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Adaptive radiation therapy is a feedback process by which imaging information acquired over the course of treatment, such as changes in pa-
tient anatomy, can be used to reoptimize the treatment plan, with the end goal of improving target coverage and reducing treatment toxicity.
This review describes different types of adaptive radiation therapy and their clinical implementation with a focus on CT-guided online adaptive
radiation therapy. Depending on local anatomic changes and clinical context, different anatomic sites and/or disease stages and presentations
benefit from different adaptation strategies. Online adaptive radiation therapy, where images acquired in-room before each fraction are used to
adjust the treatment plan while the patient remains on the treatment table, has emerged to address unpredictable anatomic changes between
treatment fractions. Online treatment adaptation places unique pressures on the radiation therapy workflow, requiring high-quality daily imag-
ing and rapid recontouring, replanning, plan review, and quality assurance. Generating a new plan with every fraction is resource intensive and
time sensitive, emphasizing the need for workflow efficiency and clinical resource allocation. Cone-beam CT is widely used for image-guided
radiation therapy, so implementing cone-beam CT—guided online adaptive radiation therapy can be easily integrated into the radiation therapy
workflow and potentially allow for rapid imaging and replanning. The major challenge of this approach is the reduced image quality due to

poor resolution, scatter, and artifacts.
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he concept of adaptive radiation therapy (ART) was in-
Ttroduced in 1997 by Yan et al (1) as a feedback process
by which imaging information acquired over the course of
treatment (such as changes in a patients anatomy) can be
used to reoptimize the treatment plan. The end goals of such
replanning include improving target coverage and reducing
treatment toxicity. Between initial planning and the first
treatment fraction and over the course of treatment, changes
in anatomy, including weight loss and tumor progression;
reduction in tumor volume; and physiologic motion of or-
gans at risk (OARs) may occur (2—4). Traditional methods of
radiation therapy (RT) do not account for these changes be-
cause OAR and target segmentation are defined only in the
initial CT data set acquired as the patient first begins their
RT treatment. Physician-defined margins around target vol-
umes are expanded to account for positional uncertainty, at
the cost of larger irradiated volumes and increased toxicity
(5). The process of adapting treatment to account for chang-
es in patient anatomy introduces new technical challenges,
and several ART platforms have emerged in recent years.
This review will provide an overview of the implementation
of ART, both off- and online, with a focus on approaches us-
ing medical linear accelerators equipped with onboard CT-
based imaging systems as well as basic considerations when
evaluating current, commercially available platforms.

Adaptive RT; Concepts

Traditional RT Process

Traditional RT treatment planning involves acquiring an
initial three-dimensional data set (CT simulation scan), de-
lineating normal and target structures in the initial data set

(contouring), and creating an optimized RT plan that maxi-
mizes dose to targeted volumes while maintaining acceptable
levels of dose to normal tissues. Once the plan is created, the
patient receives the prescribed radiation dose over the course
of numerous treatment sessions, or fractions, often delivered
daily. Traditionally, the structures and plan as defined on the
initial scan are used for the duration of treatment.

Anatomic Changes

Certain anatomic changes during RT, such as tumor re-
gression or progression and weight loss, can occur over
the course of weeks, while others, such as bladder or rectal
filling, peristalsis, and uterus motion, occur over minutes
to hours (4,6). These changes, which vary by treatment
site, impact the coverage of target volumes and dose de-
livered to normal tissues (2,4). Historically, the ART par-
adigm has been investigated in treating rapidly growing
cancers (eg, head and neck disease). For example, Kishan
et al (7) reported a median increase of 16% in the gross
tumor volume between treatment planning and initia-
tion for head and neck cancer. The parotid glands, local
OARs, may move medially due to patient weight loss and
tumor regression during treatment (2).

ART has also been investigated for treatment of pelvic
tumors. Pelvic anatomy can shift in response to changes
in bladder, bowel, and rectum filling; thus, consistency in
organ filling is desirable. While laxatives, dietary plans, and
drinking protocols help achieve consistent rectal and blad-
der filling, volume variability persists and is influenced by
patient compliance, chemotherapy timing, and baseline hy-
dration (8).
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Abbreviations

ART = adaptive RT, CBCT = cone-beam CT, CTV = clinical target
volume, DIR = deformable image registration, OAR = organ at risk,
PTV = planning target volume, RT = radiation therapy

Summary

Online adaptive radiation therapy aims to address unpredictable ana-
tomic changes occurring over the course of treatment; this approach
requires high-quality daily imaging, as well as rapid recontouring,
replanning, plan review, and quality assurance.

Essentials

= Online adaptive radiation therapy aims to decrease toxicity to
local organs at risk and increase target coverage by accounting
for random, unpredictable anatomic changes that occur between
treatment fractions.

= Online adaptive radiation therapy enables daily treatment plan
adaptation to anatomy visualized at in-room imaging and requires
high-quality daily imaging and rapid recontouring, replanning,
plan review, and quality assurance.

s Online adaptive radiation therapy based on cone-beam CT allows
relative ease for integration into the radiation therapy workflow
and the potential for rapid imaging and replanning, with the ma-
jor challenge of reduced image quality.
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In cervical cancer treatment, the cervix-uterus complex can
undergo complex inter- and intrafraction motion, most heav-
ily influenced by bladder and rectal volumes (9). Bladder vol-
ume predominantly affects the position of the tip of the uterus
while rectal filling primarily impacts the cervix and upper vagina
(9). Moreover, tumor regression over the course of treatment
has been observed on both MR and cone-beam CT (CBCT)
images, the latter being the most common onboard volumetric
imaging modality used by current-generation medical linear ac-
celerators (3). These changes in local anatomy can impact the
dose to OARs and coverage of the clinical target (10,11).

