotates around the patient, creating an ‘arc’ that is highly conformal to the
target. IMRT is established to have an increasing conformal dose distribution [9] and aid in
OAR sparing [10,11] relative to 3D conformal RT, but some evidence suggests VMAT could
further increase the therapeutic ratio [12].

Traditionally, the exact thresholds and constraints used in this inverse planning process
are empirically driven values drawing on both the experience of the dosimetrist/oncology
team and published reports [4] for general recommendations on dose constraints [13]. These
values can vary slightly when optimized on a plan based on patient-specific treatment
constraints such as nearness of the tumor to certain structures.

Following treatment planning, IMRT utilizes a quality assurance protocol (IMRT QA)
to verify the complex dose distributions by directly measuring doses with a radiation
detector prior to treatment [14]. This step is done to ensure quality treatment and limit
inaccurate dose deposition and thus ensures that the delivered dose matches the planned
dose. QA also includes the verification and safety steps taken to ensure reliable and
repeatable setup of the patient to guarantee optimal placement of the doses given the
importance of setup in treatment accuracy [15]. In conventional RT, adaptive workflows
require a new CT sim, plan, and QA at each adaptation point and is thus a resource
intensive approach.

3. MR-Linac Overview

While IGRT using X-ray and CT-based imaging has become routine for clinical use
over the last decade, the use of high-field MR-guided adaptive RT (MRgART) has remained
unutilized in the US until the FDA approval of the Elekta (Stockholm, Sweden) Unity
MR-Linac for treatment in 2018 [16]. Since then, multiple institutions across the world
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have begun its use for routine clinical practice. Results from its initial implementation
in the treatment of oligometastatic, prostate, pelvic, pancreatic, liver, lung, and head and
neck cancers are now being published [17–22]. The device consists of a closed bore magnet
combined with a 6MV Elekta accelerator and allows for simultaneous operation of both
applications [23,24]. The improved tumor and OAR delineation allows for adaptive RT
during treatment, and the ability to further characterize tissues with quantitative MR
imaging biomarkers presents the opportunity for adaptations based on local responses
to treatment.

One way the clinical workflow for an MR-linac can differ from conventional therapy
is by its use of a combined CT/MR simulation (MR-sim) protocol for delineation of tumors
and OARs for treatment planning. Future advances in the generation of Synthetic CTs
(sCT) from an anatomical MR image can enable clinics to adopt an MR-only, reducing
clinical workflow constraints by eliminating the need to acquire a CT thus simplifying
the MR-guided workflow [25,26]. In the on-line treatment workflow, the daily set-up
image is registered to the MR sim image to evaluate whether a virtual isocenter shift is
needed or the treatment plan needs to be reoptimized. If the plan is reoptimized, then
the tumor and OARs are segmented on the daily set-up image, and the adaptive plan
dose is calculated. MR-linac devices offer an exceptional opportunity for both increased
conformality to treatment targets because of the high contrast daily set up imaging, and the
opportunity to explore and integrate quantitative imaging biomarkers into ART workflows
which will advance HNC RT to the future of personalized medicine.

4. NTCP Modelling

Considering the therapeutic ratio as a primary metric of success in ART, it is crucial to
understand NTCP models and how they are used in treatment optimization in ART. NTCP
models are mathematical functions that relate the probability of developing a particular side
effect to the radiation dose delivered to an OAR. Historically, the Lyman-Kutcher-Burman
(LKB) was a common modeling method in NTCP modelling [27]. Nowadays, majority
of NTCP models are logistic regression type of models [28–30], which can incorporate
multiple factors together with dose parameters, such as patient demographics and clinical
staging data [31]. NTCP models allow for stratification of patients by estimated toxicity risk,
which is currently clinically deployed in the Netherland for the selection of HNC patients
for proton therapy [32]. The curve that is produced by an NTCP model represents the
estimated risk of a specific toxicity at a specific time point commonly based on a given dose
volume histogram parameter for a given OAR and can be used to determine thresholds of
risk to inform dose constraints for treatment optimization. Although NTCP models have
historically been based on delineations of whole OARs, evidence suggests that sub-regions
of the salivary glands seem to have regional differences in dose response [33], which may
lead to new treatment planning strategies to reduce the risk of xerostomia in HNC RT. As
technological advances in RT treatment planning and delivery allow for more conformal
dose distributions, sub-volume NTCP analysis presents an opportunity for more robust
characterization of risk to OARs.

