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Running head: HYOID TRACKING WITH VIBRATORY SIGNALS AND MACHINE LEARNING  

Abstract: 1 

Identifying physiological impairments of swallowing is essential for determining accurate diagnosis and 2 

appropriate treatment for patients with dysphagia. The hyoid bone is an anatomical landmark commonly monitored 3 

during analysis of videofluoroscopic swallow studies (VFSSs). Its displacement is predictive of 4 

penetration/aspiration and is associated with other swallow kinematic events. However, VFSSs are not always 5 

readily available/feasible and expose patients to radiation. High resolution cervical auscultation (HRCA), which uses 6 

acoustic and vibratory signals from a microphone and triaxial accelerometer, is under investigation as a noninvasive 7 

dysphagia screening method and potential adjunct to VFSS when it’s unavailable or not feasible. We investigated 8 

the ability of HRCA to independently track hyoid bone displacement during swallowing with similar accuracy to 9 

VFSS, by analyzing vibratory signals from a triaxial accelerometer using machine learning techniques. We 10 

hypothesized HRCA would track hyoid bone displacement with a high degree of accuracy compared to humans. 11 

Trained judges completed frame-by-frame analysis of hyoid bone displacement on 400 swallows from 114 patients 12 

and 48 swallows from 16 age-matched healthy adults. Extracted features from vibratory signals were used to train 13 

the predictive algorithm to generate a bounding box surrounding the hyoid body on each frame. A metric of relative 14 

overlapped percentage (ROP) compared human and machine ratings. The mean ROP for all swallows analyzed was 15 

50.75%, indicating >50% of the bounding box containing the hyoid bone was accurately predicted in every frame. 16 

This provides evidence of the feasibility of accurate, automated hyoid bone displacement tracking using HRCA 17 

signals without use of VFSS images. 18 

 19 

Key words: dysphagia, hyoid bone, videofluoroscopy, machine learning, cervical auscultation, swallow screening , 20 

deglutition, deglutition disorders 21 
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Introduction 1 
The hyoid bone is an important physiological marker that is used in assessment of swallow function during 2 

videofluoroscopic swallow studies (VFSSs) [1]. Though it is true that the hyoid itself performs no important 3 

kinematic actions itself, it is a cardinal osseous structure that can be accurately tracked in frame by frame image 4 

analysis.  In a recent systematic review, Molfenter & Steele cited no fewer than thirteen studies spanning from 1988 5 

to 2010 in which hyoid displacements served as a dependent variable in investigations of swallow kinematics [2]. 6 

Hyoid displacement is produced by the summation of contractions of suprahyoid muscles originating on the 7 

mandible, tongue, and skull base. During complete hyolaryngeal excursion, the epiglottis is reoriented to a 8 

horizontal position while the larynx is displaced from the bolus pathway [3]. The resultant traction forces are 9 

delivered to the anterior wall of the upper esophageal sphincter, which aids in its distension to enable esophageal 10 

flow when adequate relaxation of UES resting tone is neurally attenuated at the onset of the pharyngeal response [4-11 

6]. As a result, impaired hyolaryngeal displacement is associated with reduced airway protection and has been 12 

shown to be predictive of laryngeal penetration and tracheal aspiration during swallowing [7-9], as well as UES 13 

opening [9]. During treatment, efforts to evaluate the efficacy of compensatory or restorative treatments designed to 14 

increase hyolaryngeal excursion are dependent on measurement of hyoid displacement using VFSS frame by frame 15 

analysis.  However, because VFSSs are an x-ray procedure, its feasibility in tracking swallow kinematic events 16 

during ongoing management is poor. Reasonably accurate alternatives to VFSSs that provide direct feedback 17 

regarding hyoid displacement would extend judgments of treatment efficacy beyond pre- and post-treatment VFSSs. 18 

Therefore, the ability to objectively and continuously quantify hyoid displacement over the course of treatment 19 

would provide great clinical utility given that improving hyoid bone displacement with behavioral compensatory or 20 

restorative therapy is a frequent dysphagia treatment target [10-11]. 21 

While hyoid bone displacement is onean important physiological event to measure, there are limitations to 22 

the tools currently available to assess hyoid bone movement in VFSS images. The Modified Barium Swallow 23 

Impairment Profile (MBSImP) is a standardized clinical rating tool that is used to assess 17 different physiological 24 

components of swallowing in the oral, pharyngeal, and esophageal phase [12]. This rating scale has been 25 

advantageous in establishing a standardized approach to conducting and clinically analyzing impairment severity 26 

from VFSSs using several ordinal, categorical rating scales. While this rating scale is a relatively efficient tool for 27 

rating VFSS images in the clinical setting, completion of the initial training is time-consuming (20-25 hours on 28 

average per the training website). In addition to this, the rating scale requires clinicians to use an element of 29 
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subjective judgment to select from three categories of anterior hyoid displacement: absent, partial, or complete. 1 

