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Radiotherapy has evolved rapidly over several decades as the field has embraced advances in technology including
digital imaging, accelerated computing and engineering solutions that have introduced increasingly sophisticated
and efficient radiation delivery platforms. These advances have equipped us with the technology required to deliver
increasingly conformal radiation treatments with greater precision that ever before. As a local therapy that relies on
accurate targeting to achieve its therapeutic goals, these technical advances have also motivated a growing role for
imaging in the radiotherapy workflow in order to ensure precise positioning and targeting.

The term image-guided radiation therapy has largely been accepted as the use of integrated imaging at the
time of treatment to improve the precision of radiation delivery [1,2]. A range of imaging approaches are used
today for in-room guidance of radiotherapy including planar imaging, volumetric imaging, cine imaging, fiducial
marker and surface tracking. Various combinations of immobilization and image-guidance methodologies used at
differing frequencies may be used to achieve the required treatment precision for a range of treatment techniques
including 3D conformal radiotherapy, intensity-modulated radiotherapy, volumetric arc therapy or stereotactic
radiosurgery/radiotherapy. The incorporation of image guidance in this context has largely focused on assuring
consistent positioning of the patient and tumor. These efforts have been reported to improve clinical outcomes
including increased tumor control and reduced normal tissue toxicity for various tumor sites [3–6].

The current approach for radiotherapy is based on dedicated effort by a multidisciplinary team to generate
an optimized radiation plan prior to starting radiotherapy through the following processes: careful definition of
the target volume and normal tissue structures; determination of dosimetry that ensures coverage of the target
volumes while limiting dose to critical structures; quality and safety checks to ensure dose calculation accuracy. The
radiotherapy treatment plan is based on one or more sets of images that may have been acquired immediately prior
to the planning process or, in some cases, weeks prior to the planning process. This approach does not account for
changes in the tumor or surrounding tissues from the time of image acquisition to the start of radiotherapy or any
changes that may occur during the course of radiotherapy.

Clinical data have demonstrated that tumor and anatomical changes can occur during a course of radiotherapy
in a number of tumor sites, including head and neck and cervical cancers [7,8]. When the original radiation plan
is delivered under conditions of changing tumor volume and shifting organs at risk, the dose distribution across
these structures can change significantly, resulting in over dosage to organs at risk and under dosage to tumor [9,10].
This evidence supports the use of adaptive radiotherapy approaches and incorporation of repeated imaging during
a course of radiotherapy. However, the broad implementation of these approaches has been challenged by limited
resources to acquire images enabling sufficient appreciation of soft tissue changes that can occur during radiotherapy
and to generate adaptive radiation plans in a timely manner. Additionally, minimal investigation with serial imaging
has been done for some tumors and normal tissues, which have been assumed to experience minimal change during
a course of radiotherapy. However, the introduction of integrated magnetic resonance (MR)-linac systems has
equipped us to evaluate tissue and tumor changes with serial imaging during radiotherapy across a broad range of
clinical settings [11]. In parallel, newer treatment planning systems and approaches that provide inverse planning
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solutions with rapid dose calculations have brought forth the possibility of real-time adaptive conformal radiotherapy
approaches [12]. Therefore, we are now equipped technically to look beyond generating a single radiation plan to
be delivered through the entire course of radiotherapy, but rather aim to achieve a specified cumulative radiation
dose to be delivered to specific structures that will be reimaged and re-evaluated throughout a course of treatment.

Whether we are generating a single treatment plan at the start of radiotherapy or multiple iterations of adaptive
radiotherapy plans over the course of treatment, the inverse planning approach relies heavily on accurate imaging
data, target definition and normal tissue volumes. Avoiding or minimizing image distortion and artifacts is an
essential step for high-quality image-guided radiotherapy [13,14]. Spatial fidelity is a particular challenge for MRI as
multiple factors can introduce distortion both at the system and patient levels. However, approaches to minimize
spatial distortion have not been a priority for MR utilization in the diagnostic setting. As the use of MR in
radiotherapy is increasing, there are growing efforts to implement tools and processes for quality assurance checks
that ensures high spatial fidelity in the MR images acquired for radiation treatment planning and guidance [15].
Within the American Association of Physicists in Medicine, Task Group No. 117 has started to evaluate the ‘Use
of MRI in Treatment Planning and Stereotactic Procedures – Spatial Accuracy and Quality Control Procedures’ [16]

and with increasing use of MR in radiotherapy, including MR-guided radiotherapy, there is growing need for
standard quality practices to be developed.

Even with high-quality imaging, variability in target and normal tissue definition can result in wide variability
in radiation treatment delivery, particularly for treatments that have higher conformality and precision such
as radiosurgery [17–19]. Challenges in defining the gross tumor margin and clinical target margin for radiation
planning have been a growing challenge in Radiation Oncology with increasing importance with the advent
of inverse planning and increasingly conformal treatments, such as radiosurgery approaches. There have been
a number of consensus-building efforts to increase the consistency of contours [20–23] and standardization of
contouring practices can help us evaluate outcomes following a consensus approach. However, our ultimate goal
is to define the pathological tumor margin on imaging so that we can target the gross disease that is present. The
introduction of whole mount digital pathology has enabled direct correlation between pathology and imaging,
and this equips us to pursue studies that get us closer to this ultimate goal by interrogating the imaging features
associated with the pathological tumor margins. These same approaches can be used to explore other advanced
biological, metabolic or molecular imaging features and the underlying biological characteristics that are present
in the tumor and the tumor microenvironment. Noninvasive targeting of the pathological tumor margin and
evaluation of biological characteristics in the whole tumor as well as subregions of tumor open up great therapeutic
opportunities for radiation oncology.

As image guidance may be defined more broadly as any adjustments in treatment based on imaging findings,
image-guided or image-directed radiation therapy may encompass determining the optimal temporal delivery of
radiation therapy in addition to ensuring spatial precision in treatment delivery. Cancer treatment is increasingly
multimodal and optimized coordination of multimodal therapy has the potential to improve outcomes. There is a
promising role for imaging to help guide optimal sequencing and timing of multimodal treatment. With the ability
to use imaging to evaluate the underlying biological changes, there is potential to measure early biological changes
and explore optimal windows of time to expose the tumor to radiation to gain the maximal effect from radiation
treatment in combination with various systemic therapies, such as immunotherapy.

Rapid advances in digital imaging, data processing and computing power has brought image-guided radiotherapy
from fiction to reality and we are now better equipped than ever to look beyond what we can currently see. With
the end goal of improving the therapeutic ratio by increase in tumor control and cancer outcomes while reducing
treatment-related toxicity in order to preserve quality of life, our mission should be to collaboratively exploit the
technology in order to generate agile, personalized, image-directed radiotherapy approaches for our patients.
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