ART Approaches

Three general approaches to ART exist: (2) offline ART (treat-
ment replanning between treatment fractions), (4) online ART
(treatment replanning immediately before each treatment frac-
tion), and (¢) real-time ART (real-time motion monitoring
and/or gating [eg, to compensate for respiratory motion]) (6).
The most suitable timing, frequency, and strategy of treatment
adaptation depend on the potential clinical benefit, which in
turn is dictated by local anatomic changes and the clinical con-
text (6). For example, sites with little interfraction change, such
as the lungs, may not benefit from frequent adaptation or on-
line ART; the head and neck is another site where progressive
anatomic changes predominate (6,12). Conversely, abdominal
or pelvic sites where OARs are present and target motion oc-
curs between fractions may benefit from more frequent adapta-
tion, particularly online ART. Although additional degrees of
change in organ position may occur over the course of treat-
ment planning itself (see below for average treatment planning

duration), the incremental magnitude of these changes may
be minimal compared with the overall day-to-day changes ac-
commodated through online ART. Further, a second CBCT
acquisition taken just before treatment delivery can help verify
the final position of the organs and treatment plan accuracy.
Real-time ART, a promising approach to compensate for in-
trafraction motion, may be helpful for abdominal and thoracic
targets where respiratory and cardiac motion predominantly
exert their effect.

Offline ART

Of the ART approaches currently under investigation, offline
ART has been the most extensively explored to date, as it can
be implemented within the existing RT workflow. One offline
strategy that has been used in cervical and prostate cancer is
to create an average anatomic model by quantifying and aver-
aging anatomic changes over the first few treatment fractions
(4). Another strategy is to create several plans during the initial
treatment planning session. For example, plans can be created
representing anatomy with a full and empty bladder, with the
most appropriate plan selected on each day of treatment (ie, a
plan-of-the-day approach) (4,10). Alternatively, plan adapta-
tion may be triggered ad hoc, such as when the treating physi-
cian observes changes that necessitate the creation of a new
plan or when the current plan violates predetermined dosimet-
ric criteria (4). Adaptation can also be scheduled for specific
time points throughout the treatment course, and there has
been some investigation as to which schedule may be most
suitable (2,13,14). For example, weekly offline replanning may
reduce the margin from the clinical target volume (CTV) to
planning target volume (PTV) in cervical and head and neck
cancer without losing target coverage (13).

Offline ART may be an excellent strategy to account for
slow and progressive changes such as weight loss. It allows for
more selective treatment adaptation than daily online adapta-
tion and can be implemented without substantial infrastruc-
tural change because it relies on traditional RT workflows.
However, offline adaptation is unsuitable for some anatomic
changes (especially random interfraction changes), and better-
defined thresholds and schedules for treatment adaptation are
needed (4). Additionally, dosimetric changes due to changes in
anatomy are difficult to assess, being both time-consuming and
imprecise to estimate.

Online ART

Online ART has emerged to address unpredictable anatomic
changes between treatment fractions, such as uterocervical
complex motion. For online ART, images acquired in-room
before each fraction are used to adjust the treatment plan while
the patient remains on the treatment table. As such, online
ART places unique pressures on the RT workflow, requiring
high-quality daily imaging, rapid recontouring, replanning,
plan review, and quality assurance (6). Generating a new plan
with every fraction is resource intensive and time sensitive;
therefore, workflow efficiency and clinical resource allocation

are key (6,15).
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Image Quality Requirements

Current online ART modalities rely on either in-room CBCT
or hybrid MRI-guided linear accelerator treatment systems.
While both systems may not demonstrate equivalent utility for
segmentation compared with planning CT or diagnostic MRI,
images must meet quality and accuracy specifications particu-
lar to radiation oncology, such as those from the International
Commission on Radiation Units and Measurements. Such
specifications aim to ensure overall dosimetric uncertainty of
+5% and overall spatial uncertainty of £5 mm (16-18).

Image quality and soft-tissue contrast are essential for accu-
rate organ delineation and replanning during online ART. Addi-
tionally, a high-resolution matrix of spatially accurate electronic
density information is required for accurate dose calculations.
Furthermore, overall image quality is critical for trustworthy de-
formable image registration (DIR), which is used at every frac-
tion to deform OARs and target contours (6). DIR is the process
of matching two images to maximize spatial correspondence,
allowing for the propagation of contours or electron density
mapping from image to image. However, DIR can introduce er-
ror and uncertainty, and a wide range of reported DIR accuracy
exists (6). DIR accuracy can be compromised by poor quality
of the input images (the planning image and the daily in-room
image), as well as presence of artifacts and distortion (6,19).