Swallow kinematic analysis using frame by frame tracking of hyoid bone movement is an objective way to measure 2 

actual anterior and superior hyoid bone movement during swallowing. While this method has a higher degree of 3 

precision and is quantitative, it is typically performed solely in research studies because it requires training to ensure 4 

accurate and reliable measurements. Few clinicians are trained in making these measurements and moreover, few 5 

clinicians perform frame-by-frame kinematic analyses which is time-consuming and requires specialized image 6 

processing software to perform [13]. To examine how time-consuming hyoid frame-by-frame tracking is, we timed 7 

ourselves while we completed frame-by-frame tracking of the hyoid body on one swallow (46 frames). This took 8 

over 5 minutes to complete for one swallow. For a VFSS that contains ~15 swallows, this would mean that hyoid 9 

tracking alone would take 75 minutes, which is impractical within the clinical setting. While efforts have been made 10 

to improve the accessibility of swallow kinematic analysis to clinicians, there are no readily available courses to 11 

train clinicians and test their reliability in order to ensure accurate measurements. Because of these constraints, 12 

quantitative hyoid displacement measurements (if performed at all) are performed after the VFSS examination. This 13 

disables the clinician’s ability to utilize this information contemporaneously during the VFSS to identify 14 

impairments, test the efficacy of logical behavioral compensations, or assess the efficacy of other interventions to 15 

improve hyoid displacement. 16 

While VFSSs remain one of the gold standard dysphagia assessment tools for identifying physiological 17 

swallowing impairments, they are expensive and expose patients to radiation. In addition to this, they are not always 18 

readily available or feasible in some clinical settings, in underserved regions of the world, or with some patients who 19 

prefer not to undergo VFSS. Clinical examination components are likewise limited in providing quantitative 20 

physiologic data needed to guide diagnosis and intervention. Likewise, dysphagia screening tools have gained 21 

popularity as a basis for intervention despite their limited scope, lack of any objective measures of swallow 22 

physiology, and poor specificity [14-16]. Therefore, there is growing enthusiasm for development of non-invasive 23 

and accurate dysphagia screening and diagnostic techniques that provide enhanced information about underlying 24 

swallowing physiology without imaging. 25 

It should be underscored that the body of the hyoid bone is an exceptionally small anatomic feature within 26 

the overall VFSS image during swallow studies. Its actual height in adults (the sagittal cross section of which is 27 

viewed in the lateral plane during VFSS and tracked during image processing), ranges from approximately 6 mm to 28 
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14-15 mm depending on age and gender, based on physical measurements of cadaver hyoid bone dimensions  and 1 

3D geometric morphometric analyses [17-18]. Though its radiographic image is a relatively robust anatomic feature 2 

when visually tracked by human judges on each frame, clinical methods of estimating hyoid displacement are 3 

inherently inaccurate due to its small size and speed of movement. Additionally, noninvasive methods of hyoid 4 

tracking have yet to be developed, tested, and validated.  The ability of a noninvasive hyoid tracking method that 5 

can follow a substantial proportion of this tiny structure during each swallow, would represent a useful innovation in 6 

dysphagia research and clinical work [19]. For example, it could be used as a dysphagia screening tool to provide 7 

insight into whether patients have reduced hyoid displacement that could increase their risk of penetration and/or 8 

aspiration if they are is contributing to impaired swallow function in patients who are unable to participate in a 9 

VFSS.s Ior it could also be used to provide consistent biofeedback to patients  with dysphagia who have had a VFSS 10 

that confirmed impaired hyolaryngeal excursion as they perform exercises or compensations to improve 11 

hyolaryngeal excursion. 12 

High resolution cervical auscultation (HRCA) is a swallowing screening method that is currently under 13 

investigation as an adjunct to VFSS when unavailable or not feasible and as a potential biofeedback method during 14 

therapy. HRCA combines information (i.e. signal features) extracted from acoustic and vibratory signals obtained 15 

from a contact microphone and a tri-axial accelerometer affixed to the anterior neck overlying the cricoid cartilage 16 

during swallowing. In our ongoing research designed to investigate HRCA, we have performed more than 350 time-17 

linked, concurrent videofluoroscopy and HRCA recordings on patients with dysphagia and healthy participants. 18 

