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Abstract
AIM: To determine swallowing outcomes and hyo
laryngeal mechanics associated with post radiation 
therapy head and neck cancer (rtHNC) patients using 
videofluoroscopic swallow studies. 

METHODS: In this retrospective cohort study, video
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fluoroscopic images of rtHNC patients (n  = 21) were 
compared with age and gender matched controls 
(n  = 21). Penetration-aspiration of the bolus and 
bolus residue were measured as swallowing outcome 
variables. Timing and displacement measurements of 
the anterior and posterior muscular slings elevating the 
hyolaryngeal complex were acquired. Coordinate data 
of anatomical landmarks mapping the action of the 
anterior muscles (suprahyoid muscles) and posterior 
muscles (long pharyngeal muscles) were used to 
calculate the distance measurements, and slice numbers 
were used to calculate time intervals. Canonical variate 
analysis with post-hoc discriminant function analysis 
was performed on coordinate data to determine 
multivariate mechanics of swallowing associated with 
treatment. Pharyngeal constriction ratio (PCR) was also 
measured to determine if weak pharyngeal constriction 
is associated with post radiation therapy.

RESULTS: The rtHNC group was characterized by poor 
swallowing outcomes compared to the control group in 
regards to: Penetration-aspiration scale (P  < 0.0001), 
normalized residue ratio scale (NRRS) for the valleculae 
(P  = 0.002) and NRRS for the piriform sinuses (P  = 
0.003). Timing and distance measurements of the 
anterior muscular sling were not significantly different 
in the two groups, whereas for the PMS time of dis
placement was abbreviated (P  = 0.002) and distance 
of excursion was reduced (P  = 0.02) in the rtHNC 
group. A canonical variate analysis shows a significant 
reduction in pharyngeal mechanics in the rtHNC group 
(P  < 0.0001). The PCR was significantly higher in 
the test group than the control group (P  = 0.0001) 
indicating reduced efficiency in pharyngeal clearance. 

CONCLUSION: Using videofluoroscopy, this study 
shows rtHNC patients have worse swallowing outcomes 
associated with reduced hyolaryngeal mechanics and 
pharyngeal constriction compared with controls. 

Key words: Swallow mechanics; Post radiation; Head 
and neck cancer; Fluoroscopy; Anatomy 
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Core tip: Quality videofluoroscopic imaging of barium 
swallows is useful to determine swallowing outcomes for 
safe and efficient swallowing, conventional kinematics, 
and underlying functional anatomy associated with 
outcomes. This retrospective study of radiation therapy 
head and neck cancer (rtHNC) patients compared 
with age and gender matched controls and found 
that swallowing outcomes were significantly worse in 
rtHNC patients. Conventional kinematics indicated a 
reduction in laryngeal elevation. Computational analysis 
of swallowing mechanics using coordinate data of 
anatomical landmarks is here used to visualize impaired 
functional anatomy associated with poor outcomes in 
order to suggest particular targets for rehabilitation. 

Pearson WG Jr, Davidoff AA, Smith ZM, Adams DE, Langmore 
SE. Impaired swallowing mechanics of post radiation therapy 
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INTRODUCTION
The oropharyngeal phase of swallowing is a complex 
physiological process involving the conversion of a 
respiratory conduit into an alimentary canal in less than 
one second. Videofluoroscopic swallowing studies, also 
known as modified barium swallows (MBS), are the 
standard instrumental tool for assessing oropharyngeal 
swallowing safety and efficiency. Swallowing safety is 
threatened when a bolus penetrates or is aspirated into 
the airway. The retention of a bolus in the valleculae 
or piriform sinuses is an indication of swallowing ine­
fficiency. Reduced hyolaryngeal elevation is thought 
to underlie incomplete clearance of the bolus from 
the pharynx[1]. Residual bolus retained in pharyngeal 
spaces such as the piriform sinuses (residue) is pre­
dictive of aspiration[2]. Both outcomes are observed 
among post radiation therapy head and neck cancer 
(rtHNC) patients[3]. However, the underlying mechanics 
associated with these outcomes is poorly understood.

