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Purpose: Swallow-related motion of the larynx is most significant in the cranio-caudal directions and of* short duration. Conventional
target definition for radical radiation therapy includes coverage of the whole larynx. This study longitudinally examined respiration-
and swallow-related laryngeal motions using cine-magnetic resonance imaging. We further analyzed the dosimetry to organs at risk by
comparing 3D-conformal radiation therapy (3D-CRT), volumetric modulated arc therapy (VMAT), and intensity modulated radiation
therapy (IMRT) techniques.

Methods: Fifteen patients with T1-2 NO glottic squamous cell carcinomas were prospectively recruited for up to 3 cine-MRI
scans on the Elekta Unity MR-Linear accelerator, at the beginning, middle, and end of a course of radical radiation therapy.
Swallow frequency and motion of the hyoid bone, cricoid and thyroid cartilages, and vocal cords were recorded during swallow
and rest. Adapted treatment volumes consisted of gross tumor volume + 0.5-1 c¢cm to a clinical target volume with an
additional internal target volume (ITV) for personalized resting-motion. Swallow-related motion was deemed infrequent and
was not accounted for in the ITV. We compared radiation therapy plans for 3D-CRT (whole larynx), VMAT (whole larynx),
and VMAT and IMRT (ITV for resting motion).
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Results: Resting- and swallow-related motions were most prominent in the cranio-caudal plane. There were no significant changes in
the magnitude of motion over the course of radiation therapy. There was a trend of a progressive reduction in the frequency of
swallow. Treatment of partial larynx volumes with intensity modulated methods significantly reduced the dose to carotid arteries,
compared with treatment of whole larynx volumes. Robustness analysis demonstrated that when accounting for intrafraction swallow,
the total dose delivered to the ITV/planning target volume was maintained at above 95%.

Conclusions: Swallow-related motions are infrequent and accounting for resting motion in an ITV is sufficient. VMAT/IMRT
techniques that treat more conformal targets can significantly spare critical organs at risk such as the carotid arteries and thyroid gland,
potentially reducing the risk of carotid artery stenosis-related complications and other long-term complications.

Crown Copyright © 2024 Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Treatment of early-stage glottic squamous cell carcino-
mas (ESGC; T1-2, NO) in the United Kingdom conven-
tionally involves irradiation of the whole larynx. The
clinical target volume (CTV) is typically defined from the
inferior edge of the hyoid to the inferior edge of the cri-
coid cartilage to cover tumor motion during deglutition
and potential microscopic disease within the supra-/sub-
glottic regions. Traditionally, 3D-conformal radiation
therapy (3D-CRT) with a lateral parallel-opposed beam
arrangement is used. More recently, the majority of cen-
ters have adopted the intensity modulated radiation ther-
apy (IMRT) technique.

A recent randomized controlled trial comparing
transoral laser surgery against 3D-CRT for Tla ESGC
showed comparable overall and disease-specific survival
and laryngeal preservation rates between the 2 strategies."
Therefore, there is interest in shifting toward smaller tar-
get delineations to treat tissue volumes, similar to laser
microsurgery. This may be achieved through exclusion of
swallow-related motion and may result in reduced irradi-
ation of organs at risk (OARs).

The larynx is not a fixed structure, as its components
move independently of surrounding soft tissues. The aim
of this study was three-fold: (a) to investigate the resting-
and swallow-related motions of the hyoid bone and laryn-
geal structures using cine-magnetic resonance imaging
(cine-MRI), (b) to assess the evolution of motion-related
changes during a patient’s course of radiation therapy,
and (c) to conduct a radiation therapy planning study
based on motion data to generate individualized treat-
ment volumes and evaluate the dosimetric impact on
OARs, compared with that associated with conventional
radiation therapy volumes.

Methods and Materials

Patient selection

Patients with ESGC receiving radical hypofractionated
radiation therapy, 55 Gy in 20 fractions over 4 weeks,

were recruited into PRIMER (NCT02973828) and
MOMENTUM (NCT04075305). These studies received
approval from institutional clinical research boards and
research committee boards. Patients consented to up to 3
cine-MRI sessions on the Elekta Unity MR-Linear acceler-
ator (MR-Linac) (Elekta AB, Stockholm, Sweden) at the
beginning (fractions 1-4), middle (fractions 9-11), and
end (fractions 16-20) of radiation therapy. All patients
were positioned supine with arms down and immobilized
in a neutral neck position with a 5-point thermoplastic
head shell. A shoulder wedge was used if required to assist
with neck positioning.