Following data collection, we use standardized kinematic analysis of swallowing physiology as the input for 19 

machine-learning techniques or statistical models with HRCA signals to elucidate swallow physiology 20 

noninvasively [20-26].  Our previously published research findings have demonstrated that HRCA signals are 21 

strongly associated with a variety of VFSS kinematic measurements [22-23, 27-28], as well as the feasibility of 22 

machine learning in characterizing hyoid bone displacement [28-31]. The current investigation is building off of 23 

prior work in our lab, which established that features from HRCA signals are associated with hyoid bone 24 

displacement. In the present study we expanded upon this prior work by investigating the ability of HRCA to 25 

independently approximate frame-by-frame human measurements of hyoid bone movement and clinical (MBSImP) 26 

ratings of hyoid bone movement by using vibratory signals from a neck sensor and machine learning techniques 27 

using concurrently recorded VFSS images analyzed by trained raters. We hypothesized that 1. HRCA with machine 28 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 
 

5 

learning would track frame-by-frame movement of the body of the hyoid bone with a high degree of agreement with 1 

human kinematic measurements and 2. HRCA signals combined with statistical methods would effectively 2 

dichotomize hyoid bone movement as “normal” or “reduced” based on MBSImP ratings, using vibratory signal 3 

features from neck sensors during swallowing.  It should be emphasized that the purpose of this methodological 4 

study was not to characterize swallowing physiology as a function of participant age, diagnosis, posture in the 5 

sagittal plane during swallowing (i.e. flexion, extension), bolus characteristics, or any other variable. We sought 6 

solely to determine whether HRCA machine learning techniques for unsupervised tracking of the body of the adult 7 

hyoid bone during swallowing was comparable to that of a judge trained in human swallow kinematic analysis, and 8 

to test whether it can produce clinically relevant ratings of hyoid displacement (i.e. MBSImP component #9), 9 

regardless of the swallowing condition or participant characteristics. 10 

Methods 11 
The Institutional Review Board at the University of Pittsburgh approved this investigation and all 12 

participants provided written informed consent. The data analyzed in this study consisted of two datasets that were 13 

collected in a similar fashion at two different timepoints. Initially, data analysis was conducted on 400 swallows 14 

from 114 patients (65 males) between the ages of 19-94, selected from a larger prospectively accrued data set 15 

(n=3072 swallows from 244 patients) who were referred for and underwent VFSSs due to suspected or confirmed 16 

dysphagia at the University of Pittsburgh Medical Center Presbyterian University Hospital. All participants were 17 

imaged in the lateral plane.  Swallows with high quality images were intentionally selected for analysis based on the 18 

visibility of the entire body of the hyoid bone on each frame of the video segment, and the absence of large-scale 19 

patient motion during swallowing segments. A variety of bolus conditions (volume, texture, mode of administration) 20 

were included in the analyzed data set. Table 1 contains the bolus characteristics of the original data set. Only single 21 

swallows performed in head neutral position (i.e. no flexion, hyperextension) and with a penetration aspiration scale 22 

score <3 were included in data analysis. 23 

After conducting machine learning with the patient data set, we then analyzed a randomly selected set of 48 24 

swallows from 16 adults from an ongoing HRCA clinical experiment with community dwelling healthy adults with 25 

no current or prior report of swallowing difficulties. Table 2 contains the bolus characteristics of the healthy 26 

community dweller data set. These participants had no reported history of neurological disorder, surgery to the head 27 

or neck region, or chance of being pregnant. Experimental procedures for the community dwelling adults were the 28 
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same aside from bolus administration procedures, which were modified to minimize radiation exposure. Participants 1 

swallowed ten thin liquid boluses in a random presentation order (5 at 3mL by spoon, 5 unmeasured self-selected 2 

volume cup sips). For presentations by spoon, participants were instructed by the researcher to “Hold the liquid in 3 

your mouth and wait until I tell you to swallow it.” For presentation by cup, participants were instructed by the 4 

researcher to “Take a comfortable sip of liquid and swallow it whenever you’re ready.” 5 

A standard fluoroscopy system (Precision 500D system, GE Healthcare, LLC, Waukesha, WI) set at a pulse 6 

rate of 30 PPS was used for accruing swallow video segments and a frame grabber module (AccuStream Express 7 

HD, Foresight Imaging, Chelmsford, MA) was used to capture raw videos at a rate of 60 frames per second directly 8 

from the x-ray apparatus without compression or processing. The frame rate was set at 60 frames per second to 9 

accommodate the higher necessary sampling rate for the HRCA signals and is validated by Shannon’s sampling 10 

theorem [32]. Following data collection, the videos were down sampled to 30 frames per second to eliminate 11 

duplicate frames prior to human judge kinematic analysis. HRCA signals were collected simultaneously during 12 

