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Abstract

Recurrent laryngeal nerve (RLN) damage in infants leads to increased dysphagia and aspiration 

pneumonia. Recent work has shown that intra oral transport and swallow kinematics change 

following RLN lesion, suggesting potential changes in bolus formation prior to the swallow. In this 

study we used geometric morphometrics to understand the effect of bolus shape on penetration and 

aspiration in infants with and without RLN lesion. We hypothesized 1) that geometric bolus 

properties are related to airway protection outcomes and 2) that in infants with RLN lesion, the 

relationship between geometric bolus properties and dysphagia is changed. In five infant pigs, 

dysphagia in 188 swallows was assessed using the Infant Mammalian Penetration Aspiration 

Score (IMPAS). Using images from high-speed VFSS, bolus shape, bolus area, and tongue outline 

were quantified digitally. Bolus shape was analyzed using elliptical Fourier analysis, and tongue 

outline using polynomial curve fitting. Despite large inter-individual differences, significant within 

individual effects of bolus shape and bolus area on airway protection exist. The relationship 

between penetration-aspiration score and both bolus area and shape changed post lesion. Tongue 

shape differed between pre and post lesion swallows, and between swallows with different IMPAS 

scores. Bolus shape and area affect airway protection outcomes. RLN lesion changes that 

relationship, indicating that proper bolus formation and control by the tongue requires intact 

laryngeal sensation. The impact of RLN lesion on dysphagia is pervasive.
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Introduction

Damage to the recurrent laryngeal nerve (RLN) is a frequent complication of surgery to 

correct patent ductus arteriosus in premature infants [1,2]. Iatrogenic RLN lesion is 

associated with increased incidence of dysphagia [2–4], leading to increased aspiration, with 

potentially dangerous complications such as aspiration pneumonia. Severity and prognosis 

are variable and difficult to predict [5,6].

The RLN provides motor innervation to the intrinsic laryngeal muscles, and sensory 

innervation to the laryngeal mucosa below the vocal folds. Neither these muscles, not these 

sensory fields, are directly involved in a safe swallow. However, recent work has indicated 

that airway protection deficits following RLN lesion are associated with changes in the 

timing and extent of tongue movements during intraoral transport and the swallow [7]. In 

addition, both anesthesia [8] and stimulation [9] of oral sensory pathways change swallow 

parameters and airway protection outcomes, highlighting the importance of sensory 

modulation of the swallow by structures throughout the oral, pharyngeal, and laryngeal 

complex. This suggests that the biomechanics of transport of the liquid bolus from the 

valleculae to the pharynx may be modified in infants with a recurrent laryngeal nerve lesion.

These biomechanics of transport are responsible for the bolus formation prior to propulsion 

into the esophagus. Changes in size and shape of the bolus resulting from RLN lesion may 

reveal important information about how bolus properties, airway protection, and recurrent 

laryngeal nerve lesion are interrelated.

Geometric morphometrics is a toolbox of mathematical and statistical techniques that allow 

complex two and three dimensional shapes to be analyzed quantitatively in a way that can be 

directly related to underlying variation in anatomy [10]. As bolus shape, tongue shape, and 

bolus area are all potentially relevant anatomical variables in understanding the relationship 

between bolus formation in the valleculae and airway protection, in this study we propose to 

use geometric morphometrics to address this question. The complex and changing shape of 

the tongue and soft palate, which determine much of the two dimensional bolus outline, are 

functionally relevant variables not easily reducible to simple linear metrics, or standard, 

single point tracking based kinematic approaches. Thus, although such approaches yield 

important insights into timing of the relative movements of the structures involved in the 

swallow [7], they do not tell us about the deformation of these structures, and therefore the 

formation of the bolus itself.

The aim of this study is to establish whether bolus formation in the valleculae prior to the 

swallow is predictive of airway protection outcomes in intact infants and infants with 

unilateral recurrent laryngeal nerve lesion. We use our validated infant pig model [8,11,12] 

in order to do controlled nerve injuries and collect amounts of data impossible in vulnerable 

infant clinical populations. Infant pigs are a good model for infant humans through similar 

size [13], similar anatomy (a fleshy, muscular tongue, muscular cheeks and an intranarial 

larynx) and a similar mode of drinking (tongue based suction rather than lapping) [14]. 