Image acquisition and analysis

Cine-MRI

All cine-MRIs were performed on the Philips (Best, the
Netherlands) 1.5 T MRI scanner, part of the MR-Linac
with a standardized head and neck receiver coil (flip angle,
35° echo time/repetition time, 2.298/4.577 ms; matrix, 120;
bandwidth, 479 Hz; number of signal averages, 1; pixel
spacing, 0.8 x 0.8 mm; frames per second, 4).

Cine-MRI captured motion in the axial (level of vocal
cords), coronal (view of both cricoid and thyroid cartilages),
and sagittal (between vocal cords) planes for 3 min. Consis-
tency of scanning positions for each patient was achieved by
providing radiographers with labeled printouts to aid locali-
zation. Each scan session consisted of 2 min of scanning at
rest (where the patient was free to swallow at their natural
rate) and 1 min of active swallowing every 10 to 15 s (to
ensure that a minimum of 3 swallow events were captured).

Motion analysis

Quality assurance of the MRI scanner, including
image-distortion analysis of Elekta-approved sequences,
was performed using the Philips MR distortion phantom,
as recommended by the manufacturer.” Prior in-house
analyses of cine-MRIs using methods described by Riis et
al demonstrated no geometric or anatomic distortions
after importing the DICOMs into the RayStation treat-
ment planning system (TPS; V10.0.1.52, RaySearch Labo-
ratories AB, Sweden).?
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Figure 1 Definition of motion measurements. (A) Respi-
ratory-related motions were recorded from the inferior- to
superior-most positions. This distance was halved and des-
ignated the baseline position. Swallow distances were also
measured from the inferior-most positions of each struc-
ture; however, half the resting distance was subtracted to
determine swallow motion from the baseline position. (B)
Sagittal cine-magnetic resonance imaging slice depicts cri-
coid cartilage (yellow), thyroid cartilage (blue), hyoid bone
(purple), and vocal cord level (green). Arrows (red) denote
the points at which measurements were taken.

Motions of the vocal cords, hyoid bone, and cricoid and
thyroid cartilages were measured in the cranio-caudal
directions. The gross tumor was not well visualized on
cine-MRI, and it was assumed that for T1-2 ESGC, vocal
cord motion would be an appropriate surrogate for the pri-
mary tumor, because by definition, there is no fixation of
the vocal cord. The edges of each structure were used to
measure motion, because they were the most visible fea-
tures. Cranio-caudal motion was measured from the most
inferior to the most superior position (Fig. 1). Owing to the
respiration-related tidal-wave motion of the larynx, this
distance was halved to estimate the baseline position of
each laryngeal substructure. It was from this baseline posi-
tion that the maximal swallow distance was recorded.

Thyroid cartilage has a rotational component during
swallow because of the anterior pull on the superior notch
of the cartilage by the thyro-hyoid ligament. Therefore,
the superior and inferior points of the thyroid cartilage
were measured independently. Left-right motion of both

vocal cords and carotid arteries were measured on the
axial image sets. Patients’ vertebral alignments were not
always parallel to the treatment couch. Motion distances
in RayStation would reflect superior-inferior motion
along the plane of the couch rather than the true anatomic
motion along the plane of the vertebrae. Therefore, actual
spatial motions were captured to include any anterior
components. All measurements were reported as the
mean of triplicate recordings.

Duration of swallow

The cricoid cartilage was the clearest structure on the
cine-MRIs and was chosen as the surrogate for measuring
duration of swallow. The starting position for swallow
was defined as the position of the cricoid cartilage during
rest. End of swallow was defined as the return of the cri-
coid cartilage to its starting position. The excursion time
of the cricoid was measured in number of frames (0.25 s
per frame).