VFSSs by placing a tri-axial accelerometer (ADXL 327, Analog Devices, Norwood, Massachusetts) and contact 13 

microphone on the anterior neck region of patients. To obtain the best signals during swallowing, the accelerometer 14 

and contact microphone were housed in custom casings to ensure flat contact surfaces with the skin, and placed over 15 

the laryngeal framework at the level of the cricoid cartilage using tape, with the accelerometer at midline overlying 16 

the cricoid arch and the microphone to the right of midline and slightly inferior to the accelerometer so as not to 17 

interfere with imaging. Figure 1 shows the placement of the sensors in a single frame of one of the video segments.  18 

The three axes of the accelerometer were aligned with the anatomical anterior-posterior, superior-inferior, and 19 

medial-lateral directions axes of each patient’s neck. A power supply with a 3V output (model 1504, BK 20 

Precision, Yorba Linda, California) was used to power the accelerometer. Once the raw signals from the 21 

accelerometer were obtained during data collection, they were bandpass filtered (model P55, Grass 22 

Technologies, Warwick, Rhode Island) from 0.1 to 3000 Hz and amplified ten times. Following this, the signal data 23 

from each axis of the accelerometer were fed into a data acquisition device (National Instruments 6210 DAQ) and 24 

recorded at a sampling rate of 20 kHz by the LabView program Signal Express (National Instruments, 25 

Austin, Texas). Thus, four separate signal data sets were generated from all swallows along with the VF images. 26 
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Kinematic analysis:  First raters were trained and tested in swallow kinematic analyses and then they 1 

performed swallow segmentation and frame by frame plotting of hyoid bone movement using ImageJ software and a 2 

MatLab program. For ease of analysis, videos were segmented into individual swallows. Swallowing segment onset 3 

was defined as the frame in which the bolus head first passed the shadow of the ramus of the mandible. The offset of 4 

the swallow segment was defined as the frame in which the hyoid returned to its lowest position following clearance 5 

of the bolus tail through the upper esophageal sphincter. Note that these onset and offset moments are not identical 6 

to those used in the definitions of pharyngeal response duration or pharyngeal transit duration [33] as we sought 7 

solely to compare HRCA hyoid tracking predictions to human judges’ measurements and did not seek to equate 8 

HRCA results to these durational parameters. To measure hyoid bone movement, the superior posterior and inferior 9 

posterior points of the cross-sectional area of the body of the hyoid bone were plotted in each frame of each 10 

swallowing segment. These landmarks of the hyoid bone were chosen rather than the center anterior aspect of the 11 

hyoid bone because they are necessary in capturing the entire height of the hyoid body and can provide information 12 

regarding rotational hyoid movement during swallowing, which will be analyzed in future work. 13 

Prior to performing data analysis, all raters completed training and testing of inter and intra-rater reliability 14 

for swallow segmentation using videos that were not included in the investigated dataset. Their inter- and intra-rater 15 

reliability was assessed with intra-class correlation coefficients (ICCs) [34] and they produced greater than 0.99 for 16 

both measures. In order to control for rater drift during measurements within a large data set, intra-rater reliability 17 

for segmentation was maintained on a continual basis throughout data analysis by having raters randomly select one 18 

out of every ten swallows to re-analyze and compute ICCs. Inter-rater reliability for swallow segmentation was 19 

completed for 40 (10%) of the swallows analyzed in this study with an ICC of 0.998.  20 

To avoid judgment bias, different raters that were blinded to each other’s ratings, separately completed 21 

frame-by-frame hyoid tracking and MBSImP hyoid bone displacement ratings. An MBSImP certified clinician 22 

completed all MBSImP hyoid bone ratings. Inter-rater reliability was established prior to performing ratings for this 23 

study by completing the MBSImP reliability test with a score of 90% exact agreement and by a reliability test 24 

between all MBSImP certified clinicians in our lab with greater than 80% exact agreement. Intra-rater reliability for 25 

MBSImP ratings was completed for 10% of swallows with 80% exact agreement.  26 
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For hyoid bone tracking, one rater marked the superior posterior and inferior posterior points of the cross-1 

sectional area of the body of the hyoid bone for all 400 swallows included in the dataset. Intra-rater reliability was 2 

maintained throughout hyoid frame-by-frame tracking measurements to control for rater judgment drift throughout 3 

measurements. A randomly selected subset of 10% of measured swallows were re-rated by the same judge, returning 4 

ICCs of 0.99 across all hyoid tracking measurements. Inter-rater reliability for hyoid bone tracking was completed 5 

on 10% of the swallows from the patient dataset, which were randomly selected. In order to compare human 6 

measurements with one another for hyoid bone displacement on each frame, bounding boxes of equal area (i.e. 7 