NTCP models could directly be used for dose optimization in adaptive workflows
to minimize normal tissue toxicity and improve treatment outcomes. Specifically, NTCP
models may be used to determine whether a patient would benefit from mid-treatment
adaptive replanning. In a clinical context, this may be done by superimposing the origi-
nal treatment plan onto a mid-treatment simulation image and calculating dose volume
histogram parameters and corresponding NTCP values [34]. If the anatomy has changed
sufficiently to increase NTCP above the allowed threshold, then adaptive replanning may
be a useful strategy to reduce OAR toxicity for that individual patient.

Dosimetric Impact of Anatomical Changes
One problem with the conventional process for RT is the issue of inter-fractional

deformation of the patient’s anatomy [35], which is often attributed to loss of volume in
the tumor and changes in weight induced by treatment. In HNC, anatomical deformation
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can be a considerable problem because of the increased probability of weight loss due to
radiation-induced oral sequelae as well as the degree of organ motion caused by weight
loss in the head and neck region [36]. With conventional workflows, this problem is not
directly addressed, and the patient is treated for the whole RT course with the treatment
plan that was based on the pre-treatment anatomy. This may lead a higher delivered dose
to the adjacent OARs as the healthy tissue can potentially migrate into area of the original
target volume and receive a high dose. Detection of these changes within conventional RT
is extremely time intensive as it requires routine imaging that places a heavy burden on
clinical schedules. MRgRT provides the opportunity for daily checks of plan quality based
on the anatomy at each fraction, which enables on-line treatment plan adaptation to account
for anatomical changes and to maintain quality treatment plans that limit unnecessary dose
to OARs.

5. ART Strategies

ART was originally described by Yan et al. in 1997 [37] as a re-optimize the dose distri-
bution based on the measurements taken as feedback throughout the course of treatment
delivery. Since then, there has been broad heterogeneity in the general approach to ART.
This heterogeneity produces a broad spectrum of limitations in the possible implemen-
tations and decreases overall standardization and inter-site adoption following clinical
trials. For example, ART has encompassed a broad range of treatment delivery intents and
technique varying from improving patient setup accuracy to re-planning in response to
anatomical modifications in the target volumes and OARs [38]. One approach to simplify
the adaptive frameworks into an organized nomenclature was proposed by Heukelom and
Fuller [39] to classify by the therapeutic intents and implementation strategies for dose
adaptation. Figure 1, demonstrates the different techniques produce differing goals for
optimization of the therapeutic ratio.
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Figure 1. Demonstration of ART intents and relative dosimetric on OARs and tumor. This example
shows the initial treatment plan on CT and simulated adapted plans on an MR-linac image for a
patient with primary stage T3N2 human papilloma virus positive squamous cell carcinoma of the base
of tongue prescribed 70 Gy in 33 fractions. In silico simulated adapted plans were generated with the
various ART intents on the MR-linac image from fraction 22. Graphs show dose volume histograms
for the gross target volume (GTV) (green), ipsilateral parotid gland (blue), and contralateral parotid
gland (red) with solid lines for the adaptive plan and dotted lines for the reference plan. In the
column showing the DVH parameters relative to the reference plan, mean dose was used for the
parotid glands and D95% for the PTV. For the ARTReduco plan, reduced GTV and PTVs were artificially
created by applying a uniform reduction of 1cm in all directions for each structure.
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The adaptive strategies aimed at reducing OAR dose include ARTex_aequo, ARTOAR,
ARTreduco, and ARTtotale. ARTex_aequo describes the strategy to maintain planned dose
to the target volume and OAR through serial plan verification. ARTOAR describes the
strategy of reducing the dose to the OARs while maintaining target dose. ARTreduco
describes the approach of maintaining the planned dose to the target but updating the
CTV contour according to the changes in patient anatomy to reduce OAR dose. Finally,
ARTtotale includes an updated CTV shape to conform to the deformed anatomy in addition
to an amplified dose to the target volume and reduced OAR dose. All of these methods
include an intentional reduction in dose to the OARs and therefore a reduction in NTCP.
Theoretically, ART using MRI could be employed to spare OARs based on functional
imaging following one of these strategies, but this approach is relatively still unexplored
and thus not clinically applicable yet. Possible future applications for these strategies will
be discussed in the ‘direction of the technology: quantitative biomarker’ section to follow.