Recent anatomical and magnetic resonance imaging 
(MRI) studies have shown that two muscular slings 
elevate the hyolaryngeal complex to stretch open the 
upper esophageal sphincter in young healthy adults[4-6]. 
It is not known if altered function of one or both of these 
slings is associated with poor swallowing outcomes 
(penetration, aspiration, or residue). To determine if 
poor swallowing outcomes are associated with altered 
function of the two-sling mechanism, we compared 
kinematic and morphological data collected from MBS 
imaging of rtHNC patients with age and gender matched 
controls. 

The hyolaryngeal complex is comprised of the hyoid 
bone, laryngeal cartilages, and associated structures 
including the cricopharyngeus muscle, which forms the 
upper esophageal sphincter. Two muscular slings elevate 
the hyolaryngeal complex in swallowing[5] (Figure 1). The 
suprahyoid muscles (mylohyoid, geniohyoid, stylohyoid, 
and digastric) form an anterior sling with proximal 
attachments to the mandible and cranial base and distal 
attachments to the body of the hyoid, which translates 
force to the larynx via the thyrohyoid membrane and 
likely assisted by the thyrohyoid muscle[4]. A posterior 
sling comprised of the long pharyngeal muscles (sty­
lopharyngeus, palatopharyngeus and salpingopharyn
geus) has superior attachments to the styloid process, 
auditory tube, and structures associated with the palate, 
and inferior attachments inserting primarily on the lateral 
pharyngeal wall and thyroid cartilage[7,8]. These muscular 
slings function to elevate the hyolaryngeal complex and 
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stretch open the upper esophageal sphincter, but it is 
unknown whether pathology changes the function of the 
two-sling mechanism. 

High quality MBS imaging that is well collimated 
provides data useful for analyzing outcomes as well 
as the underlying mechanisms of swallowing[9]. In 
this study, outcome variables measuring penetration-
aspiration and residue were used to verify differences 
between test and control groups[10], whereas kinematic 
measurements[11,12] and multivariate morphometric analy­
sis[6] were used to determine which of the two slings 
described above is impaired. Additionally, the pharyngeal 
constriction ratio (PCR), a reliable surrogate for strength 
of pharyngeal constriction, was measured for each group 
to document the effect of treatment on the pharyngeal 
constrictor muscles and the long pharyngeal muscles[13]. 
We hypothesized that swallowing outcome variables, 
kinematic measurements, multivariate morphometric 
analysis, and PCR of the rtHNC group will indicate 
impairment when compared to the control group. 

MATERIALS AND METHODS
Under a research protocol approved by the Boston 
University Medical Campus Institutional Review Board, 
a review of patient records was used to establish a test 
and control group. MBS imaging studies were recorded 
under routine radiographic protocols. An attempt was 

made to attach a radiopaque marker to each subject 
as an external scalar. Images were produced by a GE 
Precision Fluoroscopic unit and recorded digitally by a 
computer workstation at 30 frames/s. QuickTime™ soft­
ware was used to trim each imaging study to include 
one episode of cued lateral view 5 mL swallows of thin 
liquid barium solution [Varibar Thin Liquid (40% wt/
vol)]. 

Ninety-three patients with MBS studies were iden­
tified. Dysphagic patients related to rtHNC were placed 
in the test group (n = 28), while patients complaining 
of swallowing difficulty who showed no instrumental 
evidence of dysphagia were placed in the control group (n 
= 45). Of the 28 subjects in the rtHNC group, two lacked 
scalars and five could not be age or gender matched 
with the “normal” group. This left a final cohort of 21 
subjects in each group composed of 14 males and 7 
females with a mean age of 64 ± 13 years (test group) 
and 63 ± 11 years (control group). 

Swallowing outcomes were collected along with 
spatial and temporal data from video files using ImageJ 
image analysis software equipped with QuickTime™ 
plug-ins (http://rsbweb.nih.gov/ij). Raters blinded to 
group assignment analyzed video files. Reliability was 
tested for all measurements by using a second judge to 
re-measure variables in 50% of MBS studies. Inter-rater 
reliability is reported in Table 1. In swallowing episodes 
requiring more than one swallow to clear the bolus, 
measurements were taken from the first swallow. 