Furthermore, unlike rodent models, aspiration and penetration are characteristic features of 

dysphagia in infant pigs as they are in humans, so infant pigs make a good model of this 
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particular pathophysiology. Interspecies comparisons with non-human primates suggest that 

many features of infant feeding are shared among mammals [15]. In so far as it is known, the 

peripheral innervation of the larynx is anatomically broadly similar in pigs and humans [13]. 

Thus, detailed, controlled, experimental study of pathophysiology of feeding in infant pigs 

can inform and guide clinical hypothesis development where such invasive experimental 

work is impossible. We tested two hypothesis:

1. Variation in bolus shape, tongue shape and bolus area is related to airway 

protection outcomes

2. Recurrent laryngeal nerve lesion leads to changes in bolus shape, tongue shape, 

and bolus area, and changes to their relationship to airway protection.

Materials and methods

A. Animals

5 pigs aged between 3 and 14 days of age were trained to drink pig formula (Solustart Pig 

Milk Replacement, Land o’ Lakes, Arden Mills, MN) mixed with barium sulfate (E-Z Paque 

Barium sulfate, EZ EM Inc., NY) from a bottle in front of a fluoroscope (GE9400 C-Arm, 

80 kV, 4MA) connected to a high-speed, adjustable frame rate digital camera (used at 100 

frames per second, XC 1M digital video camera, Xcitex, Cambridge, MA). The camera 

resolution was 1260 by 1080. The liquid formula used was 250 ml of milk powder mixed 

with 250 ml of barium sulfate and 1l of water, which the pigs drank without difficulty. Radio 

opaque markers were implanted in the tongue. Seven days after arrival, unilateral recurrent 

laryngeal nerve lesion was performed surgically. Under isoflurane anesthesia (2–5%) using 

aseptic techniques, the right recurrent laryngeal nerve was identified anatomically from its 

entry into the larynx at the level of the cricothyroid muscle. The nerve was then ligated with 

suture in two places, crushed with microvascular hemoclips, and sectioned, with a 1–2mm 

section of nerve removed. The ends were displaced to prevent re-innervation of the larynx. 

Lesion was confirmed by dissection post mortem in all individuals. Individuals were 

recorded feeding on milk pre and post lesion, so that each individual could act as its own 

control. All protocols and procedures were approved by the NEOMED institutional animal 

care and use committee (IACUC protocol 13–011).

B. Swallows

Animals were filmed in lateral view drinking barium milk unrestrained in front of a 

fluoroscope recording at 100 fps. Swallows were assessed for airway safety using the Infant 

Mammalian Penetration Aspiration Scale [16] (table 1). A random sample of pre and post 

lesion swallows with IMPAS scores of 1, 2, and 7 were selected for this analysis, as previous 

work indicates that lesion-IMPAS interactions can be expected as one outcome of these 

experiments [7]. Not all IMPAS scores are present in all individuals owing to natural 

variation in the severity of response to lesion; in particular one individual did not aspirate 

post lesion. Furthermore, silent aspiration is considerably rarer in unlesioned pigs than in 

lesioned pigs, although it does occur [12]. As a result the design could not be perfectly 

balanced. A total of 188 swallows were used in this analysis.
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C. Bolus outline

For each swallow selected for the analysis, the frame before the beginning of posterior 

movement of the epiglottis was selected for measurement of bolus properties. Boluses were 

outlined in ImageJ [17] using the free select tool on a touch screen tablet with a stylus 

(Surface Pro 2, Microsoft Corporation, Redwood, WA). A measuring scale was set using a 

ball with a 12.7 mm diameter attached to the pig. Milk in the pyriform recesses was 

excluded from the outlines, as the volume contained within the recesses is quite small 

relative to the valleculae, given their anatomical relationship to the laryngeal opening. The 

area outlined was then measured in mm2 (fig. 1A). Although we could not automate this 

process, a blinded repeated measures trial of manual outline traces indicated that error due to 

outline tracing was less than variation between different boluses. This method of quantifying 

bolus shape has limitations due to movement of the pig’s head out of parasagittal position, 

unavoidable as the animals in this study fed unrestricted. Some caution is needed to avoid 

making overly specific interpretations of the results. However, techniques, such as 4D CT 

scans [18] to image boluses in 3D, which would avoid this problem, are only 10 fps, and do 

not yet have the temporal resolution of our system.