Even within these varying ART intentions, the adaptation interval may still vary
depending on the clinical constraints and devices available, as demonstrated by Heukelom
and Fuller in Figure 2. In the fixed interval approach, verification imaging is performed
at one or more pre-specified time points during RT, and the plan is adapted if anatomical
changes are large enough that dose constraints are violated. In triggered adaptation, the
plan is adapted when some quantitative (e.g., dose constraint violation, weight loss above
a threshold) or qualitative (e.g., poorly fitting immobilization mask) criterion is met. Serial
adaptation involves high-frequency (at least weekly) adaptation but does not account
for dose delivered during prior fractions. In contrast, cascade ART also involves high-
frequency adaptation but updates the accumulated dose after each fraction and uses it in
the treatment optimization process. Practically, fixed-interval and triggered adaptation
approaches are the easiest to perform on a conventional linac and have been performed in a
limited number of prior clinical trials and in silico planning studies [40]. However, without
state-of-the-art treatment machines capable of on-line ART such as MR-linac devices, high-
frequency adaptation is not clinically feasible due to the time and resource burden on the
clinic. The current commercially available MR-linac systems enable serial ART but do not
currently have dose accumulation tools for cascade adaptation, although dose accumulation
for MRgART is an active area of investigation [41,42].
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6. Ongoing Phase 2 Studies in HNC

There are several ongoing phase II clinical trials ongoing to explore OAR sparing using
MRgART. These include MR-Adaptor, Martha trial and Insight 2.

6.1. MR-ADAPTOR—NCT03224000

The Bayesian Phase II Trial of Magnetic Resonance Imaging Guided Radiotherapy
Dose Adaptation in Human Papilloma Virus Positive Oropharyngeal Cancer is currently
recruiting patients and was initially registered 21 July 2017 [43,44]. The goal of the phase
II trial is to investigate dose adaptation impact on locoregional control and normal tissue
radiation-induced toxicity by use of MRgRT on a high field MR-linac device for the experi-
mental arm and a standard of care approach for the control arm. Adaptations are according
to the ARTreduco framework for sparing OARs and reducing the probability of locoregional
failure. Symptom questionnaires and video-strobe for vocal cord function are completed
each week to monitor radiation-induced toxicities.

6.2. MARTHA-Trial—NCT03972072

The “MRI-Guided Adaptive RadioTHerapy for Reducing XerostomiA” in Head and
Neck Cancer (MARTHA) [45] trial is currently recruiting patients and is aimed toward
using ARTOAR techniques to reduce xerostomia occurrence in HNSCC patients by use
of daily imaging via low-field MRI. The trial contains a single intervention arm for a
protocol of daily imaging and once weekly offline plan adaptation and thus follows the
fixed-interval ARTex_aequo depicted in Figure 1. Xerostomia evaluation includes objective
LENT-SOMA evaluation including flow measurements at baseline, 6 month-, 12 month-,
and 24 month-follow up and subjective evaluation using EORTC-QoL questionnaires at
the same time intervals. Outcomes of interest for this clinical trial include xerostomia
occurrence, locoregional control and overall survival.

6.3. INSIGHT-2—NCT04242459

The study entitled, “Optimising Radiation Therapy in Head and Neck Cancers Using
Functional Image-Guided Radiotherapy and Novel Biomarkers” is currently recruiting
patients and was first posted to clincialtrails.gov on 27 January 2020 [46]. The study includes
two parts, one feasibility planning study to consist of 13 patients, and the second part is
a single-center, non-randomized, prospective interventional phase I/II study with three
independent arms split by disease site or HPV status. The interventional ARTtotale strategy
will be utilized to include a new re-plan at weeks two and four of treatment to account
for anatomical changes in patients. The HPV negative oropharyngeal cancer patients who
are non-responders will be evaluated for increasing prescribed RT dose which will split
from responding patients after ten fractions based on apparent diffusion coefficient (ADC)
measurements of the tumor. Part one will produce preliminary feasibility outcomes for the
overall study, and part two outcomes include a comparison of overall dose and parotid
gland dose between adaptive arms and assesses safety of the dose escalation protocols used.