Radiation therapy planning studies

A noncontrast-enhanced planning computed tomogra-
phy (CT) scan from the vertex to carina was taken in
2 mm slices and with a 1 x 1 mm pixel size. All patients
received radical radiation therapy using 3D-CRT plans
designed by a physicist.

Three additional plans were created for each patient by
a clinical oncologist with oversight from a senior physicist
(Fig. 2). A nonadapted volumetric modulated arc therapy
(VMAT) plan, termed “VMAT_NA”, was created to treat
the whole larynx. Motion data analyses revealed infre-
quent swallow events that were not accounted for in sub-
sequent planning studies. Therefore, resting motion data
were used to formulate individual-level internal target
volumes (ITVs). Resting motion of the cricoid cartilage
was chosen for the ITV because this structure had the
most consistent visibility on cine-MRI. Motion-adapted
volume VMAT plans (“VMAT_A”) were created on
RayStation to simulate treatment on a C-arm linear accel-
erator, and IMRT plans (“IMRT_A”), on the Monaco
TPS (V 5.59.02, Elekta AB, Stockholm, Sweden), to simu-
late treatment on the MR-Linac. The dose fractionation
was 55 Gy in 20 fractions over 4 weeks.

Target definitions and planning parameters/con-
straints are described in Table 1. It was deemed that a
mean dose to the carotid arteries below 35 Gy was signifi-
cant to reduce tunica intima-media thickness.” The infe-
rior pharyngeal-constrictor muscle (IPCM) volume
intersecting with the planning target volume (PTV) was
subtracted from the IPCM volume to create a “Pla-
n_IPCM”, which was used for optimization in the
VMAT _NA, VMAT A, and IMRT_A plans. A Pla-
n_IPCM constraint of a maximum mean dose of 47 Gy
was based on the “Dysphagia-Aspiration Related
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Figure 2 Example of radiation therapy plans. (A) Single axial T2-weighted magnetic resonance image at the level of the
glottis, showing a T2 early-stage glottic squamous cell carcinoma involving the right vocal cord. (B) 3-Dimensional confor-
mal radiation therapy. (C) Volumetric modulated arc therapy nonadapted plans and (D) volumetric modulated arc ther-
apy-adapted plans demonstrate the differences in dosimetry at the same levels for this patient. Displayed are the internal

target volumes (cyan) and planning target volumes (magenta).

Structures” study (Dpean> 50 Gy), adjusted for the higher
dose per fraction of 2.75 Gy and alpha:beta ratio of 10 for
acute toxicities.” The final mean dose was reported for the
complete IPCM structure.

3D-CRT plans

Plans were created with 6 MV parallel-opposed fields
or anterjor-oblique fields. A soft-tissue equivalent bolus
(0.5-1 cm) was used for cases with anterior commissure
involvement if superficial dose coverage was poor. The
dose was prescribed to the International Commission on
Radiation Units and Measurements reference point,
which was typically at the isocenter, placed in the center
of the PTV. There were no dose objectives or constraints
for any OARs for this planning technique, as per institu-
tional standard clinical practice.

VMAT plans

VMAT plans were produced using a collapsed-cone
algorithm (V5.6) on the RayStation TPS. Plan parameters
included a single-beam full arc (360°) using 6 MV flatten-
ing-filter-free photons, with a gantry spacing of 2°, 40

maximum optimization iterations, and a dose-grid resolu-
tion of 0.25 cm’. The dose was scaled and prescribed to
the median (50%) of the PTV.

IMRT plans

IMRT_A plans were created on Monaco, using a
Monte Carlo dose engine. Treatment plans consisted of 9-
field step-and-shoot IMRT utilizing 7 MV flattening-fil-
ter-free photons (beam angles, 145°, 95°, 65°, 30°, 0°, 330°,
295°, 265°, and 215°). There were 60 maximum segments
per beam; minimum segment width, area, and monitor
units of 0.5 cm, 4 cm?, and 6, respectively; and medium
fluence smoothing. Plans were calculated with dose uncer-
tainties of 2% per plan and a dose-grid resolution of
3 mm, with dose prescriptions to 50% of the PTV.