D. Tongue outline

The tongue was outlined following a standard protocol. The base of the tongue (where the 

tongue meets the epiglottis) was identified on the image. A radio opaque marker had been 

placed in the middle of the tongue, at a histological location marked in pigs by the presence 

of a V-shaped keratinous pad. The surface of the tongue between these two points was 

digitized with the stylus and tablet in ImageJ, and exported as a series of X-Y coordinates 

(fig. 1B).

E. Elliptical Fourier analysis

Bolus outlines were analyzed using elliptical Fourier analysis [19], a type of geometric 

morphometrics designed for shape analysis of closed outlines. Elliptical Fourier analysis 

allows the quantification of complex shapes, and the exploration of how these shapes differ 

in a manner that can be related to differences in the configuration of muscular structures (fig. 

2). Closed outlines are represented as unique combinations of coefficients weighing different 

harmonic functions derived from a Fourier transformation of the curves. Outlines of boluses 

were extracted from digitized boluses using ChainCoder [20]. Fourier decomposition of the 

outlines were calculated using the Momocs package for R [21]. Once Fourier coefficients 

were calculated for each outline, a principal components analysis was performed on the 

coefficients and the principal components scores were used for subsequent multivariate 

statistics [22]. Often a very high number of Fourier coefficients (in this case, 32) are needed 

to represent each shape. Such large numbers of variables to represent each case become 

statistically redundant. Principle components analysis is a data reduction technique that uses 

the correlation between these coefficients to construct axes that capture the covarying 

changes in outline shape in the sample, in progressively smaller proportions. Thus, often, 

most of the variation in the sample can be analyzed using a small number of principal 

components, instead of the original high variable count representation of each sample [23].
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F. Polynomial curve fitting

Tongue outline traces were analyzed using polynomial curve fitting with a least squares 

goodness of fit criterion. By using a polynomial fit, curvature in a scatter of points, like that 

which represents tongue outline, can be modelled. Polynomial approximation was used in 

preference to geometric morphometrics as the muscular, deformable nature of the tongue 

makes it difficult to be certain that the anatomical regions outlined in each animal are clearly 

homologous. Thus polynomials were used as quantitative estimates of the shape of the trace, 

without the strong inferences about the underlying morphology a geometric morphometric 

analysis would have. Various polynomial models were assessed by examination of residual 

plots of tongue outlines to polynomial curves for heteroscedasticity. A third order 

polynomial with a sine factor was selected based on equally distributed goodness of fit along 

the entire digitized tongue surface. Polynomial coefficients from the least squares best fit 

polynomial to each tongue outline were retained for further analysis. Polynomial curves 

were fitted in Systat 13 (Systat Software, Inc., San Jose, CA). The polynomial function had 

the following general form:

G. Relationship between nerve lesion, airway protection, and bolus shape

We tested the relationship between nerve lesion, airway protection, and bolus shape using 

multivariate ANOVA. We used a complete model approach, with three fixed factors 

(individual, IMPAS score, treatment) and all four interaction terms. Inter-individual variation 

was very high, which is why individual was also included as fixed factor in the model. The 

dependent variables were the principal component scores of the first five principle 

components deriving from the analysis of bolus outline Fourier coefficients, which account 

for 97% of the variance in the sample. No single principal component after PC 5 accounted 

for more than one percent of the total variance in the sample. All statistical tests were 

conducted in R [24].

H. Relationship between nerve lesion, airway protection, and bolus area

We tested the relationship between nerve lesion, airway protection and bolus area using a 

univariate ANOVA. As above we used a complete model, with three fixed factors 

(individual, IMPAS score, treatment) and all four interaction terms. The dependent variable 

was bolus area measured in mm2.

I. Relationship between nerve lesion, airway protection, and tongue shape

We tested the relationship between nerve lesion, airway protection and tongue shape with 

univariate, multifactorial ANOVAs, with three fixed factors and interaction terms. We 

analyzed each coefficient of the polynomial (first order, second order, third order, constant, 

sine term) separately.
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J. Correlation of variables

We predict that tongue shape, bolus shape, and bolus area to be correlated as biological 

variables. In order to separate the effects of these correlations, we performed two 

multivariate regressions. The first was a multivariate multiple regression of the principal 

component scores of bolus shape on the first, second, and third order factors of the 

polynomials fit to the tongue outlines. The second was a multivariate regression of the 

principal components of bolus shape on bolus area. For each regression we analyzed the 

residuals of bolus shape principal component scored using the multifactorial MANOVA with 

three fixed factors and four interactions. This method of analysis is a mathematical way of 

analyzing size independent, and tongue shape independent, bolus shape variation.