To measure penetration and aspiration we used a 
1-8 ordinal scale called the penetration-aspiration scale 
(PAS)[14]. In the PAS scoring system 1-2 is considered 
functionally normal, 3-5 indicates bolus penetration into 
the laryngeal vestibule, and 6-8 indicates aspiration 
of the bolus into the airway. To quantify residue we 
used the normalized residue ratio scale (NRRS) for 
the valleculae and piriform sinuses[15]. The NRRS is a 
continuous measurement that incorporates the ratio 
of residue relative to pharyngeal space (valleculae and 
piriform sinuses) and the amount of residue scaled by 
an internal anatomical scalar (C2-C4 measurement 
described above). Differences in PAS in the two groups 
were evaluated using Mann-Whitney U tests, and diffe
rences in NRRS for the valleculae and piriform sinuses 
were compared using two-tailed t-tests with Bonferroni 
correction (α = 0.05, P < 0.025).
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Figure 1  Two-sling mechanism for hyolaryngeal elevation in swallowing.

Table 1  Inter-rater reliability of each swallowing outcome and kinematic measurement as determined by 
intraclass correlation coefficients

Intraclass correlation coefficient Lower 95%CI limit Upper 95%CI limit

Penetration-aspiration scale 0.87 0.75 0.93
Normalized residue ratio scale (valleculae) 0.93 0.85 0.97
Normalized residue ratio scale (piriform recess) 0.91 0.82 0.96
Anterior sling distance measurement 0.87 0.75 0.93
Posterior sling distance measurement 0.88 0.77 0.94
Anterior sling time measurement 0.88 0.74 0.95
Posterior sling time measurement 0.90 0.77 0.96
Pharyngeal constriction ratio 0.81 0.66 0.90

Pearson WG Jr et al . Post rtHNC swallowing mechanics



differences in scale and rotation between all subjects 
at both excursion points. Following the procrustes 
superimposition of coordinates, a canonical variate 
analysis was executed with classification variables 
assigned to each set of coordinates named by condition 
(test and control group) and excursion (minimum and 
maximum position of the hyolaryngeal complex). 

To evaluate differences in pharyngeal constriction 
between test and control groups, the PCR was measured 
using the lateral view MBS studies[13]. PCR is a ratio of 
the area of the hypopharynx at maximum constriction 
to the area of the hypopharynx at rest. Significance of 
differences in PCR was determined using a two-tailed 
t-test.

RESULTS
All swallowing outcome variables indicated significantly 
worse swallowing in the rtHNC group than in the control 
group. PAS scores were highly significantly (P < 0.0001) 
greater in rtHNC (4.43 ± 2.42) than in the control 
(1.29 ± 0.56), NRRS scores for the valleculae were 
significantly (P = 0.002) greater in rtHNC (0.22 ± 0.20) 
than in the control (0.05 ± 0.11), and NRRS scores 
for the piriform sinuses were significantly (P = 0.003) 
greater in HNC (0.31 ± 0.36) than in the control (0.05 
± 0.14). 

The duration of PMS elevating the larynx was 
significantly (P = 0.002) briefer in rtHNC (0.29 ± 
0.11 s) than in the control (0.48 ± 0.23 s), and the 
displacement of the larynx by the posterior sling 
muscles is significantly (P = 0.02) reduced in rtHNC 
(0.89 ± 0.63 cm) than in the control (1.41 ± 0.73 cm). 
While these PMS measurements showed significant 
differences, the AMS measurements did not (Figure 4). 

PCR was highly significantly (P = 0.0001) worse in 
rtHNC (0.16 ± 0.11) than in the control (0.05 ± 0.04).

The scatter plot of canonical variate scores with 
classification variable highlighted indicated that CV1 
is associated with the excursion of the hyolaryngeal 
complex and CV2 is associated the test and control 
groups (Figure 5). Swallowing mechanics indicated by 
differences in shape change was highly significantly (P 

Kinematic data collected from video files included 
duration and displacement measurements representing 
the anterior and posterior slings. The movement of the 
hyoid towards the mandible represented the action of 
the anterior muscular sling (AMS). The movement of the 
larynx towards the cranial base represented the action 
of the posterior muscular sling (PMS). Each AMS and 
PMS time and distance measurement was measured 
at minimum and maximum elevation. For the AMS, the 
minimum position was defined as one frame prior to the 
first rostral movement of the hyoid related to pharyngeal 
swallowing and maximum position was defined as the 
most rostral movement of the hyoid during swallowing. 
For the PMS, the minimum position was defined as one 
frame prior to the first rostral movement of the larynx 
during pharyngeal swallowing and maximum position 
was defined as the frame where the larynx reaches its 
superior position during swallowing. 