Impact of swallow on target dosimetry
Individual-level data on swallow distance, frequency,
and duration; monitor units delivered per minute; total
fraction delivery time; and dosimetry data for 3D-CRT,
VMAT_NA, VMAT A, and IMRT_A were acquired.
The point of maximal displacement of the superior and
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Table 1 Radiation therapy planning target definitions

(A) 3D-CRT/VMAT (VMAT_NA) (conventional volumes)

Structure Recipe Notes

CTV Whole larynx

PTV CTV + isotropic 3 mm isotropic

IPCM Inferior hyoid to superior cricoid cartilages For dose reporting only
Plan_IPCM IPCM minus PTV

Thyroid Whole thyroid gland

Thyroid PRV Thyroid gland + 3 mm For dose reporting only
Spinal cord 2 cm superior and inferior to PTV

Spinal cord PRV Spinal cord + 3 mm

Ipsilateral & contralateral carotid arteries (separate ROIs) 1 cm superior and inferior to PTV For dose reporting only
Ipsilateral & contralateral carotid artery PRV Ipsilateral & contralateral carotid arteries + 3 mm

(B) VMAT (VMAT_A)/IMRT (IMRT_A) (adapted volumes)

Structure Recipe Notes
GTV - Involved vocal cord for Tla/b

- Full tumor extent for T2
CTV GTV + 0.5 cm (T1)/1 cm (T2)
ITV CTV + respiratory-related motion (grown in infe-

rior, superior and anterior directions)

PTV (CTV +ITV) + isotropic 3 mm
IPCM Inferior hyoid to superior cricoid cartilages For dose reporting only
Plan_IPCM IPCM minus PTV
Thyroid Whole thyroid gland
Thyroid PRV Thyroid gland + 3 mm For dose reporting only
Spinal cord 2 c¢m superior and inferior to PTV
Spinal cord PRV Spinal cord + 3 mm
Ipsilateral & contralateral carotid arteries (separate ROIs) 1 cm superior and inferior to PTV
Ipsilateral & contralateral carotid artery PRV Ipsilateral & contralateral carotid arteries + 3 mm

(C) Planning Optimization Objectives (for VMAT_NA, VMAT_A and IMRT_A plans)

Structure Recipe

PTV Dose (minimum): 53.9 Gy
Dose (maximum): 56.1 Gy
Uniform dose: 55 Gy
Volume receiving 54.85 Gy: > 50%
Volume receiving 55.15 Gy: < 50%
Dose to 95% of the PTV: > 52.25 Gy
Target equivalent uniform dose: 55 Gy

Spinal cord Dose (maximum): 25 Gy to 0.10 cm’
Spinal cord PRV Dose (maximum): 30 Gy to 0.10 cm’
Ipsilateral & contralateral carotid artery PRVs Dose (maximum): 35 Gy to 0.10 cm®

Dose to 50% of the volume: < 10 Gy
Plan IPCM Dose (mean): < 47 Gy

(A) Volumes for conventional volumes, planned using either 3-dimensional conformal radiation therapy or volumetric modulated arc therapy tech-
niques. (B) Volumes for adapted volumes, planned using either volumetric modulated arc therapy or intensity modulated radiation therapy techni-
ques. (C) Planning objectives were kept the same for all non-3-dimensional conformal radiation therapy modalities. However, VMAT_NA,
VMAT_A, and IMRT_A plans were optimized to the “Plan_IPCM” structure.

Abbreviations: 3D-CRT = 3-dimensional conformal radiation therapy; CTV = clinical target volume; EUD = equivalent uniform dose; GTV = gross
tumor volume; IMRT = intensity modulated radiation therapy; IPCM = inferior pharyngeal-constrictor muscle; ITV = internal target volume;
PRV = planning risk volume; PTV = planning target volume; ROI = region of interest; VMAT = volumetric modulated arc therapy.
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anterior apex of the ITV/PTV during swallow was deter-
mined by using individual cranio-caudal and anterior-
posterior swallow distance data. Based on all this infor-
mation, the percentage dose received by the ITV/PTV
edge for the duration of swallow was calculated. It was
assumed that the baseline swallow frequency was main-
tained for the whole treatment course, simulating the
worst-case scenario.

