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Abstract

Purpose—To investigate the potential of the head and neck MR-simulation and immobilization 

protocol on reducing motion induced artifacts and improving positional variance for radiotherapy 

(RT) applications.

Materials and Methods—Two groups (group one: 17 patients; group two: 14 patients) of head 

and neck cancer patients were included under a prospective IRB-approved protocol and signed 

informed consent. 3.0T MRI scanner was used for anatomic and dynamic contrast-enhanced 

acquisitions using standard diagnostic MRI setup for group 1 and RT immobilization devices for 

group 2 patients. The impact of MR-simulation/immobilization was evaluated qualitatively by two 

observers in terms of motion artifacts and positional reproducibility, and quantitatively using 

three-dimensional deformable registration to track intra-scan maximal motion displacement of 

voxels inside seven manually segmented regions of interest (ROIs).

Results—The image quality of group 2 (29 exams) was significantly better than that of group 1 

(50 exams) as rated by both observers in terms of motion minimization and imaging 

reproducibility (P<0.0001). The greatest average maximal displacement was at the region of the 

larynx in the posterior direction for patients in group 1 (17mm; SD: 8.6) while the smallest 

average maximal displacement was at the region of posterior fossa in the superior direction for 

patients in group 2 (0.4mm; SD: 0.18). Compared to group 1, maximal regional motion at the 

following ROIs; oral cavity; floor of mouth; oropharynx; and larynx were reduced in group 2 

patients, but only in regions of oral cavity and floor of mouth the motion reduction reached 

statistical significance (P < 0.0001).

Conclusions—The image quality of head and neck MRI in terms of motion-related artifacts and 

positional reproducibility was greatly improved by using the radiotherapy immobilization devices. 

Consequently, immobilization with external and intra-oral fixation in MRI exams is required for 

radiotherapy application.

Introduction

Despite recent advances in radiation therapy (RT) including intensity modulated 

radiotherapy (IMRT) and image guided radiotherapy (IGRT), local and/or regional tumor 

recurrence still represents a major mode of therapy failure for a considerable portion of head 

and neck cancer patients (HNC)1–4. Identifying areas at higher risk of recurrence within the 

gross target volume (GTV) with subsequent dose boosting represents a novel strategy that is 

being investigated recently to reduce the rate of recurrence5–12.

In an attempt to accurately define and segment those higher risk subvolumes within the 

gross tumor volume for dose boosting, high quality imaging is crucial. Computed 

tomography (CT), despite its limitations (e.g. inferior soft tissue contrast and the lack of 

functional surrogate biomarkers), remains the key component of RT planning process (i.e. 

tumor and normal tissue delineation, beam/intensity optimization, and dose calculation) due 

to its superior geometric accuracy and reproducibility in addition to the subsequent dose 

calculation performed using voxel-based electron density maps. Therefore, all other imaging 

modalities including magnetic resonance imaging (MRI) and positron emission tomography 
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(PET) are typically co-registered back to CT for RT planning purposes with varying degrees 

of error associated with the co-registration process13–18.

MRI, however, provides much superior soft tissue contrast compared to the standard CT 

images. Additionally, specific functional MRI biomarkers have been recently introduced as 

a tool to identify predictive correlates of tumor subvolumes at increased risk for locoregional 

failures following definitive chemoradiotherapy. Anatomical as well as functional imaging 

capabilities enabled by MRI represent potential opportunities for improved target 

delineation, higher risk subvolumes identification and adaptive monitoring of therapy 

response if properly integrated in RT planning platforms7,19–21.

Nevertheless, several challenges remain when MRI is incorporated in RT applications either 

as a primary or secondary imaging modality for HNC. Using MRI as the primary treatment 

planning tool has the advantage of not having image co-registration induced spatial 

localization errors yet several other limitations still exist. This include system-related 

geometric distortions, artifacts caused by motion in the head and neck area, object-induced 

distortions, and lack of comprehensive electron density information required for dose 

calculation22; therefore, further efforts are required to investigate solutions to overcome 

these limitations23–25.

Motion artifacts in HNC MRI studies represent one of these major limitations mentioned 

above; in addition to bulk head and neck motion, other unavoidable patient movements such 

as tongue movement, swallowing motion, and breathing may be more problematic during 

MRI owing to comparatively longer scan time than CT. For standard diagnostic MRI scans, 

dedicated head and neck coils are used, but immobilization device are typically not used in 

today’s clinical practice.