Duration of AMS and PMS movement was deter
mined by dividing the difference in minimum and 
maximum frame numbers by 30 (fps). Displacement 
of the hyoid (representing the action of the AMS) and 
elevation of the posteroinferior edge of the cricoid 
toward the cranial base (representing the action of 
the PMS) were calculated using a coordinate mapping 
technique designed to track the components of the two-
sling mechanism of hyolaryngeal elevation[16] (Figure 2). 
Displacement measurements of the hyoid and larynx 
were mathematically calculated from coordinate data. 
Timing and spatial measurements were compared using 
two-tailed t-tests with Bonferroni correction (α = 0.05, 
P < 0.025).

The nine coordinates mapping the elements of 
the anterior and PMSs in order to calculate kinematic 
variables were also used in a computational analysis 
of swallowing mechanics. The coordinate data set 
included nine coordinates for each subject at minimum 
and maximum excursion for the test group and control 
group. MorphoJ, software for geometric morphometric 
analysis, was used to perform a procrustes fit of all 
coordinates[17] (Figure 3). The procrustes fit resolved 
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Figure 2  Pictured here are the nine coordinates mapping three skeletal 
levers (in red) and muscular slings displacing the hyolaryngeal complex 
with coordinates 1, 3, 8, 9 mapping the anterior muscular sling (in blue) 
and coordinates 2, 3, 6, 7 mapping the posterior muscular sling (in green). 
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Figure 3  Procrustes fit of coordinates adjusts for differences in rotation 
and scale. 
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< 0.0001) reduced in the rtHNC (D = 2.98) than in the 
control (D = 4.54). Eigenvectors for each coordinate 
demonstrate the direction and degree of covariant 
shape change of the control (Figure 6) and test (Figure 7) 
groups for visual comparison. 

DISCUSSION
This study shows significant differences in swallowing 
safety and efficiency as measured by PAS and NRRS, 
respectively. Kinematic measurements showed that 
reduced function of the PMS which elevates the hyo­
laryngeal complex is associated with rtHNC. In contrast, 
the anterior sling was not significantly reduced in 

the test group. Finally, a computational analysis of 
swallowing mechanics confirms that the long pharyngeal 
muscles are implicated in this cohort of dysphagic 
patients, and that extending the head and neck while 
swallowing is presumably attempted to compensate for 
loss of pharyngeal function. 

Swallowing outcomes
Poor swallowing outcomes among rtHNC patients, 
including increased penetration-aspiration and residue, 
are consistent with other findings in the literature[18,19]. 
However, this is the first time that the NRRS has been 
used to quantify residue in head and neck cancer 
patients. These findings confirm that the test and control 
groups used here are appropriate for a retrospective 
pseudo-experimental design for investigating underlying 
mechanisms of dysphagia, specifically focusing on 
the role of the two-sling mechanism of hyolaryngeal 
elevation. 

Kinematic measurements
Reduced hyolaryngeal elevation and hyoid movement 
has been noted among rtHNC patients[20,21], and 
reduced hyoid and laryngeal motility have also been 
associated with penetration-aspiration[10,22]. Association 
of the structures that underlie laryngeal elevation with 
poor swallowing outcomes has not been reported. Our 
data indicate a significantly diminished function of the 
PMS among rtHNC patients in both time and distance 
measurements with a large effect size changes for both 
timing and distance measurements (Cohen’s D = 1.46 
for timing and 0.77 for distance). This is consistent with 
findings in the radiation oncology literature that the 
longitudinal PMS presumed to lie within the pharyngeal 
constrictor region of interest in computed tomography 
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scans are more important than the anterior sling of
muscles to swallowing function[18,23]. However, other 
published studies of rtHNC patients showed decreased 
hyoid displacement[20]. While our results do not reach 
statistical significance, timing and distance measure
ments of the hyoid was reduced when compared to the 
test group. The cohort did show a significant though 
small effect size change with Cohen’s D = 0.30 for 
distance and a medium effect size change for timing with 
Cohen’s D = 0.48. With these additional statistics, what 
can be said is that impairment of the posterior sling is 
much greater than the anterior sling in this cohort. The 
consensus in the literature is that the suprahyoid muscles 
(AMS) along with the thyrohyoid elevate the hyolaryngeal 
complex[24-26]. However, the results of this study indicate 
that the PMS appears to have a more significant role 
in swallowing dysfunction in rtHNC patients. Previous 
studies have not consistently taken into account the two-
sling mechanism of hyolaryngeal elevation. 