One must consider geometric alignment and distortion when
evaluating potential online ART systems. For CT-based image-
guided RT, imaging and treatment isocenter coincidence, scal-
ing and distance accuracy, low-contrast resolution, spatial reso-
lution, uniformity, and noise are essential for quality assurance.
Scanner-related artifacts that impact clinical image interpreta-
tion are detected and corrected through the quality assurance
process. For ART, Hounsfield unit accuracy is also important for
consistency and accuracy of dose calculations (20). Currently,
the Hounsfield units for CBCT can be restored by deforming
the planning CT to CBCT for online dose calculation. The rec-
ommended tolerance of isocenter coincidence and geometric fi-
delity is 1 mm for stereotactic body RT-based applications and
2 mm for non—stereotactic body RT applications. High-contrast
spatial resolution is recommended to be within less than or equal
to 2 mm or less than or equal to 5 line pairs per centimeter;
however, in clinical practice, systems may operate at lower spa-
tial resolution due to the large size of volumetric data sets at full
resolution, with most authors reporting spatial resolution of 6-9
line pairs per centimeter (20). Furthermore, low-contrast resolu-
tion and detectability are important for localization of preiden-
tified or presegmented structures, and requirements may vary
based on clinical site (eg, to accommodate a contrast difference
between prostate and rectum of 2%) (20). Imaging quality assur-
ance baseline values for in-room imaging including CBCT are
established during the acceptance and commissioning process of
linear accelerator equipment, with quality assurance conducted
at regular intervals (further described in the American Associa-
tion of Physicists in Medicine task group reports TG-142 and
TG-179) (18,20). MR images are subject to geometric distor-
tion due to machine-based magnetic field errors and a patients

chemical makeup (which affects the local magnetic field) (16).
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Workflow Considerations

Two technological considerations that render online ART fea-
sible are speed of replanning and workflow efficiency (Fig 1).
Automated recontouring, replanning, and Hounsfield unit
mapping (as necessary) allow for maximal efficiency in the use
of clinical resources and a feasible timeline on the order of min-
utes. These processes depend heavily on image quality, spatial
image accuracy, and the accuracy of DIR algorithms. Overall
times for the image acquisition, recontouring, replanning, and
quality analysis process have been reported in several MRI-
guided online ART studies to be between 45 and 79 minutes,
with the time to recontour, reoptimize the plan, and perform
quality assurance taking 26 minutes (21-23). For CBCT-based
online ART in rectal cancer, the average time at the treatment
machine was 34 minutes in one study (24), while another
study reported the average time from patient setup to post-
treatment CBCT verification to be 28 minutes (25). Median
replanning duration (not including setup, imaging, or treat-
ment delivery) was 17.6 minutes in one study (26) and 19.6
minutes in another (27).

Rapid recontouring approaches require manual editing but
are hastened with DIR to propagate previously used contours
(21,28). Manual editing of contours for ART replanning has
been shown to take a median of 9 minutes, with a range of 2-24
minutes (22). Other approaches for rapid contouring, including
deep learning and atlas-based segmentation, have been proposed
(29). When evaluating auto-contouring or rapid contouring
strategies, the accuracy needs to be assessed such that it is similar
to the uncertainty of a human expert contouring the structure
manually; the tolerance value between any two contours has
been suggested to be within a Dice similarity coefficient value of
approximately 0.8-0.9 (6,19).

Approaches to propagating the target volumes differ, with
some suggesting rigid propagation and others proposing that, in
certain cases, the contours can be adjusted as changes occur. For
example, as a gross tumor volume shrinks, an OAR may move
into an area formerly occupied by the gross tumor volume; it is not
yet clear whether it is best to prioritize reducing the dose to OARs
or maintaining coverage of the region formerly occupied by the
gross tumor volume. Sonke et al (4) recommend against altering
the gross tumor volume, CTV, and PTV since in-room imaging
used for online ART does not provide the necessary information
to update contours, and complementary diagnostic information
(such as pathology reports and other imaging modalities) is not
available during daily replanning. Furthermore, the area encap-
sulated initially by the gross tumor volume may contain traces of
microscopic disease, so prospective clinical trials may be needed
before the field size can be safely reduced during ART (4). In a
phase 1 study of stereotactic MRI-guided ART, conservative PTV
margins of 5 mm were used to remain in line with the standard of
care (22). On the other hand, the Adaptive Radiation Therapy in
Locally Advanced Non-Small Cell Lung Cancer (LARTIA) trial in
non—small cell lung cancer evaluated adaptive reduction of PTV
with tumor shrinkage over the course of treatment (30).

To generate a new treatment plan that considers the dosimet-
ric influence of material inhomogeneities, a new electron density
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(ie, Hounsfield unit) map of the patient must be created with
each fraction. In the traditional RT workflow, the Hounsfield
unit from the planning CT can be mapped directly to the elec-
tron density values used in dose calculation and treatment plan-
ning. When using in-room MRI for treatment planning, images
must first be converted to Hounsfield units via the generation of
synthetic CT scans from MRI data (this process has been shown
to have a clinically acceptable accuracy) (6,31). For CBCT scans,
the accuracy of electron density maps is compromised by image
artifacts and x-ray scatter and requires correction or calibration
(20). However, Hounsfield unit accuracy for CBCT may be im-
proved with the iterative CBCT reconstruction algorithm, and
several approaches to improve dose calculation accuracy from

CBCT images have been explored (32,33).
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Treatment

Workflow for Ethos CT-based online adaptive radiation therapy. CBCT = cone-beam CT.