Statistical analysis

To assess for differences in motion between the start
and end of radiation therapy, paired motion data were
compared using a Wilcoxon signed rank-sum test. The
Wilcoxon signed rank-sum test was also used to assess
the significance of any differences in the dosimetry
between the planning modalities. The significance thresh-
old was set at P < .05.

Results

Laryngeal motion study

Fifteen patients were prospectively recruited for laryn-
geal motion analyses. Seven patients had T1 ESGC
(Tla =6 and T1b = 1), and 7 patients had T2 ESGC. One
patient had metastatic laryngeal squamous cell carcinoma,
with a single mediastinal node only. This patient was
recruited for motion capture only and excluded from the
radiation therapy-planning phase. Eleven patients were
male, and 3 were female. Seven patients had all 3 serial
cine-MRIs, 5 patients had 2, and 3 patients had 1.

Tables 2A and B display the motion data from the dif-
ferent laryngeal components at rest and during swallow,
respectively. Figure 3A displays the swallow-related
motion data. The greatest extent of motion was in the cra-
nio-caudal plane (20.2-24.8 mm). The mean cranio-cau-
dal motion of the hyoid cartilage was 17.1 mm. The
differences in swallow-related motions between the begin-
ning and end of radiation therapy were significant in the
left-right directions for the ipsilateral and contralateral
carotid arteries only (P < .05).

Motions of the superior (mean, 20.6 mm; standard
deviation (SD), 2.2 mm) and inferior (mean, 21.2 mm;
SD, 1.7 mm) components of the thyroid and cricoid
(mean, 22.7 mm; SD, 0.7 mm) cartilages were predomi-
nantly in the cranial direction (Fig. 3B). However, there
was an anterior component of motion in all of these struc-
tures (grouped mean, 6.6 mm; SD, 1.5 mm). The hyoid
bone had greater anterior motion (mean, 9.9 mm; SD, 1.2
mm) than the laryngeal structures.

A trend of a decreasing number of swallows per min-
ute was noted (P = .10) (Table 2C). The maximum mean

rate of swallow across all patients was 1 per minute (SD,
1). The mean duration of each swallow event was 1.5 s
(SD, 0.4 s) with no significant change during radiation
therapy (P = .89).

Motion-based radiation therapy planning

Fourteen patients with ESGC had radiation therapy plans
generated. 3D-CRT and VMAT_NA failed bilateral carotid
artery (V35/V10) and IPCM constraints. VMAT_A was the
best performing modality, with a single failure of the ipsilat-
eral carotid artery V10. IMRT_A failed both ipsilateral and
contralateral carotid artery V10 constraints.

Whole larynx volumes planned with either 3D-CRT or
VMAT_NA delivered significantly higher mean doses to
the ipsilateral and contralateral carotid arteries (Fig. 4A
and 4B). Detailed dosimetry data for the PTV and OARs
are displayed in Appendix A. IMRT_A delivered a signifi-
cantly lower mean dose to the ipsilateral carotid artery
(V35, 34.0 Gy, and V10, 15.8 Gy) in T2-stage tumors,
compared with VMAT_A (V35, 35.0 Gy, and V10, 23.8
Gy) (P < .05). Conversely, VMAT_A delivered signifi-
cantly lower doses to the contralateral carotid arteries in
both T1- and T2-stage tumors (P < .05).

Mean maximum spinal cord doses were significantly
higher with the VMAT/IMRT techniques, and 3D-CRT
delivered the lowest maximum spinal cord dose in T1
(3.7 Gy) or T2 (10.1 Gy) tumors. VMAT A delivered the
lowest maximum spinal cord dose out of the intensity mod-
ulated methods for T1 (21.3 Gy) and T2 (23.0 Gy) tumors.

VMAT_A and IMRT_A significantly improved IPCM
doses, with VMAT_A superior to IMRT_A in T1-stage
tumors only (359 vs 45.0 Gy, respectively) (P < .05).
There was mild sparing of contralateral arytenoids and
vocal cords from adapted volumes, with small but signifi-
cant differences in the mean doses between VMAT_NA
and VMAT_A/IMRT_A.

The mean dose to the thyroid glands was significantly
lower with VMAT/IMRT techniques compared with 3D-
CRT, with further significant sparing of the thyroid gland
with adapted volumes compared with VMAT_NA, for
both T1 and T2 tumors.