It is important to note that we did not include hyolar­
yngeal approximation, the movement of the anterior 
aspect of the larynx towards the hyoid bone, in this 
study. This movement is thought to be the unique 
function of the thyrohyoid muscle[27]. However, in a 
cohort of young healthy subjects the thyrohyoid was not 
found to be consistently active[4]. It has also been shown 
that the stylopharyngeus attaches to the larynx and 
elevates the thyroid cartilage toward the hyoid bone[5,28]. 
Conversely, it could be argued that the thyrohyoid (if 
active) assists the approximation of the posterior larynx 
towards the cranial base, which would in turn confound 
our PMS measurement. However, data show that the 
long pharyngeal muscles have a significantly greater 
mechanical advantage than the thyrohyoid in elevating 
the larynx[5].

Computational analysis of multivariate swallowing 
mechanics
Deglutition is a dynamic process of interrelated struc
tures that covary in function, a fact that complicates 
univariate kinematic studies of swallowing. For example, 
the thyrohyoid membrane connects the hyoid and larynx 

and translates force to the larynx. A simple distance 
measurement cannot determine if the anterior sling 
muscles or the posterior sling muscles underlie elevation 
of the larynx. We propose a more informative approach 
using vectors to characterize how various elements 
interact as an integrated apparatus. In this present study 
we introduce a computational analysis of swallowing 
mechanics using a multivariate morphometric analysis of 
coordinates that map the two muscular slings elevating 
the hyoid, and the movement of the cranial base, 
mandible, and vertebrae as three skeletal levers from 
which the swallowing apparatus is suspended. Here 
we use a multivariate morphometric analysis of these 
coordinates to visualize vectors representing underlying 
muscle groups displacing the hyolaryngeal complex.

Canonical variate analysis of landmark coordinates 
showed overall shape changes judged on the basis 
of the Mahalanobis distance statistic (D-score). The 
Mahalanobis distance, also referred to as a generalized 
distance, is a dimensionless quantity that indicates how 
the covariance of one set of variables (in this study, a 
set of 9 coordinates) differs from the mean. A smaller 
D-score is interpreted as less overall shape change to 
the swallowing apparatus as mapped by 9 coordinates. 
As predicted, mean D-scores of the control group at 
maximum excursion were greater than the test group.

More interesting than the overall shape change 
scores are the eigenvector plots for each group (Figures 
6 and 7). By comparing vectors of control and test 
groups it can be observed that there are small diffe­
rences in the covariant distance of hyoid movement 
or pharyngeal shortening. The large differences are 
associated with laryngeal elevation and extension of 
the head and neck in the test group. This observation 
suggests that subjects with reduced hyolaryngeal 
elevation may attempt to compensate by hyper-
extending the neck. More importantly, the vectors show 
that the long pharyngeal muscles, not the suprahyoid 
muscles, underlie this impairment. This visual analysis 
indicates that the long pharyngeal muscles are primary 
targets for rehabilitation[29]. These kinds of multivariate 
observations of an interrelated dynamic system are not 
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Figure 7  Eigenvectors indicating mechanics of hyolaryngeal elevation of 
the radiation therapy head and neck cancer group from minimum (dotted 
lines) to maximum (solid lines) excursion.

Figure 6  Eigenvectors indicating mechanics of hyolaryngeal elevation of 
the control group from minimum (dotted lines) to maximum (solid lines) 
excursion.
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possible using kinematic variables alone. 