In order to ensure high quality MRI scan for implementation as a primary RT planning tool 

as well as for adaptive monitoring of tumor response, our group has developed an 

immobilization scheme using standard RT positioning and immobilization devices 

integrated with standard flexible MRI coils, in combination with a flat insert table with 

indexed base plate, in order to approximate standard RT simulation image requirements. 

Furthermore, we have implemented a custom dental immobilization apparatus, using a 

tongue-depressing, mouth opening stent. The stent not only provides a radiotherapy 

advantage in terms of displacing normal tissues, but also mechanically immobilizes the oral 

tongue, and prevents gross swallowing motion.

To investigate the potential of this positioning and immobilization technique on reducing 

motion induced artifacts and improving positional variance for RT applications, we 

prospectively compared the quality of images acquired using said developed MR-

simulation/immobilization protocol to images acquired using our institutional standard 

diagnostic head and neck MRI (i.e. in the head and neck coil without additional external or 

intra-oral immobilization).

The specific aims/objectives of the current study include:
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1. Qualitative assessment of the impact of MR-simulation/immobilization upon 

observer assessment of motion artifact and positional reproducibility, using 

standard MR acquisition without immobilization as a comparator.

2. Quantitative investigation of intra-scan motion using maximal in-scan displacement 

with deformable image registration software, compared to un-immobilized standard 

diagnostic scans.

3. Development of a quality assurance (QA) infrastructure for future large-scale 

standard and functional MRI integration in dose painting RT studies.

Materials and Methods

Study design, setting, and participants

Two groups of head and neck cancer patients with pathologically proven squamous cell 

carcinoma of the oropharynx were included in this study under a prospective Institutional 

Review Board (IRB)-approved protocol with signed study-specific informed consent forms. 

Seventeen patients (Group 1) were scanned between August 2007 and November 2009, as 

part of a prospective study26,27, and included anatomic and dynamic contrast-enhanced 

(DCE) acquisitions. These scans were acquired with a conventional clinical diagnostic head 

and neck MR imaging protocol and served as the control group for image quality 

assessment. Fourteen patients (Group 2) were scanned between October 2013 and April 

2014 with standardized RT positioning and immobilization head and neck MRI protocol 

(“MR-simulation”) and likewise included both anatomical and DCE-MRI scans, on a 

separate prospective protocol28. All patients were scanned at The University of Texas, MD 

Anderson Cancer Center. For both protocols, eligible patients were those older than 18 years 

of age with stage III, IVa, or IVb disease as defined by American Joint Committee on 

Cancer (AJCC) cancer staging criteria who were dispositioned to receive definitive 

chemoradiotherapy and with Eastern Cooperative Oncology Group (ECOG) performance 

status of 0 to 2. Patients were excluded for any of the following reasons: definitive resection 

of primary tumor or receiving induction chemotherapy before RT; prior cancer diagnosis, 

except appropriately treated localized epithelial skin cancer or cervical cancer; prior RT to 

the head-and-neck; patients with any contraindications to gadolinium-based contrast agents; 

patients with claustrophobia. Patients in both groups were scanned three times: initial scan at 

baseline prior to the start of RT; a second scan at mid-treatment; and a final scan 8 weeks 

after the completion of RT. The research for patients in group 2 is on-going with the same 

time point data acquisition as group 1.

MR Imaging protocol

Imaging in group 1 was performed on a 3.0T GE Signa HDxt MRI scanner (GE Healthcare 

Wisconsin, WI, USA) using 16-Channel Neurovascular (NV) coil. The patient’s head was 

stabilized in the head cage with foam pads and no additional immobilization was applied, as 

per standard protocol. The DCE scans (using a cine acquisition) consisted of 3D SPGR 

(Spoiled Gradient Recalled Echo) sequence to gain sufficient signal-to-noise ratio, contrast 

and temporal resolution. The following scan parameters were used: flip angle 12°, TE = 1.2 

ms, TR = 3.3 ms, NEX = 1, spatial resolution 0.9 mm × 0.9 mm × 3.5 mm, temporal 
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resolution 5.2 s. After DCE-MRI, T1-weighted contrast enhanced scan (0.1 mmol/kg 

gadolinium at a rate of 3 mL/s) with fat saturation (TR/TE 700 ms/11 ms; slickness 

thickness 6.5 mm; FOV 160 mm; matrix 256×160; ETL 1) was obtained in the axial planes.

