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Abstract

Introduction—Coordinates of anatomical landmarks are captured using dynamic MRI to explore

whether a proposed two-sling mechanism underlies hyolaryngeal elevation in pharyngeal

swallowing. A principal components analysis (PCA) is applied to coordinates to determine the

covariant function of the proposed mechanism.

Methods—Dynamic MRI (dMRI) data were acquired from eleven healthy subjects during a

repeated swallows task. Coordinates mapping the proposed mechanism are collected from each

dynamic (frame) of a dynamic MRI swallowing series of a randomly selected subject in order to

demonstrate shape changes in a single subject. Coordinates representing minimum and maximum

hyolaryngeal elevation of all 11 subjects were also mapped to demonstrate shape changes of the

system among all subjects. MophoJ software was used to perform PCA and determine vectors of

shape change (eigenvectors) for elements of the two-sling mechanism of hyolaryngeal elevation.

Results—For both single subject and group PCAs, hyolaryngeal elevation accounted for the first

principal component of variation. For the single subject PCA, the first principal component

accounted for 81.5% of the variance. For the between subjects PCA, the first principal component

accounted for 58.5% of the variance. Eigenvectors and shape changes associated with this first

principal component are reported.

Discussion—Eigenvectors indicate that two-muscle slings and associated skeletal elements

function as components of a covariant mechanism to elevate the hyolaryngeal complex.

Morphological analysis is useful to model shape changes in the two-sling mechanism of

hyolaryngeal elevation.
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1. Introduction

A primary movement in normal swallowing is hyolaryngeal elevation to help protect the

airway and open a relaxed upper esophageal sphincter. Therefore, characterizing the

movement of the hyoid and larynx is fundamental to the study of deglutition and dysphagia

(Kim and McCullough 2008; Leonard and others 2000; Logemann and others 2000; Steele

and others 2011). The hyolaryngeal complex is an interconnected set of structures including

the hyoid bone, laryngeal cartilages, and associated muscles and ligaments that incorporate

the trachea and esophagus (Figure 1a). The underlying mechanism of hyolaryngeal elevation

is commonly described as the combined function of suprahyoid muscles aided by the

thyrohyoid muscle (Cook and others 1989; Ertekin and Aydogdu 2003; Matsuo and Palmer

2008; Mepani and others 2009). Recent evidence shows that the long pharyngeal muscles

also have mechanical advantage in elevating the hyolaryngeal complex (Pearson and others

2012b). This suggests a two-sling mechanism underlying hyolaryngeal elevation in the

pharyngeal phase of swallowing. The suprahyoid muscles comprise the anterior muscular

sling and the long pharyngeal muscles comprise the posterior sling (Figure 1b).

Furthermore, physiological data show that muscles that comprise these muscular slings are

active during swallowing (Pearson and others 2013; Van Daele and others 2005). The

purpose of this study is to determine the action of the proposed two-sling mechanism of

hyolaryngeal elevation by modeling hyolaryngeal mechanics using morphometric analysis

of anatomical landmark coordinate data.

Using kinematic measurements to characterize hyolaryngeal mechanics is confounded by

the covariant elements of the swallowing mechanism. It is possible, for example, that the

suprahyoid muscles alone are responsible for hyoid elevation and laryngeal elevation.

Singular kinematic measurements cannot fully describe the covariant function of various

muscle groups. However, multivariate morphological analysis of coordinates mapping

features of a dynamic system over time can be used to characterize covariant shape changes

associated with swallowing.

To characterize the morphology of the mechanism underlying hyolaryngeal elevation, we

developed a method of tracking changes using nine anatomical landmarks (Figure 2). The

first five coordinates track the relative position of three skeletal levers: the vertebrae,

mandible and cranial base. The four remaining coordinates mark features of the

hyolaryngeal complex including the hyoid, anterior larynx, posterior larynx, and upper

esophageal sphincter. These coordinates approximate muscle attachments of the proposed

two-sling mechanism (suprahyoid and long pharyngeal muscles)(Table 1).