Rapid online generation of a new treatment plan needs to
be largely automated. One approach is knowledge-based plan-
ning which uses prior knowledge (either a model or an atlas) to
predict the dose distribution. Other approaches involve proto-
col-based automatic iterative optimizations that make clinically
desirable trade-offs to better adhere to predetermined prioritized
constraints (34). Additional approaches to reduce planning time
include combining OARs into a single optimization structure,
relying on artificial neural networks, and using the final ob-
jectives of the initial plan to reoptimize the new plan on the
anatomy of the day (4,28). Online plan reoptimization has been
successfully achieved on the order of minutes (22,26).

Quality assurance of the new plan must be performed prior
to initiating treatment while the patient is on the treatment table
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(6). The lack of a daily planning-quality CT scan necessitates
novel technological quality assurance solutions unique to online
ART. While commercial options are limited, the MRIdian Linac
(ViewRay) and Ethos (Varian Medical Systems) systems come
with a vendor-provided online adaptive quality assurance tool.

Clinical Benefit of ART

The toxicities of RT are associated with the dose delivered to
local OARs, and guidelines for OAR constraints aim to re-
duce this risk. However, as anatomy shifts over the course of
treatment, OARs often receive doses higher than predicted
by the initial RT plan. Adaptive planning minimizes dose to
normal tissues and increases coverage of the clinical target,
translating clinically to decreased toxicity and/or improved lo-
cal control. Dosimetric and nonrandomized clinical benefits
have been investigated for offline (10,13,14,30) and online
(11,15,22,23,26,35-38) ART strategies (Tables 1-3).

Offline ART Dosimetric and Clinical Benefits

Offline ART has been applied in multiple tumor sites, includ-
ing rectal, cervical, bladder, head and neck, and lung cancer
(Tables 1-3). For example, weekly adaptation for locally ad-
vanced non—small cell lung cancer to accommodate tumor
shrinkage led to reduced toxicity, with acute and late grade
3 or higher pulmonary toxicities of 2% and 4%, respectively,
compared with grade 3 or higher lung toxicities of 13%-17%
reported in Radiation Therapy Oncology Group 9410 clinical
trial and a rate of local failure of 30% (30).

Online ART Dosimetric Benefits

Much investigation of online ART benefit has occurred for
stereotactic body RT of abdominopelvic malignancies, a treat-
ment modality where high doses of radiation are delivered over
just a few treatment fractions. For one series of 137 patients
with abdominal cancer (of which 98 had pancreatic cancer)
treated with MRI-guided ART, 961 of 1185 (81.1%) frac-
tions were adapted. Of these, 870 (90.5%) fractions adhered
to critical OAR constraints that were previously violated by
unadapted fractions. Target coverages were improved for 888
(92.4%) cases of plan adaptation (39). For additional stud-
ies investigating dosimetric benefits of MRI-guided ART, see
Tables 1-3.

In an in-silico model of daily online CBCT-based treatment
adaptation for eight patients receiving stereotactic RT for ab-
dominal oligometastatic disease, plan adaptation resulted in
only two of 40 (5%) fractions with OAR constraint violations,
whereas the initial plan applied to daily anatomy violated OAR
constraints in 30 of 40 (75%) fractions (40). For CBCT-guided
online ART of three patients with bladder cancer, a 42% median
primary PTV reduction was achieved which led to a 24%-30%
reduction in volume receiving more than or equal to 45 Gy
(V45 Gy) to the bowel cavity (26). At the same time, coverage
of the PTV receiving at least 95% of the scheduled dose (PTV
V95%) was restored from 88.2% to 99.6% through adaptive
replanning (26). Retrospective simulation of CBCT-based on-
line ART in anal cancer showed that a reduction in CTV to
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PTV margins could reduce bowel cavity V45 Gy by an average
of 11.4%, while reoptimizing the plan to match the anatomy of
the day could reduce bowel cavity V45 Gy by 13.1% (41). In a
study of simulated CBCT-guided online ART in cervical cancer,
replanning changed the CTV V95% by 7.9% and modestly re-
duced the D2cc (the minimum dose to the maximally exposed
2 cm®) to each pelvic OAR by 0.02-0.08 Gy for each fraction
(11). For patients with rectal cancer, online replanning led to an
increase in CTV V95% by 1.5%, while the D2cc for the bladder
and bowel changed by 0.02 and -0.02 Gy, respectively, for each
fraction (11). For a series of 18 patients with prostate cancer
undergoing ultrahypofractionated RT with manual adaptation
of organ contours to match anatomy of the day, PTV D99%
(the minimum dose that 99% of the PTV is receiving) increased
from 90.7% to 97.1% (42). In a different study using a CBCT-
based online ART platform, 24 of 25 patients with prostate can-
cer experienced an average improvement in CTV D98% (the
minimum dose that 98% of the CTV is receiving) of 2.9% +
5.3 (SD) (15).

Online ART Clinical Benefits

Most clinical outcome results for online ART to date have been
published for MRI-based systems. Early toxicity results from a
prospective single-arm phase 2 study of MRI-guided ART for
stereotactic RT of prostate cancer showed no grade 3 gastroin-
testinal toxicity with maximum cumulative grade 2 or higher
early genitourinary and gastrointestinal toxicities of 23.8% and
5.0%, respectively, which is markedly lower than toxicities re-
ported for the moderately hypofractionated RT arm in a sepa-
rate study (61% and 42%, respectively) (37,43).