Impact of swallowing on dose delivery

When accounting for any swallow-related motion for
each patient, a mean ITV dose of >52.25 Gy (95%) was
achieved for VMAT_NA (54.3 Gy; SD, 0.8), VMAT_A
(53.9 Gy; SD, 1.1), and IMRT_A (54.3 Gy; SD, 1.3). Only
a single patient with a T2-stage tumor would have
received 94.7% of the dose to the ITV with VMAT_A
when accounting for swallow. The mean PTV doses
remained at >52.25 Gy with VMAT_NA (53.8 Gy; SD,
1.1) and VMAT_A (54.2 Gy; SD, 1.3).
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Figure 3 Mean swallow-related motion data. (A) Swallow-related motion for laryngeal sub-structures, hyoid cartilage,
and both carotid arteries are shown. Motion for carotid arteries was measured in the left-right directions, and motion for
all other structures was measured in the cranio-caudal directions. Standard deviations for the mean measurements are
reported in Table 2B. *Differences in the motion of both carotid arteries were significant between the start and end of
radiotherapy (P < .05). (B) Motion of laryngeal subcomponents and hyoid cartilage is separated into cranial and anterior
elements to demonstrate the variations in patient setup and highlight the lack of perpendicular vertebral alignment with
the treatment couch. Error bars denote single standard deviations.
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Table2 Laryngeal motion (mm), duration, and frequency data
REST: Time point
(A) Structure 1 (n=15) 2(n=11) 3(n=9)
Hyoid 1.8 (0.9) 1.5(1.4) 1.4 (1.0)
Thyroid 3.0 (2.4) 3.1(1.7) 3.0 (2.3)
Cricoid 3.0 (2.4) 3.2 (2.3) 3.3 (2.3)
Vocal cords (cranio-caudal) 2.8(2.4) 29(2.1) 2.8(2.8)
Vocal cord (ipsilateral, left-right) 1.8 (1.2) 1.7 (1.1) 1.6 (0.8)
Vocal cord (contralateral, left-right) 1.8 (0.6) 1.5 (1.0) 1.4 (0.6)
SWALLOW: Time point
(B) Structure 1 (n=15) 2(n=11) 3(n=9)
Hyoid 16.9 (4.4) 17.1 (4.6) 13.6 (7.9)
Thyroid (superior notch) 20.2 (7.1) 23.4 (5.7) 22.8 (3.3)
Thyroid (inferior notch) 20.6 (5.5) 23.1 (5.5) 22.1(3.8)
Cricoid 23.4(5.9) 23.8 (5) 21.6 (4.8)
Vocal cords (cranio-caudal) 22.6 (5.3) 24.8 (5.1) 22.1(3.4)
Carotid artery (ipsilateral, left-right) 3.8 (2.5) 4.6 (3.6) 5.4 (3.6)
Carotid artery (contralateral, left-right)) 34 (2.3) 4.0 (2.7) 5.0 (2.0)
Time point
() 1(n=15) 2(n=11) 3(n=9)
Mean number of swallows per minute (SD) 1(1) 0.6 (0.8) 0.3 (0.4)
Mean duration of swallows (s, SD) 1.5 (0.3) 1.5 (0.4) 1.5 (0.3)
Data are shown for laryngeal substructure motions (A) at rest and (B) during swallow at 3 time points spread over the course of patients’ radiation
therapies. All measurements are displayed in millimeters with standard deviations in parentheses, rounded to single decimal places. Unless stated
otherwise, all measurements represent cranio-caudal motions for each structure. The mean numbers and durations of swallows across all patients
are shown in (C).
Abbreviations: SD = standard deviation.

Discussion
Motion and toxicity analyses

The data reported in this study show that cine-MRI can
detect respiration-related motions of the larynx, hyoid
bone, and carotid arteries in all anatomic planes. Prior stud-
ies of laryngeal motion have utilized a variety of modalities
such as videofluoroscopy,”” megavoltage/kilovoltage pho-
tons,” and MRL>'° Bradley et al analyzed the motion of
tumors from a range of head and neck subsites, only 5 of
which were glottic cancers.” Bradley et al and Gurney-
Champion et al used MRI sequences that had longer image
acquisition times, which required postprocessing to extract
the motion data.'” This led to the potential missing of min-
ute fluctuations in motion and image registration errors.