7. Direction of the Technology
7.1. Decision-Making Models

As more clinical trials for ART in HNC advance and adaptive strategies becomes
more common-place with technological advances to ease the clinical burden, further op-
timization schemes will become necessary given the array of options clinicians will have
in adapting treatment plans. Decision-making processes to incorporate new information
gathered with on-line adaptive workflows will be more complex and require investigation.
Regarding the initial treatment plan, decisions are made about the segmentation of the
OAR and the dose constraints added to the IMRT plan optimization algorithms. Both
processes are common areas for implementation of improved decision-making processes,
especially with the advent of artificial intelligence in RT [46–48] An additional step in
the RT workflow that presents opportunities for optimization of decision-making process
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is the implementation of ART throughout the course of treatment. Decisions of when
adaptation will occur and how much to adapt need to be addressed in the ART workflow.
Kim, et al. [49] formulated these questions as an optimization problem to be solved through
Markov decision processes based on the relative benefit gained for the patient’s cumulative
response. Policies within this mathematical framework can then be designed around the
adaptive strategy to optimize patient benefit in OAR sparing, through NTCP modeling,
and relative cost of re-planning, which cannot be done each day due to clinical workflow
constraints. Moving ART towards a variable schedule based on expected benefit to the
patient derived from personalized signals from quantitative imaging biomarkers for normal
tissue injury characterization represents a step forward for radiation oncology in HNC to
limit unwanted toxicities.

7.2. Quantitative MRI Biomarkers

Most of the methods for increasing the therapeutic ratio that have been discussed are
directed towards improving spatial conformality of the dose distribution around the tumor
and minimizing the dose to nearby OARs. Evidence shows that further improvements in
outcomes can be achieved using biomarkers to inform on the treatment strategy for both
target and OAR dose adaptations [50]. On MR-linac devices, predictive and response mon-
itoring biomarkers present the greatest opportunity for advancement over conventional
RT (with CBCT based IGRT) because of the frequency of imaging, high soft-tissue contrast,
and functional information. Quantitative MRI (qMRI) is a complex topic due to the multi-
plicity of possible signal measurement contexts/meanings. In contrast, signal generated in
CT imaging is measured in Hounsfield units which correspond to the intensity of X-rays
attenuated for a given voxel. Alternatively, MRI signal contrast can depict a multitude of
physical properties within quantitative mapping techniques. These can include perfusion
and permeability, cellularity, pH, and metabolism, among others. Additional challenges
for widespread adoption of qMRI include a dearth of precision and validation studies
stemming from a lack standardization [51]. The use of novel pulse sequences such as
MR-Fingerprinting [52] and development of improved quantitative phantoms [53] present
viable pathways to improve the precision of quantitative techniques and lead to more
standardized and validated measurements. The Quantitative Imaging Biomarkers Alliance
(QIBA) was created with the directive of establishing such standards to reduce variance
and uncertainty of quantitative measurements using MR devices [54]. Despite the variance
of these measurements across vendors and pulse sequence parameters, clinical utility of
these biomarkers has been demonstrated on multiple accounts, including for OAR toxicity
which is discussed in detail in the following sections.

7.2.1. Diffusion-Weighted Imaging

Diffusion weighted imaging is a MRI method to measure Brownian motion of water
molecules within tissue and characterize the diffusion as a singular apparent diffusion
coefficient (ADC). The ADC biomarker was shown to be useful for prediction of salivary
function in response to radiation and could serve as a decision-making tool within an adap-
tive framework [55]. ∆ADC represents the change from measurement prior to treatment to
the measurement taken as some later point. Increases in ADC as a response to radiation is
hypothesized to be attributed to increased mobility of water molecules as cells undergo
apoptosis and cell walls begin to break down. The ADC is modeled from repeated DWI
images at differing b-values and calculated from following relationship.