For patients with high-risk lung tumors, daily online MRI-
guided plan adaptation resulted in early local control of 95.6%
and disease-free survival of 63.6% at 12 months, as well as low
rates of 30% and 8% for grade 2 and 3 or higher toxicities, re-
spectively (38). For stereotactic MRI-guided online ART in five
patients with ultracentral thorax malignancies, 10 of 25 total
fractions were adapted to either improve PTV coverage or ad-
dress OAR violations, with no grade 3 or higher acute toxicities
reported and local control of 100% at 6 months (44).

In a study of stereotactic MRI-guided RT in renal cancer,
only 16.1% of 180 fractions required online reoptimization,
with local control and overall survival rates of 95.2% and 91.2%
at 1 year and no grade 3 or higher toxicities reported (45). For a
set of patients with abdominal malignancies undergoing online
adaptive stereotactic MRI-guided RT, plans were adapted for 81
of 97 fractions with most fractions requiring adaptation due to
violation of OAR constraints. In 64 of 97 fractions, adaptation
increased PTV coverage; no acute grade 3 or higher toxicities
were observed (22).

Review of Online CBCT-based ART

Implementation of CBCT-based Online ART

CBCT is widely used for image-guided RT, so implementing
CBCT-guided online ART requires little infrastructural change
or specialized training (24,46). Other advantages include a
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Table 1: Organ at Risk-sparing Achieved by Adaptive Radiation Therapy

No. of  Clinical Implementa-  Fractionation OAR Dose
Clinical Site ART Type Patients  tion of ART? Scheme OAR Sparing
Oropharyngeal (14) Offline 22 Yes 66-72 Gy, 30-33  Contralateral 0.6 Gy or 2.8%
fractions parotid
Ipsilateral parotid 1.3 Gy or 3.9%
Head and neck (13) Offline 13 No 70 Gy, 35 fractions Parotids 3.1 Gy
Cervix (10) Offline 9 Yes 45 Gy, 25 fractions Rectum V95% 3.20%
Bladder V95% 1.10%
Pancreas (35) Online MRI-guided 36 No 40 Gy, 5 fractions Duodenum V33 Gy 0.3 cm’
Abdominopelvic Online MRI-guided 5 Yes Small bowel V50 Gy 67.8 cm?
(23) (one patient)
Adrenal (36) Online MRI-guided 52 Some patients 24-60 Gy, 3-8 Stomach NTCP 8.70%
fractions
Bladder (26) Online CBCT- 3 Yes Bowel cavity V45 24%-30%
guided Gy
Prostate (15) Online CBCT- 25 No 54 Gy, 27 fractions Bladder D90% 13.10%
guided + prostate boost Rectum D90% 6.50%
Abdominal oligo-  Online CBCT- 8 No 50 Gy, 5 fractions ~ Stomach V36 Gy ~ 0.36 e’
metastatic (40) guided Duodenum V36 Gy 0.96 e’

Small bowel V36 Gy 1.09 cm?
Large bowel V36 Gy 0.8 cm’

Note.—ART = adaptive radiation therapy, CBCT = cone-beam CT, D90% = minimum dose that 90% of the structure is receiving, NTCP
= normal tissue complication probability, OAR = organ at risk, V33 Gy = volume receiving more than or equal to 33 Gy, V36 Gy = volume
receiving more than or equal to 36 Gy, V45 Gy = volume receiving more than or equal to 45 Gy, V50 Gy = volume receiving more than or
equal to 50 Gy, V95% = volume receiving at least 95% of the prescription dose.

short image acquisition time (approximately 2 minutes for
CBCT acquisition) and ease of delivery (no caveats for metal
implants, large patient size, or claustrophobia) (25,26,46).

One study evaluated the feasibility of daily online CBCT-
based adaptation for prostate cancer. Contour propagation
and manual contour adaptation took an average of 8 minutes
with a total time from patient setup to posttreatment CBCT
verification of 28 minutes. Adaptation increased target coverage
(D99%) from 90.4% to 97.1% and restored optimal prostate
coverage in 35% of fractions (25).

The Ethos system has been introduced for CBCT-guided
online ART (29). This platform uses the iterative CBCT recon-
struction process to reduce noise and improve image quality, and
therefore features improved soft-tissue delineation and dose cal-
culation (32,47,48). Iterative CBCT is prone to motion artifacts
and thus has limited use for sites such as the pancreas but is
optimal for sites such as the prostate, rectum, anus, and bladder.

Clinical implementation of the Ethos platform is an area of
active interest. For five patients with bladder or rectal cancer, the
median replanning duration was 17.6 minutes between CBCT
acceptance and treatment initiation (26). For retrospectively
simulated online ART in various pelvic sites, 76% of automati-
cally segmented structures required little to no manual editing
with the adaptive plan selected in 88% of simulated treatment
sections (26). This study suggests that disadvantages of the cur-
rent treatment planning software include a fixed set of beam con-
figurations and inferior volumetric modulated arc therapy plan
quality (26). These disadvantages can be overcome by creating a

novel beam arrangement in a separate treatment planning sys-
tem, Eclipse (Varian Medical Systems), and importing the plan
back into the Ethos platform, which is a cumbersome process.