To investigate whether two muscular slings work together to elevate the hyolaryngeal

complex in swallowing, a principal components analysis (PCA) was applied to the

coordinate data. Morphometric PCA is a dimensionless multivariate analysis of a covariance
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matrix of coordinate data that has been fitted by Procrustean superimposition. The

Procrustean fit adjusts for rotation of images and overall size differences between subjects.

Each main source (principal component) of variance within the covariance matrix is

determined such that the first principal component describes the greatest amount of

covariance in the matrix, the second principal component describes the second greatest

amount of covariance, and so on. These principal components are assigned eigenvalues.

Eigenvalues, similar to squared correlation coefficients in bivariate data, describe what

portion of the total variance is explained by each principal component. Within each principal

component, vectors of shape change (eigenvectors) for each coordinate are determined and

used to demonstrate shape changes associated with each principal component. These vectors

are not to be interpreted as actual mean distance measurements but rather the magnitude and

direction of covariance of a particular coordinate within a covariant system. Shape changes

are represented by consistent vectors of change for each coordinate in the context of the

entire system (Webster and others 2010).

In this study we were interested in determining whether the anterior and posterior slings

function to elevate the hyolaryngeal complex. By analyzing shape changes of the

mechanism using PCA, the effect of the two-sling mechanism was evaluated. We

hypothesized that if the effect of only one sling is observable in hyolaryngeal elevation, then

all landmarks representing features of the hyolaryngeal complex should have eigenvectors

directed towards the common attachment site for that sling (Figure 3). If both slings have an

effect, then landmarks representing the distal anterior muscular sling attachments sites

should approximate toward their proximal attachments and the same should be observed for

the posterior muscular sling.

We conducted two morphometric analyses to investigate this question and to demonstrate

the capacity of this analysis to generate patient-specific and population data. We first

analyzed coordinates of multiple swallows from one young healthy subject. In this way we

control for the effects of individual differences (gender and size) and demonstrate shape

changes attributable solely to movement of the hyolaryngeal complex. In the second study

we recorded coordinates at minimum and maximum hyolaryngeal excursion from eleven

young healthy subjects to demonstrate the vectors of shape change in a group of young

healthy subjects.

2. Methods

2.1 Dynamic MRI

Six males and five females age 22–30 (mean age=25) were recruited for this study under a

research protocol approved by the Boston University Medical Campus Institutional Review

Board. All eleven subjects were judged to have normal swallowing ability by a speech-

language pathologist. In a previous study we reported whole muscle T2 signal profiles

derived from muscle functional MRI (mfMRI) acquired from these subjects (Pearson and

others 2013). In this same series of acquisitions, two-planar (sagittal and coronal) T1-

weighted dynamic MRI images were acquired from subjects during a repeated swallow task.

Subjects drew the bolus from a tube connected to a container of 400ml thin liquid with

contrast (magnesium). Acquisition parameters included: T1 weighted fast gradient echo
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sequence with TE/TR = 0.9/2.4 ms, 10 mm slice thickness, and a temporal resolution of 8.6

frames per second. In this study only the sagittal images were used, resulting in a 4.3 frame

per second analysis.

2.2 Anatomical Landmark Coordinates

Nine easily identifiable anatomical landmarks which map three skeletal levers and features

of the hyolaryngeal complex were selected for this analysis based on prior anatomical

research and a method originally developed for analyzing videofluoroscopy (Pearson and

others 2012a)(Figure 4). The first five coordinates tracked the relative position of the

cervical vertebrae, mandible and cranial base as follows: the anterior-inferior edge of C2 and

C4 vertebrae; the mandible at the inferior genial tubercles; the posterior edge of the hard

palate where the soft palate attaches; and the tubercle of the atlas representing a two-

dimensional pivot for all three levers. The four remaining coordinates mark features of the

hyolaryngeal complex as follows: the anterior inferior edge of the hyoid; the anterior and

posterior commissures of the vocal folds indicating an anterior and posterior laryngeal

coordinate; and the inferior point of the hypopharynx air column proximal to the upper

esophageal sphincter. In the current study, these same coordinates are mapped on sagittal

plane dynamic MRI scans.