Relative importance of pharyngeal constriction
While this study demonstrates that the two-sling me­
chanism is important to hyolaryngeal elevation, we 
cannot say that reduced function of the two-sling 
mechanism is solely responsible for the poor swallowing 
outcomes. It is also possible that the functional 
difference between the groups could be explained by the 
significantly different degrees of pharyngeal constriction 
as measured by the PCR between the test and control 
groups (P = 0.0001). A higher PCR indicates weaker 
pharyngeal constriction[13]. A Spearman rank-order 
correlation of PCR with the PAS for the entire sample 
was r = 0.74, whereas distance measurements of the 
PMS correlated with PAS was r = -0.42, suggesting that 
poor swallowing outcomes in rtHNC patients are more 
strongly correlated with PCR than with PMS function. A 
recent study shows the correlation between PCR and 
residue as measured by NRRS[30]. However, it is likely 
that a reduced function of the posterior sling contributes 
to higher PCR. Leonard et al[31] have suggested that 
reduced hyolaryngeal approximation, a function that 
can be related to the PMS, is associated with weaker 
pharyngeal constriction. 

It remains unclear how to best characterize diffe­
rences in the two-sling mechanism associated with 
disordered swallowing. While diminished PMS function is 
indicated by kinematic measurements, eigenvectors of 
coordinates also demonstrate differences in the skeletal 
elements of the two-sling mechanism (Figures 6 and 
7). Computational analysis of swallowing is currently 
being developed to include tongue base retraction and 
pharyngeal wall movement to provide a comprehensive 
approach to determining swallowing mechanics under­
lying effective and disordered swallowing. Registration 
of soft tissue landmarks is a confounding factor in this 
development.

In conclusion, this study demonstrates significant 
differences in swallowing outcomes between rtHNC 
patients and “normal” controls. We demonstrate reduced 
laryngeal elevation kinematics attributable to deficits 
in the PMS in the rtHNC group compared to the control 
group. Furthermore, multivariate computational analysis 
of swallowing reveals functional differences in the two-
sling mechanism associated with pathology includ­
ing different positioning of skeletal levers in addition 
to reduced laryngeal elevation. Whether the shape 
changes in the test group represent compensatory or 
maladaptive behaviors remains unclear. While video­
fluoroscopic imaging has been in use for some time, the 
investigative and diagnostic power of this modality is 
likely underutilized.

COMMENTS
Background
Dysphagia is a comorbidity head and neck cancer radiation treatment and 
presents a serious quality of life issue. The most important consideration for 

patients receiving radiation treatment second to cancer remission is swallowing 
function. Radiation damage to tissues can reduce salivary flow, and fibrosis 
impacts swallowing mechanics. Swallowing exercises have been shown to help 
mitigate the impact of fibrosis, and targeted treatment is thought to improve 
swallowing safety and facilitate patient compliance. A thorough understanding 
of swallowing mechanics associated with impairment enables clinicians to 
provide effective dysphagia management. In this paper multiple methods were 
used to document the impact of head and neck cancer treatment on swallowing 
safety, efficiency, and mechanics. 

Research frontiers
Modified barium swallows (MBS) studies are the diagnostic standard for 
dysphagia. These imaging studies are often underutilized to merely establish 
penetration-aspiration status. However, this singular assessment does not 
provide useful information to clinicians managing swallowing rehabilitation. 
Many methods have been developed to address this problem. Analytical tools 
applied to high quality imaging are essential to achieve better outcomes for 
patients.

Innovations and breakthroughs
Kinematic methods that document timing and movement of swallowing 
structures have been in use in research for some time and are now clinically 
accessible. In recent years the MBS impairment profile was developed allowing 
for a standardized, reliable and valid approach for the clinical assessment of 
swallowing physiology. In this paper coordinate mapping of muscle functional 
groups underlying oropharyngeal swallowing, coordinates are reliably collected 
using digital analysis tools such as ImageJ. These coordinates are used to 
calculate displacement measurements and for multivariate morphometric 
analysis using computational tools such as MorphoJ.

Applications
Computational analysis of swallowing mechanics allows for visualization of 
impaired functional anatomy of swallowing and can guide rehabilitation efforts 
along with other useful measurements. Future directions include patient specific 
analysis to guide dysphagia management.

Terminology
Computational analysis of swallowing mechanics is a multivariate morphometric 
analysis of coordinates mapping the functional anatomy of swallowing and 
swallowing impairment using MBS imaging. 

Peer-review
This is a very good manuscript studying the effects of radiotherapy in the 
swallowing mechanism of patients. The method used, the evaluation of data 
and the presentation is excellent (very instructive figures, extensive statistics, 
etc.).
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