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Adaptive Radiotherapy: Moving Into the Future "

Kristy K. Brock, PhD, DABR, FAAPM

daptive radiotherapy has been an advancing topic of

research since the late 1990s when Yan et al published
the first article discussing the mathematical concept and
potential benefits of this approach.’ Nine years ago, adaptive
radiotherapy was the topic of Seminars in Radiation Oncol-
ogy. In his introduction, Dr. Yan, the special editor of the
issue, described the potential improvements in clinical treat-
ment outcomes reported in the issue to be “extremely encour-
aging and greatly promote adaptive radiotherapy.” It is
timely to evaluate, nearly a decade later, how far we have
come in advancing adaptive radiotherapy in the clinic and
what new emerging technology is opening new doors. The
goal of this issue of Seminars in Radiation Oncology is to dis-
cuss the current status and future directions in adaptive radio-
therapy. The issue specifically focuses on advances in the
tools needed for adaptive radiotherapy, including auto-
segmentation, deformable registration, and automated plan-
ning, advances in workflows, including offline, real-time,
functional, and anatomical, and evidence of benefit in clinical
sites, including head and neck, lung, and cervix.

At its inception, adaptive radiotherapy was often imple-
mented to refine the planning target volumes to account for
additional information gained about the patient's setup char-
acteristics. With the advancement of daily soft tissue visuali-
zation via in-room imaging, adaptive radiotherapy has
advanced to enable the modification of the treatment plan to
improve the therapeutic ratio of the treatment using anatom-
ical and functional information acquired over the course of
treatment.” This may mean correcting the treatment plan
to account for the new representation of the patient
(ie, accounting for weight loss and tumor response” ") or it
may mean changing the clinical goals to be more or less
aggressive in the treatment plan based on information
learned about the patient over the treatment (ie, functional
changes obtained from PET images' ).

Adaptive radiotherapy represents a continuum of increas-
ing sophistication, as illustrated in Figure 1. In its basic form,
adaptive radiotherapy enables the treatment to be changed, or
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adapted, to respond to a signal that additional information is
known about the patient or that the patient has changed from
the original state at the time of planning. This may be as sim-
ple as creating a treatment plan, performing periodic imaging,
and deciding to create a new treatment plan when deemed
needed by the clinical team, Figure 1A. This can be performed
without any sophisticated tools, such as deformable image
registration (DIR), automated planning, dose accumulation,
or decision-making. The new treatment plan can be generated
using the same clinical criteria as the original plan. However,
this process is typically ad hoc and does not allow us to gain
knowledge about the delivered dose, the toxicity rates, and
the benefit of adaptation. It also risks taxing clinical resour-
ces for little or no benefit or missing the opportunity to
improve the therapeutic ratio if the time to adapt is missed.
In addition, little information is available to feed into an
outcomes database to improve normal tissue complication
models, tumor control probabilities, clinical trial design,
and protocol development.

As technology increases, the sophistication of adaptive
therapy can increase as well. Volumetric imaging and auto-
segmentation enable the daily dose to be calculated, allow-
ing decisions on adaptation to be made based on dosimet-
ric information rather than geometric information alone.
Data have shown that cone beam CT (CBCT) can be cali-
brated to enable dose calculations directly on the image.'”
Auto-segmentation of the CBCT, via DIR or an indepen-
dent algorithm, allows the assessment of the daily dose.'®
Further sophistication, including DIR, allows for the accu-
mulation of dose over the course of treatment, adaptation
based on the accumulated dose rather than independent
snapshots, and the recording of the final estimated deliv-
ered dose, including adaptations.'” The calculation of the
final delivered dose can then be linked to an outcomes
database, supporting the refinement of normal tissue com-
plication models, tumor control probabilities, clinical tri-
als, and protocol development.'® Once the delivered dose
is quantified for a population of patients, decision support
tools can be developed empowering the clinical team with
evidence-driven metrics to guide the decision to replan,
Figure 1B.

Finally, the next layer of sophistication in adaptive ther-
apy is the additional evaluation of functional changes of the
patient and online replanning. These are emerging areas of
adaptive planning that the field is starting to see in
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Figure 1 Increasing levels of sophistication in adaptive radiotherapy, ranging from simple IGRT-based replanning
(A) to DIR-based dose accumulation and the development of predictive models tied to an outcomes database (B) to
online replanning and functional guidance (C). DIR, deformable image registration; IGRT, adaptive image-guided
radiotherapy.
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prospective clinical trials and simulation studies, especially
with the emergence of in-room MR imaging, dedicated MR
imaging within radiation oncology departments, and auto-
mated planning capabilities, Figure 1C.