Coordinates were collected from MRI images using Osirix digital imaging and

communication in medicine software (http://www.osirix-viewer.com). For the first

morphometric analyses of the entire swallowing sequence of one subject, coordinates were

collected from each frame of dynamic MRI studies of repeated swallows in a single

randomly selected subject. For the second analysis, coordinates are collected from frames

representing maximum and minimum hyolaryngeal elevation in the pharyngeal phase of

swallowing.

2.3 PCA of a Single Subject Swallow

For the first PCA study, we evaluated shape changes within a single subject to control for

between-subject differences (Okada and others 2011). As the temporal resolution of this

dynamic MRI acquisition is much lower than videofluoroscopy, we used multiple repeated

swallows in this study. In this series the subject swallowed 10 times. Landmark coordinates

were collected from every frame, or dynamic, at 4.3 frames per second during a repeated

swallows sequence (49 frames total). Each dynamic was classified according to bolus

location and phase of oropharyngeal swallow. Oral Phase 1 was defined as the bolus in the

anterior oral cavity, similar to the hold position in videofluoroscopic studies (Leonard and

others 2000). Oral Phase 2 was defined as the bolus in the mid to posterior oral cavity,

representing tongue propulsion prior to triggering pharyngeal swallowing. These operational

definitions overlap with what has been called early and late stage II bolus transport in

feeding (Hiiemae and Palmer 1999). Pharyngeal Phase 1 was defined as bolus in the

hypopharynx during hyolaryngeal elevation. Pharyngeal Phase 2 was defined as pharyngeal

clearance with the bolus passing through the upper esophageal sphincter. The breakdown for

each classification was as follows: 15 dynamics (individual images in a series) for Oral

Phase 1, 12 dynamics for Oral Phase 2, 12 dynamics for Pharyngeal Phase 1, and 10

dynamics for Pharyngeal Phase 2.
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Morphometric analysis of coordinates was executed using MorphoJ software, an integrated

software package for morphometric analysis including principal component analysis (PCA)

(Klingenberg 2011). A covariance matrix of coordinates collected in each of the 49

dynamics was generated. Classifiers describing the phase of swallowing (Oral Phase 1 or 2,

or Pharyngeal Phase 1 or 2) were assigned to each set of coordinates. A principal

components analysis of this covariance matrix was executed. Results include eigenvalues of

principal components, a scatter plot of the first two principal components coded by phase of

bolus transport (to confirm the source of the first principal component), and shape change of

the first principal component as modeled by eigenvectors of each landmark.

2.4 PCA of All Subjects

The second PCA study evaluated shape changes of all subjects pooled, comparing shape at

minimum and maximum hyolaryngeal excursion (11 subjects; 2 frames per subject; 9

coordinates per frame) to demonstrate the effects of the two-sling mechanism in a group.

Nine coordinates were mapped on an Oral Phase 1 and Pharyngeal Phase 1 frame from each

subject to represent minimum and maximum excursion, respectively. Two investigators (an

anatomist (WP) and a speech-language pathologist) independently charted all coordinates.

Inter-judge reliability of all coordinates was r= 0.98–1.00.

After a Procrustean fit of all coordinates, a covariance matrix of Procrustean coordinates

was generated using MorphoJ software. Classifiers for this study included gender and phase

of swallowing; these were assigned to each set of nine coordinates. A principal components

analysis of this covariance matrix was executed. Results of this part of the study include

eigenvalues of all principal components, a scatter plot of the first two principal components

coded by minimum and maximum hyolaryngeal excursion, and shape change of the first

principal component as modeled by eigenvectors of each coordinate.