Bruijnen et al employed cine-MRI to explore swallow-
ing and resting motion in a variety of head and neck can-
cers, including 29 laryngeal cancers. They showed that the
mean resting cranio-caudal motion of the larynx is up to
3.8 mm."" Osman et al used 4D-CT to focus on vocal

cord motion as part of their workup toward single vocal
cord irradiation and demonstrated limited vocal cord
motion at rest.'”

Although other institutions have demonstrated the
utility of cine-MRI-based motion assessments on the MR-
Linac for abdominal tumors,'>'* there are no published
data on MR-Linac assessments of laryngeal motion in
multiple subjects. The magnitudes of motion in this study
are consistent with those in the literature. The strength of
this study lies in its homogeneity compared with other
MRI-based studies.

Variations in motion between patients resulted in
insignificant differences, seen in degrees of motion of all
laryngeal structures and the hyoid bone. CT-based 3D
reconstruction of the thyroid cartilage identified signifi-
cant effects of sex, age, and body mass index on its size
and angulation,"” which correlate with the length of the
thyro-arytenoid muscle.'® Respiratory and swallow
dynamics have also been noted to change over the course
of a lifespan, collectively providing potential explanations
for the variability in motion observed in our study.'’
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Figure 4 Mean doses for organs at risk. Mean doses for (A) Stage 1 (T1) and (B) Stage 2 (T2) squamous cell carcinomas
of the glottis are graphed with single standard deviations. *Significant difference (P < .05). Abbreviations: Cont/
Ipsi = contralateral/ipsilateral; IPCM = inferior pharyngeal constrictor muscle; PRV = planning risk volume.

Van Asselen et al showed that the frequency of swallow
is highest in the first 5 fractions of radiation therapy, after
which the frequency is reduced in mid-treatment, which
is a similar finding to our data.” Bahig et al reported no
differences in the magnitudes of whole larynx motion
between the beginning and middle of treatment, but the
anatomic part of the larynx used to measure swallow was
not described.'®

In the respiratory cycle, exhalation is a longer event
than inspiration, with a relative ratio of 2-3:1."” Therefore,
it would be expected that the larynx is mostly located in
the inferior-most position during rest. It was assumed
that swallowing would start from a position at the mid-
point between full expiration and inspiration. For this rea-
son, resting motion data are reported as maximal motions
of the structures at rest, whereas swallowing data are

recorded as maximal motion from the point of maximal
exhalation, with half the respiration motion subtracted
from the final value. Therefore, all motion data were
interpreted and reported in the cranial direction only.

It is not standard practice at our institute to instruct
patients to avoid swallow or maintain maximal exhalation
during CT acquisition, although this approach has been
reported to be feasible.''>*" Therefore, patients may
have had their planning CT's acquired during inspiration
or swallowing, which does not fully reflect the ideal clini-
cal scenario. Thus, the planning data shown in this study
reflect a proof-of-principle to demonstrate that adapted
radiation therapy volumes are feasible.

This work was performed on the MR-Linac with a view
to further developing image-guided radiation therapy and
gating to minimize the treatment volume. However,
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institutions without an MR-Linac may have MRI scan-
ners, where the diagnostic clinical workload may preclude
their uses for cine-MRI. Some diagnostic MRIs do not
have the necessary equipment to immobilize and position
patients for radiation therapy. These factors may prevent
the use of cine-MRI for this purpose.

Planning studies

The planning studies demonstrated improved dosime-
try to OARs when irradiating a smaller target with
adapted volumes. Whole larynx target volumes failed a
similar number of dose constraints, but VMAT_NA still
significantly reduced the dose to both carotid arteries.
Adapted volume performances (VMAT_A and IMRT_A)
were superior to nonadapted volume performances, with
more consistently satisfied dose objectives. Fixed-field
IMRT leaves less room for dose conformality than VMAT
and explains the more frequently failed contralateral
carotid artery V10 dose constraint. However, this could
be mitigated by the addition of more beam angles and by
further improving the optimization strategy. The majority
of volumes abutted or overlapped the ipsilateral carotid
artery planning risk volumes (PRVs), and it was not pos-
sible to optimally reduce the ipsilateral carotid artery
exposure without compromising PTV coverage.