35x35 pixels) were generated for each human rater hyoid plotted measurements (see Figure 2). The dimensions of 8 

the bounding boxes were determined based on the average length between the plotted superior-posterior and 9 

inferior-posterior points of the body of the hyoid bone. Three trained raters completed inter-rater reliability for 10% 10 

of the swallows. To do this, six two-way comparisons were made between each pair of human ratings of hyoid bone 11 

location in each frame of the swallow. The overlap between bounding boxes for human ratings of the hyoid bone 12 

location in each frame of a swallow was calculated for each two-way comparison and then averaged. The overall 13 

overlapped percentage of exact agreement across all human rater comparisons for all frames was 79.05%. This 14 

means that the overlap of the bounding boxes (i.e. exact pixel-level agreement of where the hyoid bone was located) 15 

in each frame between the human raters was 79.05%. 16 

To predict the exact location of the hyoid bone in each frame based on HRCA signals, a second bounding 17 

box of 35x35 pixels was generated based on a structural recurrent neural network (SRNN) with tenfold cross 18 

validation, which is an advanced machine learning technique (see Figure 2). The SRNN was developed based on the 19 

feature extraction of hyoid bone movement from the HRCA accelerometer signals. These methods are previously 20 

described elsewhere [28-31]. We used ten-fold validation to train and test the algorithm for hyoid bone prediction, 21 

which means that the total data (400 swallows) was divided into ten groups (40 swallows each group). Nine groups 22 

(360 swallows) were used for training, and one group (40 swallows) was used for testing the ability of the SRNN to 23 

predict the location of the hyoid bone in each frame based on HRCA signals alone. This training and testing process 24 

was repeated ten times, so that each of the ten groups were used for testing one time. To determine the accuracy of 25 

the SRNN, a relative overlapping percentage (ROP) of the bounding boxes for the predicted hyoid bone location 26 

(based on the SRNN) and the gold standard measurement of hyoid bone location (based on human measurement) 27 

was calculated. 28 
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To determine whether hyoid bone movement equated with “normal” or “reduced MBSImP scores for 1 

component #9,” we examined the association between 27 different signal features from the HRCA signals and 2 

MBSImP ratings of hyoid bone displacement for a subset of the swallows (76). While the MBSImP has three ratings 3 

for hyoid bone movement (0-complete anterior movement, 1-partial anterior movement, and 2-no anterior 4 

movement), there were no swallows included in the analysis that had no anterior movement. For this reason, we 5 

dichotomized hyoid bone movement into “normal” (score of 0) or “reduced” (score of 1) (See Table 3).  6 

Results 7 
Table 4 summarizes the results and variability (45-57.6% ROP) of the accuracy of hyoid tracking of the 8 

SRNN across the ten groups of the original patient data set. Results of the testing period revealed that the predictive 9 

ability of the SRNN using accelerometry signals alone had a ROP of 51.6% on average for the original patient data 10 

set when compared to human ratings of the hyoid bone location based on frame by frame tracking. Likewise, the 11 

SRNN using accelerometry signals alone had similar performance on the healthy community dweller data set (ROP 12 

49.9%) when compared to human ratings. This indicates that the SRNN algorithm was able to detect the exact 13 

location of 50% or more of the bounding box containing the hyoid bone on each frame during the swallow, and that 14 

the algorithm was able to generalize to an outside dataset that was not used during the training period. 15 

Table 5 shows the statistically significant (p<0.05) results from examining the association between HRCA 16 

signal features and MBSImP ratings and Table 6 summarizes the definitions of the signal features that were 17 

extracted. Results from examining the association of 27 different signal features from HRCA signals and MBSImP 18 

scores of hyoid bone displacement revealed significant differences in the signal standard deviation  feature for all 19 

three axes of the accelerometer (superior-inferior, medial-lateral, anterior-posterior) and in the signal spectral 20 

centroid feature in the superior-inferior axis. The average standard deviation values of all three accelerometer axes 21 

for “reduced” MBSImP scores was significantly smaller than the average standard deviation values for “normal” 22 

MBSImP scores and the average spectral centroid values for “reduced” MBSImP scores were significantly larger 23 

than the average spectral centroid values for “normal” MBSImP scores. These differences reflect systematic 24 

differences in frequency and amplitude characteristics of the HRCA signal features that separated “normal” from 25 

“reduced” hyoid displacement that aligned with human judgments using the MBSImP. 26 