Eigenvectors associated with swallowing from the single subject swallow and of all subjects

map hyolaryngeal mechanics. If eigenvectors of coordinates representing the distal

attachments of the anterior muscular sling (suprahyoid muscles) and posterior muscular

sling (long pharyngeal muscles) approximate anteriorly towards the mandible, then the

suprahyoid muscles are indicated as the mechanism underlying hyolaryngeal elevation. If

eigenvectors of coordinates representing the distal attachments of the anterior muscular sling

(suprahyoid muscles) and posterior muscular sling (long pharyngeal muscles) approximate

towards their respective proximal attachments, then a two-sling mechanism of hyolaryngeal

elevation is indicated (Figure 3).

3. Results

3.1 PCA of a Single Subject Swallow

Principal component analysis of repeated swallows of a single subject including all phases

of swallowing resulted in a first principal component (PC) with an eigenvalue representing

81.5% of the variance (Figure 5a). A scatter plot of PC1 and PC2 scores coded by phases of

swallowing show that deviations of the grand mean are grouped by phase of swallowing on

the PC1 axis, indicating that excursion of the hyolaryngeal complex underlies the variance
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of PC1 (Figure 5b). Predictably, maximum hyolaryngeal elevation, occurring at pharyngeal

phase 1, is on one side of zero at the x-axis; and minimum hyolaryngeal elevation, occurring

during the oral phases, is on the opposite side. These results indicate that these two

excursion points explain the variance of PC1. Eigenvectors of the first PC for each

coordinate are reported in Table 2. Shape changes, as determined by eigenvectors of each

coordinate associated with hyolaryngeal excursion (principal component 1) are plotted and

illustrated in Figure 5c.

3.2 PCA of All Subjects

The PCA of minimum and maximum excursions of the hyolaryngeal complex in all subjects

combined resulted in a first PC with an eigenvalue representing 58.8% of the variance

(Figure 6a). A scatter plot of PC1 and PC2 scores coded by minimum (oral phase 1) and

maximum (pharyngeal phase 1) positions show that excursion of the hyolaryngeal complex

underlies the variance demonstrated in PC1 shape changes (Figure 6b). Eigenvectors of PC1

for each landmark range is reported in Table 2. Shape changes associated with these

eigenvectors are plotted and illustrated in Figure 6c.

4. Discussion

This study documents two functional groups of muscles, and associated skeletal elements,

working together to elevate the hyolaryngeal complex. Eigenvectors of landmarks

representing the distal attachment of the anterior sling (hyoid) were oriented towards their

proximal attachments (mandible), and the landmarks representing the distal attachment of

the posterior sling (hypopharynx and posterior commissure of the vocal folds) were oriented

towards their proximal attachments (hard palate the cranial base represented by the tubercle

of the atlas) (Figs. 5c, 6c).

These morphometric findings indicate a two-sling mechanism underlying hyolaryngeal

elevation in swallowing among young healthy adults; that is that the anterior and posterior

muscular slings function not as individual muscle groups, but as components of a

mechanism (Figure 7). These findings are consistent with shape changes anticipated by

anatomical and functional studies of the anterior and posterior muscular slings (Pearson and

others 2013; Pearson and others 2012b).

Covariant shape changes of the hyolaryngeal mechanism cannot be characterized by

conventional kinematic measurements. While elements of the hyolaryngeal complex are in

motion, so are the elements of the three skeletal levers. Eigenvectors of coordinates

representing the cervical vertebrae in this study indicate movement of the vertebrae during

swallowing. Anecdotally, the number patients complaining of swallowing difficulty after

cervical spine surgery may signify the importance of skeletal movement to swallowing

function that can be appreciated by this modeling technique. To date, no studies have

documented the importance of these levers in relationship to deglutition or dysphagia.