All data in group 2 were acquired with a 3.0T GE Discovery 750 MRI scanner (GE 

Healthcare Wisconsin USA) with laterally placed 6-element flex coils centered on the base 

of tongue region. Patients were fixed to a flat insert table (GE Healthcare Wisconsin USA) 

during MR scanning with the same RT immobilization devices including individualized 

thermoplastic head and shoulder mask, customized foam mold head support, and customized 

intra-oral dental stent. Geometrical scan parameters were accurately prescribed on the same 

region from the palatine process region cranially to the hypopharynx caudally for each 

patient. The DCE-MRI scans consisted of 3D SPGR sequence to gain sufficient signal-to-

noise ratio, contrast and temporal resolution. The following scan parameters were used: flip 

angle 15°, TE = 1.0 ms, TR = 3.6 ms, NEX = 0.7, spatial resolution 2 mm × 2 mm × 4 mm, 

temporal resolution 5.6 s. After cine-MRI (0.1 mmol/kg gadolinium at a rate of 3 mL/s), T1-

weighted post contrast scan with fat saturation (TR/TE 600 ms/7 ms; slickness thickness 2.5 

mm; FOV 256 mm; matrix 256×256; ETL 2) was obtained in the axial planes. Fig. 1 shows 

photographs depicting the differences between patient setup before MRI acquisition in both 

groups.

Image Analysis

Qualitative analysis—Two experts (1 radiologist [XXX] and 1 radiation oncologist 

[XXX] with 9 and 7 years of experience, respectively, in MR imaging and head and neck 

radiation treatment) analyzed image quality. Quality scores were given on a three-point scale 

for head motion artifact (1- major artifact; 2- moderate artifact; 3- minimal or no visible 

artifact), blur/ghosting around base tongue (1- major blur/ghosting; 2- moderate blur/

ghosting; 3- minimal or no visible blur/ghosting), and serial reproducibility of position 

across pre-, mid, and post-therapy acquisitions (1- poorly reproducible; 2- moderately 

reproducible; 3- well reproducible). An example of T1-weighted post-contrast images 

acquired in group1 and group 2 is shown in Fig. 2 for baseline and mid-treatment scans.

Quantitative motion analysis—In attempt to quantitatively assess the impact of the 

investigated position and immobilization platform on motion magnitude in different regions 

of the head and neck, seven head and neck reference regions of interest (ROIs) were 

manually segmented by a radiation oncologist [XXX] on the 1st phase of each pre-contrast 

cine-MRI for all available DCE scans (Fig. 3). Segmented ROIs were as follows: posterior 

cranial fossa; oral cavity; floor of mouth; oropharynx; larynx; right and left neck deep 

cervical neck chain “nodal levels II, III, and IV” (guidelines for manual segmentation 

boundaries are illustrated in Table 1). These ROIs were automatically registered and tracked 

in subsequent frames by use of an in-house deformable image registration (DIR) tool using 

an accelerated Demons algorithm 29,30. The implemented DIR method has previously been 

validated for intra-modality head and neck image registration, with more than 99% voxels 

showing <2mm vector error31. In this study, we also directly performed expert-observer 

assessment of the deformed contours against the underlying anatomical structures in 

subsequent frames of several patients for post hoc validation31. The motion trajectory for 
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voxels inside each ROI was calculated and used to estimate the motion magnitude. For each 

patient at each voxel, the motion magnitude was calculated from the motion trajectory as the 

average displacement to the initial phase of the cine-MRI in each directions – left-right 

(LR), anterior-posterior (AP), and superior-inferior (SI), and the total motion magnitude was 

given as

where MLR, MAP, and MSI are the voxel displacement in the LR, AP, and SI directions, 

respectively). Within each ROI, the mean and standard deviation of the motion magnitude 

were calculated over all voxels. Finally, the mean, standard deviation, and range of these 

values were calculated for the each group patient population. We also computed the average 

maximal ROI motion by taking the average from all vector fields for all voxels to generate 

average independently for each ROI.