Sb=X = Sb=0 ∗ e(−b∗ADC), (1)

where SB=X is the geometric mean of the signal measured for diffusion in the x, y and z
directions for a given b-value. With acute changes in ADC early in the treatment regime,
DWI is uniquely applicable within MRgRT for the monitoring capability presented within
the daily workflows.
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7.2.2. Dynamic Contrast-Enhanced (DCE) MRI

DCE MRI provides quantitative information on the kinetic parameters, such as perfu-
sion and permeability, associated with the transient injection of contrast agent (CA) into the
imaging volume [56]. By directly measuring tissue perfusion, these parameters, notably
Ktrans, are linked with alterations in tissue vascularity, which is a primary correlate with
acute vascular injury [57]. Leaky and irregular vascular structures within damaged tissue
and malignant tumors lack the typical structure expected in healthy tissue [50]. Osteora-
dionecrosis is also detectable within DCE perfusion parameters which presents potentially
key imaging biomarker candidate for adaptive radiotherapy [58]. Most contrast-enhanced
exams are limited to diagnostic and simulation MR scanners, though they may eventually
be acquired on MR-linac systems with recent evidence that the gadolinium-based contrast
agents are stable under high-energy radiation [59,60].

7.2.3. MR Relaxometry

MR Relaxometry refers to mapping techniques used to acquire quantitative mea-
surements of tissue parameters such as T1 & T2 relaxation coefficients to characterize
tissue volumes. MR Relaxometry measurements of radiation-induced injury have been
demonstrated in brain [61,62] and liver [63] with evidence of utility within HNC. Improve-
ments in pulse sequence design and additional repeatability validation studies can help
integrate these biomarkers safely into the clinical space for use in adaptive workflows.
Dose-dependent intensity changes in T1-weighted and T2-weighted images for pharyngeal
constrictor muscles have been shown to predict dysphagia in HNC patients undergoing
RT [64–66]. While these findings are not performed with a qMR acquisition, the signal
will likely persist in T1/T2 relaxometry acquisitions and motivate further investigation.
This biomarker is hypothesized to arise from the inflammatory reaction in the muscles that
causes edema which is linked to the swallowing dysfunction. T1 and T2 MR parameters of
the tissue are able to capture this change due to the effect of the microenvironment of the
tissue on the relaxation constants. T1ρ mapping has been shown to demonstrate early dose
dependent changes in parotid gland tissue for patients undergoing IMRT treatment [63,67].
Considering reductions in dose to parotid gland dose when applicable have been shown
to improve quality of life [68], findings such as this are key areas to investigate for qMRI
implementations into ART workflows. This change in T1ρ contrast within the parotid
gland is hypothesized to arise from the development of fibrosis within the radiosensitive
salivary gland. Where T1 represents the relaxation time for spin-lattice environments,
T1ρ represents the relaxation time for spin-lattice environments in rotational frame of
reference [69,70]. This slight difference in pulse sequence acquisition allows for investi-
gation of slower moving biological molecules and their interactions which could explain
the measured signal differences throughout treatment in normal tissue due to the fibrosis
development in tissue damaged by radiation [71,72].

7.2.4. Radiomics

The general study of high-dimensional quantitative values from varying imaging
modalities is commonly referred to as radiomics. Pre-defined features are extracted from
the image intensity of a segmented region of interest (ROI) to generate many candidate
biomarkers applicable across a broad range of applications. These features include basic
descriptions of intensity within the ROI, geometric features related to the shape of the
ROI, and texture features composed of higher-order metrics for intensity heterogeneity [73].
Features can be further investigated through image transformations (filters) [74], such as
wavelet transforms, which often cause exponential growth of the investigated feature space.
Exploration of predictive performance of radiomic features is a current focus in the RT
research field, but certain advancements have been made to establish to make radiomic
features robust across multiple treatment sites [75]. The vast majority of radiomics studies
in HNC are performed in CT, PET, and MRI, as these are the core modalities for diagnosis
and RT treatment planning, but additional modalities such as ultrasound [76,77] have also