Results

A. Variation in bolus shape is correlated with RLN lesion, airway protection, and individual 
variation

Across all swallows in a feeding sequence, swallow safety decreased pre to post lesion in all 

animals (table 2). Significant differences in bolus shape are found between individuals, 

nerve lesion treatment groups, and swallows with different airway protection outcomes 

(table 3). Furthermore, the statistical interactions between these terms are significant, 

indicating that the relationship between bolus shape and airway protection outcome is 

different between control and lesion, and in different individuals. Thus, graphically, when 

plotting PC1, PC2, and PC3 (92.43% of the total variation in the sample), patterns of bolus 

shape differences are inconsistent among individuals (Fig. 3). Calculated average shapes of 

the bolus pre and post lesion in each individual show within individual differences in the 

tongue profile that are overshadowed by overall interindividual differences (Fig. 4).

B. The relationship between bolus area and airway protection changes pre and post RLN 
lesion

Across all animals, bolus area is significantly smaller post lesion that pre lesion, and 

graphically this reduction in bolus area is most clearly visible in safe swallows (Fig. 5). 

Statistically, between individual variation is highly significant, and thus the effect of 

treatment on the relationship between bolus area and aspiration is only statistically 

significant within individuals (table 4). This is due in part to the variation in the distribution 

of IMPAS score among individuals. For example, one individual never showing any 

aspiration pre or post lesion, and this individual also consistently had small area boluses.

C. Differences following RLN lesion in tongue shape reflect both airway protection 
outcomes and the effect of RLN lesion

In the analysis of tongue shape, one of the five individuals had to be removed owing to much 

higher variation and poor polynomial fit than the other four. There were significant 

differences in the tongue outlines between individuals, pre and post lesion, and between 

IMPAS scores, although the interaction of treatment and IMPAS was not significant in this 

case (table 5). Both first and third order polynomial coefficients were lower in RLN lesion 
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than in control pigs, with intercept, second order, and sine term coefficients being higher 

(fig. 6).

D. Bolus area and tongue shape do not account for all of the relationship between bolus 
shape, RLN lesion and airway protection

The effects of individual, IMPAS score, and RLN lesion on the residuals from the 

multivariate multiple regression of bolus shape principle component scores against tongue 

shape coefficients are all significant, as well as all the interactions (table 6). This indicates 

that aspects of bolus shape distinct from the tongue curvature (which describes part of the 

bolus as traced in this study) are related to airway protection outcomes, and affected by RLN 

lesion.

The multivariate regression of bolus shape principle components on bolus area is highly 

significant (p<0.001, F(5,172)=215.43). However, the effects of individual, RLN lesion, and 

IMPAS score on the variation in the residuals of bolus shape principle components from this 

regression are still significant (table 7). Only the individual: treatment and individual: 

IMPAS score interactions are still significant though, indicating that the effect of treatment 

on IMPAS score may be primarily driven by bolus area and bolus area correlated shape 

difference.

Discussion

A. Variation in bolus size and shape is correlated with dysphagia and failure of airway 
protection

For both lesioned and non-lesioned infants, boluses in the valleculae differ between normal 

and dysphagic swallows both in area and in shape. Thus, swallows in which aspiration 

occurs already have different properties from safe swallows before the swallow reflex proper 

has been triggered. As aspiration is much rarer in animals without lesion, the effect is less 

strong ([12] and table 2). Although the bolus area measured here is a two dimensional proxy 

for volume, previous work [25] has shown that the correlation between bolus area and bolus 

volume is strong. The relationship between bolus area and failure of airway protection is 

consistent with literature indicating that swallow volume is a key determinant in preventing 

aspiration and is often an indicator of mistimed triggering of the swallow [26,27].