Twelve patients with rectal cancer were treated with neoadju-
vant RT to 25 Gy with the Ethos linear accelerator. The average
treatment time slot was 34 minutes, with an average on-table
time of 26 minutes. Evaluation of target volumes took 4 minutes
with an additional 5 minutes required for adjustments. Plan ad-
aptation increased V95% of the PTV for 52 of 55 fractions (24).
Complications encountered during adaptive plan treatment
delivery included workflow interruption in individual fractions
due to full bladder, intrafraction motion of a large gas pocket,
error in bony anatomy registration, and synthetic CT error due
to body contour definition (24).

Online ART for patients with head and neck cancer was
retrospectively simulated using the Ethos software emulator,
with a median online ART planning duration (not including
patient setup, CBCT image acquisition, or treatment delivery)
of 19 minutes 34 seconds and overall satisfactory quality of OAR
delineation. Adapted plans resulted in persistent OAR sparing,
even without human revision of automated contours (27). In
this study, automation (including contour delineation and treat-
ment plan generation) required a median of 6.5 minutes, with
human review of key OARs taking a median of 5 minutes 38
seconds (27).

Alternatively, in a simulation of online ART using the Ethos
emulator in 25 patients with prostate cancer, 96% of fractions
required additional editing after contour autosegmentation,
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Table 2: Coverage of Clinical Targets by Adaptive Radiation Therapy
Target Coverage Clinical Target Volume
No. of Clinical Fractionation ~ Metric Change in  Metric Change in
Clinical Site ART Type Patients Implementation? Scheme Evaluated Coverage Evaluated Volume
Oropharyngeal (14) Offline 22 Yes 66-72 Gy, CTvV -5%
30-33 frac- volume
tions
Head and neck (13) Offline 13 No 70 Gy, 35 fracc  CTV70  +0.6% PTV vol-  No sig-
tions D98% ume nificant
change
NSCLC (30) Offline 50 Yes 45-75 Gy CTV -42%
volume
Cervix (10) Offline 9 Yes 45 Gy, 25 fracc CTV cov- Equivalent PTV -87 em®
tions erage V95%
Pancreas (35) Online MRI- 36 No 40 Gy, 5 fracc  GTV +1.1 Gy
guided tions V95%
Abdominopelvic Online MRI- 5 Yes PTV +14%
(23) guided V95%
Abdomen (22) Online MRI- 20 Yes 50 Gy, 5 frac- GTV +4%
guided tions V100%
PTV +3.2%
V95%
Lung (38) Online MRI- 50 Yes PTV +4.4%
guided V100%
Bladder (26) Online CBCT- 3 Yes PTV +11.4% PTVvol- -42%
guided V95% ume
Prostate (15) Online CBCT- 25 No 54 Gy, 27 CTV +2.9%
guided fractions + D98%
prostate boost
Cervix (11) Online CBCT- 13 No 45 Gy, 25 frac- CTV +7.9%
guided tions + LN V95%
boost
Rectum (11) 15 50 Gy, 25 frac-  CTV +1.5%
tions VI5%
Prostate (25) Online CBCT- 18 Yes 36.6 Gy, 6 frac- PTV +6.7%
guided tions D99%
Rectum (24) Online CBCT- 12 Yes 25 Gy, 5 frac- PTV Improved
guided tions V95%
Abdominal oligo- Online CBCT- 8 No 50 Gy, 5 frac- PTVopt +10.15%
metastatic (40) guided tions V95%
Note.—ART = adaptive radiation therapy, CBCT = cone-beam CT, CTV = clinical target volume, D98% = minimum dose that 98%
of the target is receiving, D99% = minimum dose that 99% of the target is receiving, GTV = gross tumor volume, LN = lymph node,
NSCLC = non—small cell lung cancer, PTV = planning target volume, PTVopt = PTV optimization structure, V95% = volume receiving at
least 95% of the prescription dose, V100% = volume receiving at least 100% of the prescription dose.

with generally minor corrections of largely less than 10% of the
CTV. Even without manual editing, these patients would have
experienced dosimetric benefits. However, one patient required
substantial modification (15).

For a series of 13 patients with cervical cancer and 15 pa-
tients with rectal cancer, the average workflow duration was 24.4
minutes for patients with cervical cancer and 9.2 minutes for
patients with rectal cancer, with 13.1 minutes and 2.7 minutes,
respectively, devoted to editing target contours. This adaptation
increased PTV and CTV coverage and decreased the dose to the
maximum 2 cm?® of local OARs (11).
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Challenges Facing CBCT-based Online ART