Cancers 2022, 14, 1909 9 of 14

been studied. Ostensibly, any imaging representation that allows for the segmentation of a
region of interest can enable a radiomics analysis, highlighting its broad applicability within
the RT workflow. Most radiomics studies opt to use the tumor as an ROI, so model outputs
are typically related to the tumor in some capacity (i.e., treatment response or prognosis).
However, in the context of HNC, treatment outcomes relevant to OARs, i.e., toxicity, have
also been explored. Specifically, several studies have used radiomics-based biomarkers to
precise acute and chronic xerostomia [78–81]. In the context of image-guided radiotherapy,
some studies have used radiomics to predict adaptive radiation therapy eligibility [82],
which could lead to cost and time savings. For comprehensive literature analysis of ra-
diomics in HNC, we refer the reader to the excellent review articles by Wong et al. [83] and
Haider et al. [84]. Like previously mentioned quantitative techniques, radiomics is plagued
by similar hurdles in standardization and reproducibility [85]. However, a recent push
by the imaging biomarker standardization initiative [86] seeks to standardize radiomics
definitions to increase reproducibility, thereby facilitating the more seamless eventual tran-
sition of these technologies to the clinic. While there is a large degree of optimism for these
relatively low-cost methods to mine existing patient images for personalized medicine
applications, clinical trials will first need to be run and evaluated to determine the ultimate
clinical utility [87] of radiomics. Large phase III clinical trials investigating the applications
of radiomics are currently non-existent, but we predict these will increasingly emerge in
the future to help more definitely answer the utility of these techniques for patient care.
Finally, growing interest in deep learning has started to shift the paradigm of radiomics
away [88] from pre-defined ROI-based features to a more end-to-end workflow. This could
be particularly attractive for high-volume MR-guided radiotherapy applications, where
segmentation of all images may not be feasible or necessary. Importantly, in situations
where ROIs are previously segmented, these ROIs may act as additional streams of infor-
mation in addition to the deep learning defined features which could have an additive
effect [89] in predictive model performance.

8. Conclusions

HNC present unique challenges for the effective delivery of RT due to the anatomical
complexity and propensity for inter-fractional changes in anatomy [35]. The last two
decades of research have reiterated the importance of increasing spatial conformality to
tumors to limit unnecessary dose to nearby OARs and sparing OARs through an empirical
iterative process to optimize dose constraints [4]. This model of improvement may reach a
point of diminishing returns as dose distributions become increasingly accurate and online
ART is perfected in clinical workflows to adjust for intra-fractional changes. Beyond this
course of development is the promise of perfecting the concept of precision medicine by
the use of biomarkers, both clinical and imaging based [90]. The exploration of biomarkers
is expanding as standardization methods in quantitative MRI develop and noise due to
variability in acquisition protocols is reduced, which will lead to future implementation in
clinical trials for dose (de-) escalation. MRgRT stands at the focal point of advancements
in medical physics technologies and has led to a unique observational capacity of new
clinical findings, which provides opportunities for intervention. Further ART strategies
will be evaluated as additional quantitative MR biomarkers are explored and understood
to optimize RT in HNC. This roadmap for MRgART of HNC is critical for identifying key
opportunities to improve survivorship and quality of life.
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81. Gabryś, H.S.; Buettner, F.; Sterzing, F.; Hauswald, H.; Bangert, M. Design and Selection of Machine Learning Methods Using
Radiomics and Dosiomics for Normal Tissue Complication Probability Modeling of Xerostomia. Front. Oncol. 2018, 8, 35.
[CrossRef]

82. Yu, T.-T.; Lam, S.-K.; To, L.-H.; Tse, K.-Y.; Cheng, N.-Y.; Fan, Y.-N.; Lo, C.-L.; Or, K.-W.; Chan, M.-L.; Hui, K.-C.; et al. Pretreatment
Prediction of Adaptive Radiation Therapy Eligibility Using MRI-Based Radiomics for Advanced Nasopharyngeal Carcinoma
Patients. Front. Oncol. 2019, 9, 1050. [CrossRef]