Several factors are contributing to the continued advancement
of adaptive radiotherapy, most notably computational advances,
specifically artificial intelligence (AI), advanced in-room imaging,
specifically MR-guided delivery, and the increasing amount of
data acquired on clinical trials to drive evidence-based assess-
ment of the benefit of adaptive radiotherapy.

Impact of Al

Al, specifically deep learning applications, has become a
prominent topic throughout society and radiation oncology is
no exception. Rapid advancement has led to hype, skepticism,
confusion, and excitement. Fundamentally, Al is a computer
algorithm, Radiation Oncology has been relying on computers
for decades, and it is one of the fundamental advances that
enabled the clinical application of adaptive radiotherapy. The
exciting advances described in this edition of Seminars in
Radiation Oncology on adaptive radiotherapy have leveraged
the computational advances in plan optimization, both in
speed and sophistication in developing highly sculpted dose
distributions, anatomical modeling, enabling accurate correla-
tions of anatomy over time, and advanced image reconstruc-
tion, allowing us to obtain quality images in the treatment
room. The future advancement of adaptive radiotherapy
hinges on our ability to handle the rapidly increasing amount
of data that we are obtaining as we see more images, contour-
ing, dosimetric constraints, complexity of treatment plans,
and handoffs between systems to integrate the process. All of
this data leads to more decisions to be made in the adaptive
radiotherapy process in tighter time constraints. All of this,
combined with the economic demands to keep healthcare
costs down and show evidence of improved outcomes, creates
both incredible demands on the system as well as opportuni-
ties for innovation and advancement.

The impact of Al on adaptive radiotherapy has the poten-
tial to be very significant, as one of the largest hindrances to
the widespread clinical implementation is workload. The effi-
ciency and effectiveness that Al has demonstrated since its
surge into the radiotherapy environment have shown great
promise. All of the main adaptive radiotherapy components:
contouring, registration, planning, quality assurance (QA),
and decision-making, may benefit from Al-based algo-
rithms.'”** Al-based auto-segmentation algorithms are dem-
onstrating improved accuracy compared to previous
algorithms, such as model-based and atlas-based segmenta-
tion. Even this Al “low hanging fruit” has the potential to
make ideas previously deemed “impossible” into probable,
such as real-time targeting of tissue through auto-segmenta-
tion, rapid replanning of patients, and real-time dose calcula-
tions. In addition, with this technology, we now have the
ability to develop adaptive radiotherapy strategies never previ-
ously considered.

Changing Landscape of In-room
Imaging

At the advent of adaptive radiotherapy, in-room imaging
consisted primarily of planar MV imaging, enabling the visu-
alization of bony anatomy, and the idea of a dedicated MR
within the radiation oncology department was a dream, let
alone an MRI in the treatment room! Today, advances in
imaging technology in the treatment room enable the ability
to visualize, at each treatment fraction, anatomical, and in
some cases functional, the response of the tumor and normal
tissue to treatment.”” ' This has dramatically changed the
scope of adaptive radiotherapy. In addition to the increasing
use of MR imaging, advances in image reconstruction for
CBCT imaging, enabling 4D CBCT, breath-hold CT, and
artifact reduction, has advanced the use of CBCT for adap-
tive radiotherapy, enabling dose calculations, detection of
anatomical response, and improved understanding of physi-
ological motion. Novel imaging for tumor targeting in the
treatment room continues to be developed, including the
integration of PET with treatment delivery machines.

Where Do We Go From Here?

The 3 papers in this issue focused on adaptive radiotherapy
for cervix, head and neck, and lung, represent some of the
most active areas of clinical trials. Each of these representa-
tive anatomical sites demonstrate the translation of adaptive
radiotherapy from retrospective studies on small cohorts of
patients into large scale, multi-institutional trials using adap-
tive techniques. Each site leverages the advances in imaging
technology, image processing, and workflow advances inves-
tigate the potential clinical benefits for cancer patients. These
trials begin to show the clinical impact of adaptive radiother-
apy, in terms of improved local control and reduced toxic-
ities, however much more work needs to be done. We, as a
collaborative field of radiation oncologists, medical physi-
cists, and industry partners, must continue to work together
to improve the workflow, technical accuracy, and decision-
making in adaptive radiotherapy. We must strive to ensure
that the studies and data are analyzed to determine, at a fun-
damental evidence-based level, the impact of adaptive radio-
therapy on survival and quality of life for the patients. In
addition, we, as a field, must work to share data to ensure
the rapid, safe, and effective advancement of the field of
adaptive radiotherapy.”
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