Discussion 27 
This study demonstrated the feasibility of using machine learning of HRCA signal features to predict the 28 

position of the body of the hyoid bone on each frame of a VFSS study. The finding of this capability, can be 29 
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combined with ongoing and  planned future analyses of HRCA signal features for other swallow 1 

kinematic/physiologic events (e.g., duration of UES opening, caliber of AP distension of the UES, penetration-2 

aspiration scale scores) to assess the potential of using HRCA as a noninvasive dysphagia screening method that 3 

may provide enhanced insight into patients who are at increased risk of penetration and/or aspiration due to reduced 4 

hyoid bone movement when VFSS is not readily available or feasible. This study demonstrated the feasibility of 5 

using machine learning of HRCA signal features to predict the position of the body of the hyoid bone on each frame 6 

of a VFSS study and the potential of using HRCA as a noninvasive system for monitoring this swallow physiologic 7 

event when VFSS is not available or feasible. Our machine learning algorithms succeeded in locating approximately 8 

half (51% patient data set, 49.9% healthy data set) of the hyoid body on each frame. We acknowledge that 50.75% 9 

does not sound like a high level of accuracy. However, the hyoid is a very small structure. We plotted the superior-10 

posterior and inferior-posterior points of the hyoid body on each VFSS frame. The distance between these two 11 

points in adult males ranges between 6.04 and 14.42mm, and 6.74-11.71mm in adult females [17-18].  Detection of 12 

the position of more than 50% of these tiny structures on each frame of swallowing segments without imaging could 13 

be considered as quite remarkable, though there is room for improvement by adding more training data. It’s also 14 

important to note that our trained human judges that used VFSS images for hyoid tracking had a ROP of 79% 15 

between judges, indicating variability and error with the gold standard frame-by-frame tracking method. In addition 16 

to this, while efforts are being made to increase access and feasibility of swallow kinematic analysis within the 17 

clinical setting, the large majority of clinicians continue to use subjective measurements for swallow evaluation 18 

using VFSS. Vose and colleagues (2018) published survey data based on 303 speech language pathologist members 19 

of the ASHA dysphagia special interest group. Results indicated that 5% of clinicians performing VFSS studies 20 

performed frame-by-frame analysis of data 100% of the time, one-third of respondents admitted to never performing 21 

such analyses, and only one-third of respondents reported conducting these analyses more than half of the time [13]. 22 

Therefore, the ability to track hyoid bone displacement non-invasively with a high degree of accuracy has relevant 23 

clinical applications for dysphagia screening, assessment, and treatment purposes. Together with these results and 24 

results of other work we have published regarding the ability of HRCA to differentiate between safe and unsafe 25 

swallows based on the penetration-aspiration scale [20, 26] and preliminary studies that have demonstrated the 26 

ability of HRCA to detect other temporal swallow kinematic events such as the duration of upper esophageal 27 

sphincter opening and laryngeal vestibular closure [35-36], we are optimistic about the potential of the HRCA 28 
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system to be a valuable contributor to dysphagia screening and in the future, as a noninvasive adjunct to diagnosis of 1 

swallowing disorders when VFSS is not readily available or feasible.  2 

There is a high demand to improve the sensitivity and specificity of dysphagia screening methods in order 3 

to non-invasively, quickly, and accurately identify patients with dysphagia to mitigate adverse events that occur 4 

secondary to dysphagia and to improve the efficiency of used resources in health care settings (i.e. clinician time, 5 

cost of unnecessary procedures). Screening methods that include more discrete information beyond simple 6 

observation of a patient swallowing and observing for coughing, that provide enhanced insight into physiological 7 

differences in swallow function, such as hyoid bone displacement, would be especially useful in settings that do not 8 

have access to instrumental swallow evaluations such as videofluoroscopy. For example, in the future with further 9 

validation and improved accuracy of HRCA, clinicians and patients in settings such as skilled nursing facilities and 10 

home care with limited access to VFSS may be able to gain information about the physiologic componentsy of 11 

swallowing such as hyoid bone displacement by using this noninvasive system to  reduce delays in the initiation of 12 

interventions (e.g. VFSS to further assess swallow function). While HRCA demonstrates promise in detecting 13 

aspects of swallowing physiology and safety, further development of this system and its accuracy is warranted 14 

before deploying it as a swallowing diagnostic or biofeedback tool in the clinical setting. While hyoid bone 15 

displacement is not the only important biomechanical event that occurs during swallowing, it is associated with 16 

other physiological events including laryngeal vestibular closure and UES opening. Anterior hyoid bone 17 

displacement has also been shown to be a predictor of the risk of penetration and aspiration in patients with 18 

dysphagia [7-9]. In addition to this, iIn the future (and with further validation), HRCA signals with non-invasive 19 

neck sensors may be used as a monitoring device during meals for patients that have already undergone imaging to 20 

detect physiological swallowing impairments in real time. HRCA may be using used for training patients to use 21 

compensatory strategies and for biofeedback purposes in dysphagia therapy by turning signal data into a visual 22 

display of hyoid bone displacement for patients to look at and aim to improve. This would provide clinicians and 23 

patients with an advantageous, objective method to characterize effectiveness of hyoid bone displacement 24 

augmentation while performing swallow maneuvers such as the Mendelsohn maneuver.  25 