Future studies of swallowing mobility could use this method to investigate if swallowing

disorders have an impact on the skeletal elements, or if insults to the skeletal elements of the

system impact swallowing.
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Approximation of the thyroid cartilage to the hyoid has conventionally been attributed to

activation of the thyrohyoid muscle alone (Cook and others 1989). However, in this cohort

of subjects, the thyrohyoid did not achieve a significant effect size change in muscle use as

determined by muscle functional MRI (Pearson and others 2013). Eigenvectors of the

anterior and posterior commissures of the vocal folds diverge slightly and are not parallel in

either of the PCAs (see the numerical eigenvectors of landmarks 7 and 8 in Table 2). The

eigenvector of the posterior vocal fold towards the cranial base approximates the concentric

contraction of the stylopharyngeus (a posterior sling muscle), which inserts on the posterior

border of the thyroid. The eigenvector of the anterior vocal fold coordinate can be

attributable to the suprahyoid muscles (anterior muscular sling) translating force to the

thyroid via the thyrohyoid membrane. These data suggest that the posterior sling muscles

may approximate the thyroid cartilage toward the hyoid independently of the thyrohyoid

muscle.

Three main limitations of this study include low temporal resolution, translation of two-

dimensional analysis of three-dimensional morphologies, and the experimental condition

wherein subjects swallow in the supine position. Temporal resolution of this dynamic MRI

sequence (4.3 fps) is much lower than videofluoroscopy (30 fps). To overcome this

limitation a repeated swallows task was used in an attempt to capture the full range of

motion in swallowing. A more robust investigation of the distinct elements of shape change

in swallowing would be an analysis of three-dimensional coordinate data. Three-

dimensional coordinate data could be collected with 320-detector-row multi-slice computed

tomography (Inamoto and others 2011). However, the two-dimensional shape change

analysis used in the current study is more immediately relatable to the results of other

studies that use the much more common technique of videofluoroscopy. As for the postures

of the subjects, manometry studies showed no difference between subjects swallowing in the

supine versus upright position and may suggest that structure is largely unchanged

(Barkmeier and others 2002). However, further studies are needed to understand how

subject posture affects shape changes as measured by coordinate data of anatomical

landmarks.

A major contribution of this study is the novel use of morphometrics to model hyolaryngeal

mechanics in swallowing. Rather than measuring multiple kinematic variables of movement,

this methodology analyzes covariant shape changes of a complex mechanism. Components

of the system are modeled by linking various coordinates that represent underlying

anatomical relationships. This method can be applied to dynamic MRI or videofluoroscopic

imaging. By applying this methodology to one subject and a cohort of subjects, we

demonstrate that this method can generate population or patient specific data. Applications

could include analyzing a study cohort to model hyolaryngeal mechanics by etiology of

dysphagia, or using patient-specific data to design or test therapies to improve particular

elements of swallowing mechanics for an individual.

5. Conclusion

This study used morphometric analysis of multiple swallows in a single subject and

hyolaryngeal excursion points in multiple subjects to demonstrate shape changes of the
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swallowing apparatus as modeled by coordinates of anatomical landmarks. These shape

changes show the effect of a two-sling mechanism elevating the hyolaryngeal complex.
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Figure 1.
a. The hyolaryngeal complex includes the: 1.) hyoid, 2.) thyrohyoid muscle 3.) thyrohyoid

membrane, 4.) thyroid cartilage, 5.) cricothyroid membrane, 6.) cricoid cartilage, and 7.)

cricopharyngeus. The 8.) trachea and 9.) esophagus are incorporated into the hyolaryngeal

complex. Elevation of this complex helps to protect the airway and open a relaxed upper

esophageal sphincter.