Statistical analysis

All analyses were executed with JMP v 11Pro (SAS institute, Cary, NC). Qualitative 

assessment of image quality was performed by using Mann-Whitney test between Group1 

and Group2 in terms for ordinal scores from both reviewers, matching for subject. Observer 

agreement was assessed using the kappa agreement statistics; kappa value of 0.21 –0.40 

denotes fair agreement; 0.41– 0.60, moderate agreement; 0.61 –0.80, substantial agreement; 

and 0.81 –1.0, almost perfect agreement.

Intra-scan ROI movement was determined for each patient quantitatively as described 

above. After confirmation using Shapiro-Wilks assessment to assure normality, a 2-sample 

t-test was also used to assess differences in motion between both Group1/Group2 in each 

specific segmented sub-region ROI. For all statistical tests performed, α < 0.05 was 

considered statistically significant.

Results

Patients

A total of thirty patients were eligible; seventeen in group 1 and thirteen in group 2 after 

exclusion of one patient in group 2 who quit the study during the pre-treatment MRI scan 

due to poor tolerance to long scan time. Sixteen out of seventeen patients in group 1 

underwent the initial, mid-treatment, and follow up exams while one patient was scanned 

only twice leading to a total of 50 exams; in group 2, six out of thirteen patients completed 

the three exams; four patients were scanned twice; and three patients were scanned only 

once leading to a total of 29 MRI exams at the time of the analysis. Patients and disease 

characteristics are summarized in a Table 2.

Qualitative analysis outcome

The image quality in terms of motion-related artifacts and co-registration was greatly 

improved by using the RT immobilization devices (Fig. 2). High SNR images were obtained 
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in group 1 but images acquired with NV coil were not acceptable for RT purposes. Group 2 

(29 exams) applied with RT immobilization devices showed significantly better 

reproducibility over group 1 (50 exams) as rated by both observers (P<0.0001 for both.) 

Likewise, significant motion reduction around both head and tongue regions was also 

achieved in group 2 as rated by both observers (head motion: P<0.0001 [XXX] and 0.0002 

[XXX]; tongue blur: P<0.0001 for both). The overall image quality of group 2 was 

significantly better than that of group 1 (Table 3) in terms of motion minimization and 

imaging reproducibility (P<0.0001). Furthermore, no noticeable additional susceptibility 

artifact is induced by using these immobilization devices. Kappa agreement coefficient 

between observers for head motion, tongue blur, reproducibility, and overall assessment was 

0.34, 0.55, 0.61, and 0.55, respectively.

Quantitative analysis outcome

The greatest total regional motion for each group is summarized in Table 4. The greatest of 

the average maximum displacement was at the region of the larynx in the posterior direction 

for patients in group 1 (17mm; SD: 8.6) while the smallest of the average maximum 

displacement was at the region of posterior fossa in the superior direction for patients in 

group 2 (0.4mm; SD: 0.18). Overall, compared to group 1, head and neck maximal regional 

motion at the following ROIs; oral cavity; floor of mouth; oropharynx; and larynx were 

reduced in group 2 patients, but only motion control in regions of oral cavity and floor of 

mouth reached statistical significance (P < 0.0001 for both).

Discussion

To the best of our knowledge, this study presents the first investigation of the effect of 

specific patient positioning and immobilization on the quality of MRI acquired for use in 

head and neck RT applications. We sought to address the feasibility of obtaining 

reproducible high-quality MR images using a standardized head and neck RT positioning 

and immobilization setup. To incorporate MRI as a primary imaging modality for RT 

application, a better quality image with less motion-induced artifacts is needed. 

Additionally, to achieve a precise adaptive MRI assessment of tumor response to therapy 

across time, it is essential to obtain a highly reproducible position to be able to register and 

track images acquired at different time points. Currently, CT simulation scan with 

immobilization setup is used for treatment planning and dose calculations, with the same 

procedure is applied on daily treatment sessions to irradiate the same treatment position. In 

this study, this identical immobilization setup procedure is applied on MRI practices.