83. Wong, A.J.; Kanwar, A.; Mohamed, A.S.; Fuller, C.D. Radiomics in head and neck cancer: From exploration to application. Transl.
Cancer Res. 2016, 5, 371–382. [CrossRef]

84. Haider, S.P.; Burtness, B.; Yarbrough, W.G.; Payabvash, S. Applications of radiomics in precision diagnosis, prognostication and
treatment planning of head and neck squamous cell carcinomas. Cancers Head Neck 2020, 5, 6–19. [CrossRef] [PubMed]

85. Korte, J.C.; Cardenas, C.; Hardcastle, N.; Kron, T.; Wang, J.; Bahig, H.; Elgohari, B.; Ger, R.; Court, L.; Fuller, C.D.; et al. Radiomics
feature stability of open-source software evaluated on apparent diffusion coefficient maps in head and neck cancer. Sci. Rep. 2021,
11, 17633. [CrossRef] [PubMed]

86. Zwanenburg, A.; Vallières, M.; Abdalah, M.A.; Aerts, H.J.W.L.; Andrearczyk, V.; Apte, A.; Ashrafinia, S.; Bakas, S.; Beukinga, R.J.;
Boellaard, R.; et al. The Image Biomarker Standardization Initiative: Standardized Quantitative Radiomics for High-Throughput
Image-based Phenotyping. Radiology 2020, 295, 328–338. [CrossRef] [PubMed]

87. Fournier, L.; Costaridou, L.; Bidaut, L.; Michoux, N.; Lecouvet, F.E.; de Geus-Oei, L.-F.; Boellaard, R.; Oprea-Lager, D.E.;
Obuchowski, A.N.; Caroli, A.; et al. Incorporating radiomics into clinical trials: Expert consensus endorsed by the European
Society of Radiology on considerations for data-driven compared to biologically driven quantitative biomarkers. Eur. Radiol.
2021, 31, 6001–6012. [CrossRef] [PubMed]

88. Hosny, A.; Aerts, H.J.; Mak, R.H. Handcrafted versus deep learning radiomics for prediction of cancer therapy response. Lancet
Digit. Health 2019, 1, e106–e107. [CrossRef]

89. Diamant, A.; Chatterjee, A.; Vallières, M.; Shenouda, G.; Seuntjens, J. Deep learning in head & neck cancer outcome prediction.
Sci. Rep. 2019, 9, 2764. [CrossRef]

90. Baumann, M.; Krause, M.; Overgaard, J.; Debus, J.; Bentzen, S.M.; Daartz, J.; Richter, C.; Zips, D.; Bortfeld, T. Radiation oncology
in the era of precision medicine. Nat. Cancer 2016, 16, 234–249. [CrossRef]

http://doi.org/10.3389/fonc.2018.00035
http://doi.org/10.3389/fonc.2019.01050
http://doi.org/10.21037/tcr.2016.07.18
http://doi.org/10.1186/s41199-020-00053-7
http://www.ncbi.nlm.nih.gov/pubmed/32391171
http://doi.org/10.1038/s41598-021-96600-4
http://www.ncbi.nlm.nih.gov/pubmed/34480036
http://doi.org/10.1148/radiol.2020191145
http://www.ncbi.nlm.nih.gov/pubmed/32154773
http://doi.org/10.1007/s00330-020-07598-8
http://www.ncbi.nlm.nih.gov/pubmed/33492473
http://doi.org/10.1016/S2589-7500(19)30062-7
http://doi.org/10.1038/s41598-019-39206-1
http://doi.org/10.1038/nrc.2016.18

	Introduction 
	OAR Sparing in Conventional IMRT Planning Process 
	MR-Linac Overview 
	NTCP Modelling 
	ART Strategies 
	Ongoing Phase 2 Studies in HNC 
	MR-ADAPTOR—NCT03224000 
	MARTHA-Trial—NCT03972072 
	INSIGHT-2—NCT04242459 

	Direction of the Technology 
	Decision-Making Models 
	Quantitative MRI Biomarkers 
	Diffusion-Weighted Imaging 
	Dynamic Contrast-Enhanced (DCE) MRI 
	MR Relaxometry 
	Radiomics 


	Conclusions 
	References