b. Proposed two-sling mechanism of hyolaryngeal elevation
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Figure 2.
Nine coordinates mapping the features of the two-sling mechanism for hyolaryngeal

elevation is mapped here on a T1 weighted sagittal plane dynamic MRI. Lines representing

the two-sling mechanism are superimposed on the image and labeled.
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Figure 3.
Testing the mechanism. If one sling underlies hyolaryngeal elevation, the eigenvectors of

coordinates representing the hyolaryngeal complex should have a common direction as

pictured on the left (in this case, the vectors for the anterior sling are depicted). If two slings

underlie the system, eigenvectors of coordinates representing the distal attachment of the

anterior and posterior muscular sling should diverge as pictured on the right.
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Figure 4.
Nine coordinates mapping the features of the two-sling mechanism for hyolaryngeal

elevation is mapped here on a T1 weighted sagittal plane dynamic MRI. Five

coordinates(1=genial tubercles of the mandible, 2=posterior edge of the hard palate,

3=anterior tubercle of C1, 4=anterior inferior edge of C2, 5=anterior inferior edge of C4)

map three skeletal levers: vertebrae (line 3→4→5), mandible (line 1→3), and cranial base

continuous with the hard palate(line 2→3). The next four coordinates map interconnected

features of the of the hyolaryngeal complex including: 6=inferior air column of

hypopharynx proximal to the upper esophageal sphincter, 7=posterior commissure of the

vocal folds (posterior larynx), 8=anterior commissure of the vocal folds (anterior larynx),

9=anterior inferior edge of the hyoid.
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Figure 5.
a. The first principal component of variance for one subject repeated swallows task accounts

for 81.5% of the shape change variance

b. Plotted morphologies of one subject repeated swallows task. A scatter plot of PC scores

(deviations of the grand mean) for each frame of swallowing coded by phase of swallowing

shows that principal component 1 is largely defined by hyolaryngeal excursion. This scatter

plot shows oral phase 1 and 2 at one end of the spectrum and pharyngeal phase 1 at the other

indicating that these phases represent the extremes of hyolaryngeal excursion.

c. Eigenvectors of one subject repeated swallows task confirms two muscular slings underlie

hyolaryngeal elevation
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Figure 6.
a. The first principal component of variance for all subjects swallow task accounts for 58.8%

of the shape change variance

b. Plotted morphologies of all subjects swallow task. A scatter plot of summed shape change

coded by maximum (pharyngeal 1) or minimum (oral 1) position of hyolaryngeal complex

of the between subject analysis shows that principal component 1 is principally defined by

hyolaryngeal excursion.

c. Eigenvectors of all subjects swallow task confirms two muscular slings underlie

hyolaryngeal elevation
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Figure 7.
A diagram (in gray) of the two-sling mechanism, consisting of dashed lines and a solid line

connecting large dots, is superimposed over an illustration of relevant anatomical structures.

The three dashed lines represent skeletal levers including the cranial base (contiguous with

the hard palate), mandible, and vertebrae mapped by 5 coordinates (mandible, posterior edge

of hard palate, tubercle of the atlas, C2, C4). The solid gray line connecting large dots

represents interconnected features of the hyolaryngeal complex mapped by four coordinates

(hyoid, anterior commissure of the vocal folds, posterior commissure of the vocal folds, and

the location of the upper esophageal sphincter). Each coordinate maps an element of the

two-sling mechanism. Each of the yellow arrows indicates the relative magnitude and
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direction of covariation of each coordinate during swallowing in a cohort of young healthy

normal subjects.
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Table 1

Muscles are mapped by coordinates and organized into two functional groups hypothesized to elevate the

hyolaryngeal complex

Muscles Representative
Coordinates

Functional Groups Hypothesized
Result

Geniohyoid 1–9

Anterior muscular sling (Suprahyoid
muscles) Eigenvector of 9 towards line 1–3 (mandible)

Stylohyoid 3–9

Digastric 1-9-3

Mylohyoid 9→ line 1–3 (mandible)

Palatopharyngeus 2–6 Posterior muscular sling (Long pharyngeal
muscles) Eigenvector of 7 towards point 3 (cranial base)

Stylopharyngeus 3–7
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