One of the critical limitations of online ART using CBCT is
inferior soft-tissue definition (46). Image quality is reduced
due to reasons such as patient movement (due to long acquisi-
tion time), radiation scattering, and image artifacts, including
gas, ring, noise, and beam-hardening artifacts (20,33). Scatter,
of particular concern with CBCT, occurs due to cone-beam
geometry, with the amount of scatter dependent on acquisition
and reconstruction parameters, beam angle, and object size
(49). Increased scatter reduces CBCT image quality by reduc-
ing image contrast and increasing noise and artifacts (20,32).
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Table 3: Clinical Outcomes of Adaptive Radiation Therapy
No. of Eractionation Clinical Outcome Toxicity
Clinical Site ART Type  Patients Scheme Metric Evaluated Outcome Metric Evaluated Outcome
Oropharyngeal ~ Offline 22 66-72 Gy, Local control 100% Comparison to IMRT ~ Comparable
(14) 30-33 frac-  Regional control  95%
tions
NSCLC (30) Offline 50 45-75 Gy Local control 70% Comparison to RTOG  Reduced
Median PES 8.3 months 9410 clinical trial
Median OS 30.5 months
Adrenal (36) Online 52 24-60 Gy, 3-8 > grade 3 toxicity 0%
MRI- fractions
guided
Prostate (37) Online 101 36.25 Gy, 5 frac- > grade 2 early GI 23.8%
MRI- tions toxicity
guided > grade 2 early GU 5%
toxicity
Comparison to HYPRO Reduced
study
Lung (38) Online 50 12 months, local  95.60% > grade 2 toxicity 30%
MRI- control
guided 12 months, OS  88% > grade 3 toxicity 8%
12 months, DFS  64%
Abdomen (22)  Online 20 50 Gy, 5 frac- 6 months, PES 89.10% > grade 3 acute toxicity 0%
MRI- tions 12 months, OS  75%
guided
Note.—ART = adaptive radiation therapy, DFS = disease-free survival, GI = gastrointestinal, GU = genitourinary, HYPRO = hypofraction-
ated versus conventionally fractionated RT for patients with localized prostate cancer, IMRT = intensity-modulated RT, NSCLC = non—
small cell lung cancer, OS = overall survival, PFS = progression-free survival, RTOG = Radiation Therapy Oncology Group.

Figure 2:

axial image acquired using iterative CBCT reconstruction.

The iterative CBCT algorithm can help reduce the effects of
scatter by using a scatter estimation algorithm such as Acuros
(Varian Medical Systems). Several other approaches to miti-
gate the impact of scatter have also been investigated (47,50).
See Figure 2 for representative images comparing conventional
CBCT and iterative CBCT imaging.

Inferior CBCT image quality reduces soft-tissue contrast,
leading to potential inaccuracy in segmenting structures based
on CBCT images (4). Both manual and automatic segmentation
are subject to this inaccuracy. However, contour propagation
from planning CT and artificial intelligence—guided segmenta-
tion has been developed to aid CBCT segmentation. The latter

(A) Representative axial cone-beam CT (CBCT) image acquired with a conventional linear accelerator. (B) Representative

is now commercially available as part of the Ethos linear accelera-
tor system (29,51).

Artifacts and poorer image quality also lead to reduced ac-
curacy in determining electron density for dose calculation pur-
poses, though postprocessing algorithms can mitigate the im-
pact (33,50,52). Approaches to dose calculation based on CBCT
include CBCT calibration curves derived from phantoms or
patient images, DIR with planning CT, overriding of CBCT
Hounsfield unit values with either Hounsfield unit density or
Hounsfield units from CT images, and dose deformation (33).
Another method proposes corrections based on prior image in-
formation to restore Hounsfield units and improve uniformity
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Table 4: Comparison between MRI-based and CBCT-based Online Adaptive Radiation Therapy Approaches

Inaccuracies in determining size of NA
target

Information about physiologic char-  Superior
acteristics of tissue (eg, diffusion,
perfusion)

Functional or quantitative imaging

tion (6,16)

Limited field of view Limited to 50 cm (6)

Image acquisition time

Conversion of image-of-the-day to
electron density map

Imaging-related radiation exposure None

Continuous imaging (eg, motion Possible (6)
gating, real-time tracking of dose
accumulation)

Specialized training for MRI-based RT Required (46)
planning

Radiation and MRI-compatible facili- Required (46)
ties

Cost of linear accelerator, structural Very high (46)

investment
More restrictive (46)
Yes (46)

Limits on patient size
Contraindications (claustrophobia,
metallic implants)

Treatment duration Longer (21,22,46)

Electron return effect’ Significant!

Signiﬁcant geometric distortion
field inhomogeneities§

Patient-dependent geometric distor- Possibly significant

tionsl!

Feature MR-linac Online ART CBCT-based Online ART

Image quality Superior (46) Inferior image quality and soft-tissue definition
(6,20,33,46,47)

Image artifacts Susceptibility, motion, distortion (6) Hardening, motion, scatter, ring, aliasing, mis-
alignment (20,33,49)

Possible; not yet ready for clinical implementa- NA

Longer (limited sequences within 2 min) (46)
Synthetic CT; bulk density assignment to ana- Conversion to Hounsfield units via DIR, CBCT
tomic structures; multimodality DIR (6,16)

Due to magnetic-field gradient nonlinearities, NA

Cervix, prostate (57,58)

NA

Limited to 16 cm in the longitudinal direction
(6,55)

Shorter (within 1-2 min) (46)
calibration curves, dose deformation* (33,52)

Up to 10 c¢Gy per scan; typically, 0.2 cGy-2 cGy
(6,20,29,46,56)

Limited by radiation exposure

NA

NA

Reduced compared with MRI (46)

Less restrictive (46)
No (46)

Potentially shorter (11,26,27)
NA

NA

erator, NA = not applicable.