The clear effect of recurrent laryngeal nerve lesion on bolus area, bolus shape and their 

relationship to airway protection outcomes adds to the body of knowledge indicating that 

RLN lesion affects the swallow in a more fundamental way than simply by preventing vocal 

fold closure [12]. The apparent reduction in the area of boluses associated with safe swallow 

outcomes in infants with lesion is particularly intriguing in this regard, as it suggests that 

RLN lesion may impact on the oro-pharyngeal system’s ability to handle large boluses 

safely. This suggests that controlled volume of milk delivery may potentially be a 

therapeutic avenue worth investigating for infants with RLN damage. Mechanically 

controlling both rate and volume of milk delivery changes both frequency and volume of 

boluses in intact infants [11]. Future work on how these parameters also affect swallow 

safety outcomes in intact infants, and infants with RLN lesion, is warranted.

Gould et al. Page 7

Dysphagia. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Physical properties of the bolus, specifically the rheology of the fluid, may be part of the 

explanation for the pattern observed here. Although there is no change in the rheology of the 

milk fed to animals pre and post lesion, fluid properties are well known to affect swallowing 

safety, and form the primary basis for treatment intervention [28]. Thus, some of these 

outcomes might vary with the rheological properties of the liquids being ingested.

The pressure dynamics within the oropharynx will also be important in determining the 

shape and movement of the bolus. These observed changes may relate to changes in the 

pressure differentials in the pharynx and oral cavity. Importantly, these changes in shape 

occur before the bolus enters the pharynx proper suggesting that changes in pharyngeal 

pressure are unlikely to be driving these differences. However, changes in the negative 

pressure gradient that drive the oral suction pump [29] may be important in bolus formation 

and control.

B. RLN lesion may impact the relationship between tongue movements and timing of the 
swallow

Tongue shape differs markedly between control and lesion boluses. The data collected in our 

analysis represented a snapshot from a kinematic process. Furthermore, this snapshot was 

timed to the swallow, as indicated by the movement of the epiglottis. Thus the differences 

found may reflect absolute difference in tongue geometry between lesion and control 

animals, or they may reflect changes in timing between tongue movements and the 

pharyngeal swallow. It may be that, from the perspective of tongue kinematics, we were 

comparing different frames of the same film sequence between control and lesion swallows. 

In the future, we will carry out a more complete dynamic analysis to address this question.

C. Sensory signals and swallowing

This work adds to the understanding of the role of the bolus in the sensory motor control of 

infant swallowing. Various bolus properties modify swallow outcomes. The viscosity of the 

bolus affects kinematics of swallow, changing the duration of the various phases of the 

swallow and modifying airway protection outcomes [30]. Conversely, varying various 

parameters (such as rate of milk delivery [9]) has measurable effects on bolus volume at 

swallow initiation. Most relevant, lesion of the superior laryngeal nerve (SLN), which is also 

associated with a significant increase in aspiration [31], also results in changes in the volume 

of liquid in the valleculae at the point at which the swallow is initiated [26].

These results are consistent with our previous work on tongue kinematics [7], and point 

strongly to existence of sensory motor connections between the afferent signals coming up 

the recurrent laryngeal nerve to the nucleus tractus solitarius, and the efferent signals 

emanating from the hypoglossal motor nucleus. Extensive sensory motor connections exist 

between the oral cavity and the swallow reflex [9,32]. The results here indicate that sensory 

motor connections are ubiquitous throughout the oro-pharyngeal-laryngeal system, although 

their neurological basis is still poorly understood [33,34]. Further investigation of tongue 

kinematics, as well as neurological investigation of connections between the brainstem and 

the cortex in the control of oro-pharyngeal movements are needed to clarify the neurological 

subtsrate of these results.
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Clinically, the similarities between pigs and humans in laryngeal innervation on the one 

hand, and infant feeding behavior on the other, suggest that the results of this investigation 

are likely to translate to human feeding behavior. Thus, videofluoroscopic assessment of 

patient swallowing in infants with severe dysphagia may benefit from examination of bolus 

shape properties. Furthermore, unlike work involving tracking implanted radiopaque 

markers, this study’s approach is broadly non-invasive, and could be adapted to human 

patient studies with relatively minor modifications.

D. Between individual variation is high and pervasive

Between individual differences consistently account for large proportions of the variation in 

these data, so much so that without explicitly incorporating it statistically, effects of lesion 

and airway protection are masked. And yet, within individual there are consistent patterns. 