Machine learning is an iterative process of training computer algorithms using gold standard data, and then 26 

testing the precision of the algorithms with novel gold standard data to determine the algorithm’s ability to 27 

approximate the gold standard measurements. When successful, the algorithms can then stand alone. This 28 
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technology is the basis for consumer products such as smart watches, phones, and driver assisted technologies that 1 

have been widely adopted. Early in the development of the applications of machine learning, it is difficult to 2 

understand how a technology can perform acts previously accomplished either by humans or by different 3 

technologies. In our line of research, we are implementing machine learning techniques with HRCA signal feature 4 

extraction to determine if some swallow kinematic measurements can be performed by HRCA as accurately as a 5 

human judge using VFSS images. While this study has demonstrated HRCA’s feasibility in hyoid tracking, future 6 

studies should focus on improving the SRNN algorithm to more accurately detect the exact location of the hyoid 7 

bone on each VFSS frame during swallowing. The algorithm will be improved by analyzing additional data for 8 

training and testing purposes, including swallowing data obtained from healthy community-dwelling adults across 9 

the lifespan, a process we have already initiated. We also intend to expand this research to include the many 10 

hundreds of VFSS swallows in our database that have PAS scores >3 and that do not have ideal visualization of the 11 

hyoid on every frame by using artificial intelligence to predict hyoid position based on trajectory and other 12 

displacement signal features. While this study aimed to determine the ability of deep learning (SRNN) to predict 13 

hyoid bone movement regardless of etiology of dysphagia, we also plan to determine the accuracy of deep learning 14 

across patient populations and the extent to which signal features of hyoid bone displacement vary based on the 15 

disease process causing dysphagia. Future work should also examine the ability of HRCA signals to predict 16 

MBSImP scores of anterior hyoid bone displacement and other MBSImP components based on the preliminary 17 

results in this study that revealed significant differences in signal features between impaired and normal MBSImP 18 

scores. These future research directions can increase patient and caregiver access to noninvasive swallowing 19 

monitoring that can be deployed in day to day settings and extend dysphagia screening and diagnostics beyond the 20 

bedside or x-ray room. 21 

Limitations 22 
While the main purpose of this study was not to characterize swallowing physiology based on patient characteristics 23 

or swallowing conditions during VFSSs, it’s important to note that we did not control for these variables. We 24 

collected data in a manner consistent with standard clinical care.  It could be argued that this limitation reduces the 25 

internal validity of our study results. However, because of this design component, the results of our study are 26 

generalizable and have direct applications in the clinical setting because they were generated from data produced in 27 

ordinary clinical settings with their inherently typical constraints against perfect methods of data collection. 28 

Additionally, as mentioned previously, the primary aim of this study was to establish the ability of HRCA signals to 29 
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effectively track hyoid bone displacement and characterize MBSImP scores regardless of patient characteristics or 1 

swallowing conditions. We did not seek to determine whether hyoid bone displacement values were within the 2 

normal range based on an anatomical scalar, to characterize patients based on their diagnosis, or to characterize 3 

swallows based on bolus, posture, or other swallow-specific variables. In the future, we will explore the ability of 4 

HRCA signals to characterize swallowing physiology across different patient populations and testing conditions to 5 

gain additional insight into this methodology’s potential value in dysphagia screening and diagnostics. Testing 6 

across these conditions is also a way to demonstrate the robustness of the machine learning algorithm. An additional 7 

limitation of this work is that we examined the ability of HRCA to detect one temporal kinematic event of 8 

swallowing (e.g. hyoid bone displacement). It should be emphasized that hyoid bone displacement, or any single 9 

measurement, alone should not be used to determine swallowing impairment. While hyoid bone displacement is 10 

associated with other important swallow kinematic events such as upper esophageal sphincter opening and laryngeal 11 

vestibular closure and while reduced hyoid bone displacement is associated with increased risk of penetration and/or 12 

aspiration [7-9], it is vital for clinicians to consider all kinematic swallow events that may contribute to impaired 13 

swallow function and/or airway protection. In the future, we plan to combine the machine learning algorithms we 14 

have developed in other studies for detecting other kinematic swallow events (e.g. upper esophageal sphincter 15 

opening, laryngeal vestibular closure) [35-36] with the machine learning algorithm we used for detecting hyoid bone 16 

displacement in this study in order to more accurately and robustly provide insight into swallowing physiology.  17 

This study provides substantial preliminary evidence regarding the ability of HRCA to track hyoid bone 18 

displacement and to independently provide information about MBSImP scores of anterior hyoid bone movement 19 

non-invasively using HRCA signals without human mediation. While we included a relatively large sample of 20 

swallows in our data analysis, the accuracy of machine learning improves with larger samples of data. As such, it 21 

will be important to continue adding fully-analyzed swallows to our growing data set in order to improve the 22 

accuracy of this non-invasive method. Likewise, we included a small preliminary analysis examining the association 23 

between HRCA signals and MBSImP scores, which would also be improved with a larger sample of swallows. 24 