Note.—ART = adaptive radiation therapy, CBCT = cone-beam CT, DIR = deformable image registration, MR-linac = MRI-linear accel-

* Poorer image quality of CBCT images can lead to dose calculation inaccuracies.

T The electron return effect refers to electron path distortion and increase in radiation dose delivery near air-tissue interfaces.
¥ The electron return effect with MRI can be addressed with Monte Carlo algorithms and multiple fields.

> MRI geometric distortion can be accounted for by image processing algorithms.

I Patient-dependent geometric distortions result from local magnetic field inhomogeneities.

(52). A wide range of dose calculation accuracies has been re-
ported for various CBCT-based dose calculation methods at dif-
ferent tumor sites, with some methods yielding good accuracy.
CBCT calibration methods, for example, yield dose differences
of less than 2%, and DIR algorithms produced calculated doses
with differences in accuracy of 2%-3% (33,52).

Image acquisition and reconstruction techniques to address
challenges in image quality are currently under investigation
with the potential to improve dose calculation accuracy and
facilitate segmentation (20,48,50,51,53). A ring-shaped medi-
cal linear accelerator system with fast kilovolt CBCT has been
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introduced for faster CBCT image acquisition and may reduce
the effects of motion (54).

One additional concern with CBCT images is the limited
field of view of images, which with a length of 16 cm, is par-
ticularly limited in the longitudinal direction (55). Therefore,
certain anatomic regions, including portions of OARs, clinical
targets, or elective lymph nodes, may not be captured on CBCT
images during treatment. This limitation is addressed by acquir-
ing and stitching together two CBCT images or compensating
for the missing field of view with information from the planning

CT (32,55).
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Radiation exposure during the acquisition of the CBCT
scan, while minimal compared with the dose delivered during
RT treatment, nevertheless prevents the use of CBCT for re-
peated images throughout the fraction; therefore, CBCT can-
not be used for real-time ART or intrafraction motion assess-
ment (46,56). The imaging dose for kilovoltage-CBCT typically
ranges from 0.2 to 2 ¢cGy per image (20,29). Skin dose has been
measured to be a fraction of a centigray for low-dose head and
neck imaging and 7 ¢Gy for high-dose pelvic imaging (56).

In summary, the key advantages of CBCT-based ART in-
clude its ease of integration into the RT workflow and poten-
tial for rapid imaging and replanning, leading to feasible time
frames for online adaptation. The major drawback is the infe-
rior image quality due to poor resolution, scatter, and artifacts,
which leads to reduced soft-tissue contrast and increased dosi-
metric uncertainty.

Additional Approaches to ART

As online ART relies heavily on the quality of onboard imag-
ing for treatment adaptation, there has been much enthusiasm
about MRI platforms for online ART. Hybrid systems that
combine linear accelerators with onboard MRI (MRI-linear
accelerator systems) are commercially available and have been
used in most clinical implementations of online ART to date
(46), including in patients with lung tumors (38), liver and
other abdominal malignancies (22), pancreas cancer (28),
colorectal cancer (23), prostate cancer (21,37), and adrenal
metastases (306).

While implementing MRI-guided ART can require a sub-
stantial investment of resources and pose many technical chal-
lenges, the increased soft-tissue resolution over CBCT and the
potential for real-time and functional imaging offer important
advantages to MRI-linear accelerator implementation for ART
(Table 4). CT-based imaging can lead to inaccuracies in deter-
mining the target size and overestimates the size of anatomic
boundaries, such as cervical cancer CTV width and prostate
size, compared with MRI (57,58). Therefore, contour defini-
tion based on CT alone without MRI input may not be op-
timal for specific treatment sites. The possibility of continuous
imaging with MRI enables real-time positional monitoring for
sites affected by constant motion, such as in lung cancer. In ad-
dition, functional imaging, where quantitative or physiologic
information is obtained from the image to help guide treatment,
is feasible with MRI but not CBCT. For example, information
obtained from diffusion-weighted imaging or dynamic contrast-
enhanced MRI sequences may help guide treatment adaptation
or dose escalation to specific regions of the tumor. A PET scan-
ner coupled to a linear accelerator has been introduced with the
promise of PET-guided ART which may enable assessment of
the biologic response to treatment and subsequent treatment
adaptation (6). So-called biology-guided RT has the potential
for dynamic guidance of radiation delivery to PET-avid targets,
with adaptive planning based on kilovoltage CT scans acquired
prior to each fraction, though the logistics and feasibility of fluo-
rodeoxyglucose or other PET tracers used for each fraction of
radiation are potential barriers to wide implementation (59,60).
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Conclusion

Emerging technologies offer exciting possibilities for online
RT treatment adaptation. However, many technological and
practical challenges to online ART implementation remain.
CBCT and MRI-based ART technologies offer trade-offs be-
tween practical considerations such as cost, speed of adaptation
(and thereby patient throughput), and image quality. Speed of
adaptive replanning is critical in improving patient experience
and compliance with treatment. Depending on local anatomic
changes and clinical context, different anatomic sites and/or
disease stages and presentations will likely benefit from dif-
ferent ART strategies. Assessment of the clinical benefit from
online ART and comparison of various ART strategies in the
setting of clinical trials are still needed, as well as an objective
way to determine the clinical scenarios in which treatment ad-
aptation is most beneficial.
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