The addition of further beams or segments comes at
the major cost of increased fraction delivery time. Esti-
mated mean fraction delivery times with IMRT_A plans
were longer (167 s; SD, 34) than those with VMAT_A
(103 s; SD, 4.8). However, this may be a compromise that
is tolerable for patients, as patients with other head and
neck cancers receiving treatment on the MR-Linac are
known to be maintained in treatment positions for up to
85 min per fraction.”"*”

All non-3D-CRT plans delivered higher doses to the
spinal cord, owing to a low dose bath. However, all plans
maintained the set dose constraint of a maximum 30 Gy
to the PRV structure. Data on normal tissue tolerances
published by Emami are still regarded as the gold stan-
dard for reference.”” Spinal cord tolerance is reported as
50 Gy in 2 Gy per fraction with a <1% rate of grade >2
myelopathy. The mean EQD2 doses to the spinal cord
PRV delivered by VMAT_NA, VMAT_A, and IMRT_A
were 22.5, 17.2, and 23.6 Gy, respectively. These doses
confer a negligible risk of developing myelopathy and do
not preclude future reirradiation in the head and neck, if
required.

Swallow-related motions were deemed clinically insig-
nificant based on the trend of a decreasing frequency of
swallow and the short time per swallow event. This study
demonstrates that despite the maximal frequency of swal-
low per patient, swallowing activity did not compromise
dose delivery to the ITV/PTV target, as over 95% of the
prescribed dose treated the superior edge of the target.

This is a “worst-case” estimate, as the superior edge of the
target would not spend the entire duration of swallow at
the maximal excursion point. Hamlet et al demonstrated
the delivery of 99.49% of the dose when using 3D-CRT
techniques,” but there are limited studies that report the
impact of swallowing when utilizing nongated/tracked
treatment techniques or analyze dosimetry to smaller
treatment volumes.

The work in this study was performed on both the C-
arm and MR-Linac platforms. The Elekta Unity MR-
Linac allows cine-MR images to be taken during beam-on
time, which allows a live feed of the target position. The
long-term goals of this work would be to shift toward a
further reduction of the irradiated volume by eliminating
the ITV and to aim for treatment of volumes more typical
of laser microsurgery.

Tracking/gating systems on the 0.35T ViewRay MRI-
dian MR-Linac have allowed accurate and consistent
treatment of mobile abdominal lesions without ITV mar-
gins, with further applications of this technique being
investigated for fiducial-free stereotactic ~radiation
therapy.'»** Furthermore, online-adapted radiation ther-
apy using the MRIdian MR-Linac has demonstrated com-
parable dosimetry, and in some cases, benefits to OAR
doses, in a range of other primary tumor sites such as the
pelvis and lung.”> Huynh et al described their workflow
for stereotactic radiation therapy for laryngeal cancer in a
single healthy volunteer using the ViewRay MRIdian plat-
form and demonstrated the feasibility of sufficient dose
delivery to a tracked and gated target using cine-MR.*
The accuracy of the ViewRay system for tracking geomet-
ric targets in phantom studies is reported to be 1.2 mm.”’
Tracking systems on the Elekta Unity platform were offi-
cially implemented in October 2022, but before this, they
had been designed as in-house projects within other insti-
tutions.” It is envisaged that Elekta-approved tracking/
gating systems may offer similarly accurate and live feed-
back on target positions, facilitating the delivery of treat-
ments to ITV-free and more limited PTV targets.

Conclusion

We demonstrated that swallow-related motion can be
measured using cine-MRI on the Elekta Unity MR-Linac.
Swallow-related motion is infrequent, and accounting for
resting motion within the ITV is sufficient. VMAT/IMRT
techniques that treat more conformal target volumes can
significantly spare critical OARs such as the carotid arter-
ies and thyroid gland, reducing the risk of cerebrovascular
and other long-term complications.
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