For example, the one individual that never aspirated pre or post lesion consistently had the 

least variable, and smallest in area, boluses. This reinforces that the variation seen in severity 

and prognosis for infants with RLN lesion cannot be attributed solely to variation in degree 

of insult, but also to underlying physiological differences between individuals. In this regard 

it is important to remember that infants are neurologically plastic, and undergoing significant 

sensory and motor remodeling of the central nervous system. Infant pigs have quite 

compressed post-natal development, reaching weaning age within 25 days post birth [35]. 

Maturation in coordination of respiration and swallowing occurs over a couple of days post 

birth [31]. It is therefore likely that the between individual variation observed in these 

animals could be due to maturational differences occurring over a span of a day or two. A 

better understanding of the interaction between neural maturation, and variability in feeding 

behavior is important.

E. Limitations of the study

Firstly, the use of two dimensional images to quantify differences in complex three 

dimensional shapes introduces measurement error due to the projection of these three 

dimensional shapes into the plane [37]. This error complicates interpretation of shape 

differences, and reduces the strength of the signal. This is compounded by the difficulty of 

maintaining an unrestrained, vigorously feeding animal in a completely parasagittal plane 

relative to the camera. As a result of this limitation, our power to detect effects is reduced 

(accounting for the low F values of many of our factors). Furthermore, our ability to make 

strong statements as to what part of bolus shape changes is reduced, as some of the apparent 

shape change in our sample is attributable to planar projection of volumes and head rotation 

in the animals. However, the reconstruction in three dimensions of bolus is only achievable 

currently using X-ray tomography, and is impossible at 100 fps, a speed which captures the 

detailed kinematics of infant swallowing. Going forward, the use of X-ray Reconstruction of 

Moving Morphology (XROMM) [38] may allow some of these artifacts to be reduced. 

Furthermore, many of these limitations also apply to studies of human infant swallowing. 

While adult human subjects can be told to hold position, it may be difficult to maintain a 

strict parasagittal orientation for children or infants. The level of detail we obtained in this 

study is impossible to achieve in human infants. In particular, the number of swallows 

recorded and the camera speed (which requires higher intensity of X-ray technique) would 

be ethically impermissible in human infants.
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A further limitation of using these two dimensional images is that our metrics are all proxies 

for actual bolus properties (volume, three dimensional shape, tongue kinematics). Thus, our 

results, though indicative of changes in function following RLN lesion, are limited in their 

insights into the biomechanics of the bolus. The use of a mechanical milk delivery system, 

and of three dimensional reconstruction of tongue kinematics, may allow more direct 

estimation of bolus volume and tongue kinematics.

Conclusion

The shape of the bolus in the valleculae prior to the swallow differs between swallows 

without penetration or aspiration, and swallows in which airway protection fails. 

Furthermore, RLN lesion changes both bolus properties, and the relationship between these 

and airway protection. Thus, this study adds yet another neurological mechanism by which 

the coordination of the swallow is modulated by sensory inputs from the entire oro-

pharyngeal and laryngeal complex. Clinically, this study highlights that the swallow varies 

between infants, and that variable responses to laryngeal nerve damage reflect underlying 

variation in infant physiology. More investigation of the neural mechanisms of tongue 

control and bolus dynamics is needed to better understand the pathophysiology of infant 

dysphagia.
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Figure 1. 
Illustration of how bolus area (A) and tongue outline (B) were traced on fluoroscopy stills 

for each swallow.
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Figure 2. 
Graphical representation of elliptical Fourier analysis. Any closed outline (A) can be 

approximated by the sum of a hierarchy of elliptical orbits of progressively higher rotation 

frequency (B). The fundamental orbit (the best fit ellipse to the original outline) sets the 

basic period of rotation, which higher orbit rotating at a harmonic frequency of the original 

period. The more harmonic orbits are added (C) the better the fit to the original outline. The 

coefficients which define the ellipse drawn by each harmonic orbit uniquely represent each 

outline in a set of outlines.
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Figure 3. 
By individual (A through E) plots of bolus shape variation and along PC1 and PC2 (Left 

hand column) and PC2 and PC3 (right hand column), with percent variation by principle 

component. Circles: control, triangle: lesion. White: safe swallow, gray: cleared penetration, 

black: silent aspiration.
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Figure 4. 
By individual (A through E) mean bolus outline for control and lesion boluses. Anterior 

(cranial) is right, dorsal towards the top of the page. Note large interinvidual variation in 

bolus shape masking control to lesion differences within individuals.
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Figure 5. 
Boxplot of log of bolus area in control and lesion swallows with different IMPAS values. 