Our results showed that with the use of a set of flexible surface coils, attached to customized 

mask and mold fixed to a base plate indexed to a flat table top with a customized dental 

stent, reduced motion and resulted in more reproducible MR images. MR simulation images 

can be acquired more consistently, compared to images acquired using standard head and 

neck MRI coils as assessed, qualitatively using observer rating and quantitatively using 

software deformable image registration evaluation. Generally, both observers denoted better 

quality of images in Group 2 (immobilized) patients, but showed moderate agreement 

between both observers across different scans (Kappa =0.55). A quantitative non-observer 
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dependent method of assessment was, therefore, useful to confirm observer’s findings in 

terms of motion detection. Maximum motion, as expected was primarily due to swallowing, 

namely in the larynx and oropharynx followed by the oral cavity and floor of mouth. Group 

2 fixation methods significantly limited motion at the site of the oral cavity and floor of 

mouth, and to a lower extent, for oropharynx and larynx ROIs. Furthermore, the addition of 

intra-oral devices, and equivalent neck positioning substantively increased practical 

feasibility of MR-CT registration. As illustrated in Fig. 4, the addition of a dental stent and 

alteration of neck position at simulation necessarily resulted in systematic registration error 

between CT-simulation and Group 1 MRI scans.

The presented study, however, has typical limitations, including relatively small number of 

patients, reflecting our initial experience and the need for protocol optimization. 

Additionally, imaging acquisition protocols were not identical in group 1 and 2 patients 

which represent a potential confounding factor. As always observer dependencies in image-

assessment and ROI delineation must be noted specifically for qualitative assessment as 

observers could not be blinded due to the apparent differences in scans for both groups 

because of the presence of the customized dental stent in the scans of patients in group 2 and 

its absence in group 1. However, the quantitative component of image assessment precludes 

this potential source of bias. Given our sample distribution, no sub-analyses were performed 

regarding gender differentials in swallowing magnitude. Nevertheless, as all patients were 

imaged under prospective protocols with rigorous quality assurance at acquisition, as well as 

experienced physician observers undertaking analytic efforts, we feel the generalizability of 

this data remains unhampered by these caveats.

Previous reports comparing MRI displacement reduction and reproducibility improvement, 

referencing standard diagnostic versus MR simulation positioning and immobilization 

platforms are sparse. One study recently reported by Verduijn et al showed that the use of 

the flexible surface coils offer a good alternative to allow the presence of the immobilization 

mask in head and neck single acquisition MRI exam32. While, another study reported by 

Partridge et al addressed the utility of immobilization for image-registration and multi-

modality reproducibility of position over time and concluded that thermoplastic 

immobilization masks can be used to accurately align multimodality functional image data 

for assessment of the response to treatment in head and neck patients over extended follow-

up periods33. However, to our knowledge, this is the first study to demonstrate qualitative 

and quantitative reduction in patient motion, reduction in motion artifact, and improvement 

in positional reproducibility across time-points compared to standard diagnostic imaging 

using both external and intra-oral fixation for MR-simulation.

As MR-radiotherapy technical applications34,35 as well as functional imaging assessments 

over the course of therapy36–40 require spatially accurate images over serial acquisitions, we 

believe that standardized immobilization for motion artifact control, anatomic motion 

reduction, and positional reproducibility require MR-simulation for head and neck in a 

manner analogous to that described. We therefore recommend that specific MR-simulations 

be acquired for head and neck patients, independent of diagnostic imaging acquisition, when 

MR is to be used as an input for therapy planning and target delineation.
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Conclusions

RT positioning and immobilization platform successfully limited maximal displacements 

caused by motion in different head and neck regions which was reflected in improved 

quality, reproducibility and reduced artifacts compared to standard acquisition. 

Consequently, for those radiotherapy patients for whom integration of MR images with 

radiation treatment planning is desired, or for whom serial MR scans are indicated, 

immobilization with external and intra-oral fixation is required for optimized image-quality 

and reproducibility.
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Fig. 1. 
Photographs comparing the patient set-up applied for imaging with the neurovascular coil 

and standard diagnostic scan setup (a, c) for a patient in group 1 versus the flex coils and 

immobilization devices in “MR-simulation” method (b, d) for a patient in group 2.
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Fig. 2. 
Post contrast T1-weighted images chosen from group 1 (upper panel) and group2 (lower 

panel) for image quality assessment. Axial images (a) and (d) represent pre-treatment while 