Conclusion 25 
This study found that the position of more than half of the bounding box containing the hyoid body can be 26 

independently located on any given VFSS frame by our HRCA system via a SRNN using signal features obtained 27 

from non-invasive neck sensors without use of videofluoroscopy images or human judgment, and that HRCA 28 

signals combined with statistical methods can provide information about MBSImP ratings of anterior hyoid bone 29 
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displacement. These preliminary results contribute to a growing body of literature that demonstrates that HRCA has 1 

future potential as an effective, non-invasive dysphagia screening system, and encouraging promise as an adjunct 2 

biofeedback modality during therapy. 3 
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Figure 1: This shows the placement of the non-invasive neck sensors on the anterior laryngeal framework and the 

extraction of the acoustic and vibratory signals for the machine learning algorithm to track hyoid bone displacement.  

  

 

Figure



Figure 2: a. This shows the tracking of the hyoid bone over a period of time, b. the ROP of the human labeled and 

SRNN predicted bounding boxes, c. the dimensions of the bounding box, d. and the overall hyoid bone displacement 

over time.  

 

 

Figure



Figure 3: a. This shows the ROP of the human labeled and SRNN predicted bounding boxes across the ten groups of 

data and b. two visual examples of the ROP of the human labeled and SRNN predicted bounding boxes. 
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Table 1: Bolus characteristics for all swallows included in the original patient data set.  

Bolus viscosity and utensil Number of swallows Percentage of swallows 

Thin by spoon 73 18.25% 

Thin by cup 121 30.25% 

Thin by straw 35 8.75% 

Saliva swallows 5 1.25% 

Nectar thick liquid by spoon 40 10% 

Nectar thick liquid by cup 44 11% 

Nectar thick liquid by straw 10 2.5% 

Pudding by spoon/cup 49 12.25% 

Cookie 23 5.75% 

 

 

Table



 

 Table 2: Bolus characteristics for all swallows included in the healthy community dweller patient data set.  

Bolus viscosity and utensil Number of swallows Percentage of swallows 

Thin by spoon 24 50% 

Thin by cup 24 50% 

Note: Thin by spoon swallows were 3 mL and thin by cup swallows ranged from 3-60 mL.  
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Table 3: MBSImP Anterior Hyoid Bone Displacement Ratings for a Subset of Swallows (76). 

 

MBSImP score Number of Swallows Percentage of Swallows 

Complete Anterior Movement (0) 39 51.3% 

Partial Anterior Movement (1) 37 48.7% 

  

Table



Table 4: Average ROP % for each of the ten groups used during the training and testing of the SRNN. 

  

Group One Two Three Four Five Six Seven Eight Nine Ten 

Overall ROP % 52.1% 52.9% 56.1% 50.8% 45.0% 57.6% 50.3% 54.6% 48.6% 48.2% 

Table



Table 5: Summary of the statistically significant HRCA signal features associated with MBSImP ratings of hyoid 

bone displacement.  

  

 Standard 

Deviation 

Skewness Kurtosis Lempel-Ziv 

complexity 

Entropy 

Rate 

Peak 

Frequency 

Spectral 

Centroid 

Bandwidth Wavelet 

entropy 

Anterior-

posterior 
0.0453* 0.3013 0.8234 0.9111 0.8386 .09484 0.9191 .06907 .09356 

Superior-

inferior 
0.0173* 0.9197 0.5516 0.7538 0.9701 0.5587 0.0115* 0.6130 0.9566 

Medial-

lateral 
0.0117* 0.9774 0.6644 0.1817 0.1964 0.6105 0.3687 0.3709 0.4234 

Note: *= p<0.05 

Table



Table 6: Summary of the features extracted from the HRCA signals.  

Domain Feature Significance 

Time Domain   

 Standard deviation Reflect the signal variance around its mean value. 

 Skewness Describe the asymmetry of amplitude distribution around 

mean. 

 Kurtosis Describe the peakness of the distribution relative to normal 

distribution. 

Information-

Theoretic domain 

  

 Lempel-Ziv Complexity Describe the randomness of the signal. 

 Entropy rate Evaluate the degree of regularity of the signal distribution. 

Frequency 

domain 

  

 Peak Frequency (Hz) Describe the frequency of maximum power. 

 Spectral Centroid (Hz) Evaluate the median of the spectrum of the signal. 

 Bandwidth (Hz) Describe the range of frequencies of the signal. 

Time-Frequency 

Domain 

Wavelet Entropy Evaluate the disorderly behavior for non-stationary signal. 

 

 

Table