Boxes are median and interquartile range, whiskers are 95th percentiles, dots are outliers. 

See table 4 for statistical significance.

Gould et al. Page 17

Dysphagia. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Boxplot of the five parameters of the best fit polynomials to tongue outlines in control and 

lesion swallows with different IMPAS values. Boxes are median and interquartile range, 

whiskers are 95th percentiles, dots are outliers. See table 5 for statistical significance.
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Table 1

Summary of the IMPAS scale

Score What happens

1 Normal swallow

2 Some penetration that is cleared during the swallow

3 Some penetration that is not cleared during the swallow

4 A lot of penetration that is not cleared during the swallow

5 Aspiration with a successful attempt to clear

6 Aspiration with an unsuccessful attempt to clear

7 Aspiration with no attempt to clear
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Table 3

Results of complete model MANOVA of individual, treatment, IMPAS score and all interactions on variation 

in first five principle components of bolus shape. Bold indicate significant effects.

Factor F (num Df, den Df) Wilks P-value

Individual 55.332 (20, 524) 0.02 <0.01

Treatment 5.036 (5, 158) 0.86 <0.01

IMPAS 3.665 (10, 316) 0.8 <0.01

Individual:treatment 3.695 (20, 524) 0.65 <0.01

Individual:IMPAS 3.867 (30, 634) 0.51 <0.01

Treatment:IMPAS 2.237 (10, 316) 0.87 0.02

Individual:treatment:IMPAS 1.699 (15, 436) 0.86 0.048
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Table 4

Results of complete model ANOVA of individual, treatment, IMPAS score and all interactions on variation in 

bolus area. Bold indicate significant effects.

Factor F P-value

Individual 227.81 <0.01

Treatment 25.06 <0.01

IMPAS 2.58 0.079

Individual:treatment 4.93 <0.01

Individual:IMPAS 4.76 <0.01

Treatment:IMPAS 0.121 0.886

Individual:treatment:IMPAS 2.96 0.034
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Table 5

Results of univariate ANOVAs of individual, treatment, IMPAS score and interactions on first, second, third 

order and sine term coefficients of polynomial fits to tongue outlines. Bold indicate significant effects.

First order Second order Third order Sine term

Individual F=24.8, p<.01 F=28.08, p<.01 F=23.61, p<.01 F=4.35, p<.01

Treatment F=45.53, p<.01 F=40.35, p<.01 F=29.59, p<.01 F=6.97, p<.01

IMPAS F=8.13, p<.01 F=7.85, p<.01 F=7.70, p<.01 F=0.80, p=.45

Treatment:IMPAS F=0.16, p=.85 F=0.06, p=.94 F=0.001, p=.99 F=0.13, p=.88
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Table 6

Results of complete model MANOVA of individual, treatment, IMPAS score and all interactions on variation 

in residuals of first five principle components of bolus shape regressed against tongue coefficients. Bold 
indicate significant effects.

Factor F (numerator Df, denominator Df) Wilks P-value

Individual 17.134 (20, 620) 0.09 <0.01

Treatment 14.837 (5, 152) 0.67 <0.01

IMPAS 6.87 (10, 304) 0.67 <0.01

Individual:treatment 2.12 (20, 505) 0.77 <0.01

Individual:IMPAS 3.867 (30, 610) 0.51 <0.01

Treatment:IMPAS 3.11 (10, 304) 0.82 <0.01

Individual:treatment:IMPAS 1.93 (15, 420) 0.86 0.02
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Table 7

Results of complete model MANOVA of individual, treatment, IMPAS score and all interactions on variation 

in residuals of first five principle components of bolus shape regressed against bolus area. Bold indicate 

significant effects.

Factor F (numerator Df, denominator Df) Wilks P-value

Individual 17.434 (20, 501) 0.17 <0.01

Treatment 10.412 (5, 151) 0.74 <0.01

IMPAS 3.93 (10, 302) 0.78 <0.01

Individual:treatment 4.16 (20, 501) 0.6 <0.01

Individual:IMPAS 3.8 (30, 606) 0.5 <0.01

Treatment:IMPAS 1.63 (10, 302) 0.9 0.1

Individual:treatment:IMPAS 1.38 (15, 417) 0.87 0.15
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