axial images (b) and (e) represent mid-treatment scans. Sagittal image (c) shows standard 

group 1 setup with no intra-oral dental stent while sagittal image (f) shows the “MR-

simulation” setup with intra-oral dental stent (white arrow).
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Fig. 3. 
(a) Axial, (b) sagittal, and (c) coronal DCE-MRI of a head and neck patient, with the 

reference ROIs for tracking motion trajectory.
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Fig. 4. 
The upper panel shows the mid-sagittal sections of radiotherapy-simulation CT (a) 

registered to standard diagnostic MRI (b) with the fusion overlay (c) of a patient in group 1, 

while the lower panel shows the mid-sagittal sections of radiotherapy-simulation CT (d) 

registered to MRI acquired using the studied positioning and immobilization setup (e) with 

the fusion overlay (f) of a patient in group 2. The registration was done rigidly with priority 

to oral structures in both cases. It clearly illustrates the error in tongue (blue arrow), soft 

palate (pink contour segmented on MR and propagated to CT), and spine (white arrow) 

overlay in the case of group 1 compared to the case of group 2 despite perfect mandibular 

(black contour segmented on MR and propagated to CT) alignment.
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Table 1

Guidelines for regions of interest (ROIs) segmentation.

ROI Segmentation boundaries

Posterior cranial fossa Anteriorly: clivus and petrous part of temporal bone

Posterio-laterally: occipital bone

Superiorly: tentorium cerebelli or first image acquisition when at lower level

Inferiorly: foramen magnum

Oral cavity Anteriorly: mucosa of upper and lower lips

Posteriorly: level of palatoglossal folds (Ant. Pillars)

Laterally: mucosa of the cheek

Superiorly: hard palate

Inferiorly: mucosa of the floor of mouth

Floor of mouth Antero-laterally: mandible

Posteriorly: posterior border of suprahyoid musculature

Superiorly: mucosa of the floor of mouth

Inferiorly: skin of the chin

Oropharynx Anteriorly: level of palatoglossal folds (Ant. Pillars)

Posterio-laterally: pharyngeal constrictors

Superiorly: soft palate

Inferiorly: upper surface of epiglottis

Larynx Anteriorly: anterior border of thyroid cartilage

Posterio-laterally: pharyngeal constrictors

Superiorly: lower surface of epiglottis

Inferiorly: lower border of cricoid cartilage

Right and left neck Anteriorly: submandibular gland

Posteriorly: posterior edge of sternomastoid muscle

Medially: medial edge of carotids

Laterally: skin of the neck

Superiorly: lower edge of the lateral process of C1

Inferiorly: lower border of cricoid cartilage
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Table 2

Patients and disease characteristics.

Characteristics Group 1 (n=17)
N.

Group 2 (n=13)
N.

P-value*

Age (y)

 Median (range) 54 (42–82) 58 (52–79) 0.24

Sex

 Male 15 13 0.20

 Female 2 0

T Stage

 T1 2 1

 T2 7 7 0.92

 T3 5 3

 T4 3 2

 Tx 0 0

N Stage

 N0 2 1

 N1 1 3 0.48

 N2 14 10

 N3 0 0

 Nx 0 0

Primary sites

 Base of Tongue 11 8 0.97

 Tonsil 5 4

Glossopharyngeal sulcus 1 1

*
P values were calculated with the use of Pearson’s chi-square test for all comparisons, except age using 2-sample t-test.
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Table 4

Comparison of the greatest head and neck regional motion between groups

ROIs Group 1† maximal displacement Group 2‡ maximal displacement P-value

Mean (SD) Mean (SD)

Posterior cranial fossa 5.9 (3.5) 6.4 (4.1) 0.5

Oral cavity 11.9 (5.6) 5.1 (3.2) <.0001*

Floor of mouth 12.7 (5.7) 7.5 (3.5) <.0001*

Oropharynx 17.4 (7.9) 16.2 (7.5) 0.5

Larynx 18.6 (7.9) 16.4 (7.7) 0.2

Right neck 8.8 (5.3) 8.8 (4.2) 0.9

Left neck 12.0 (5.9) 10.5 (4.5) 0.2

Abbreviation: SD = standard deviation

†
n = 50

‡
n = 29
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