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Abstract

Consuming thicker fluids and swallowing in the chin-tuck position has been shown to be

advantageous for some patients with neurogenic dysphagia who aspirate due to various causes.

The anatomical changes caused by these therapeutic techniques are well known, but it is unclear

whether these changes alter the cerebral processing of swallow-related sensorimotor activity.

We sought to investigate the effect of increased fluid viscosity and chin-down posture during

swallowing on brain networks. 55 healthy adults performed water, nectar-thick, and honey thick

liquid swallows in the neutral and chin-tuck positions while EEG signals were recorded. After

pre-processing of the EEG timeseries, the time-frequency based synchrony measure was used

for forming the brain networks to investigate whether there were differences among the brain

networks between the swallowing of different fluid viscosities and swallowing in different head

positions. We also investigated whether swallowing under various conditions exhibit small-

world properties. Results showed that fluid viscosity affects the brain network in the Delta,

Theta, Alpha, Beta, and Gamma frequency bands and that swallowing in the chin-tuck head

position affects brain networks in the Alpha, Beta, and Gamma frequency bands. In addition,

we showed that swallowing in all tested conditions exhibited small-world properties. Therefore,

fluid viscosity and head positions should be considered in future swallowing EEG investigations.
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1 Introduction

1.1 Swallowing and swallowing difficulties

Deglutition (i.e., swallowing) is one of the most complex human functions as it involves the activa-

tion of several brain and brainstem regions, as well as peripheral structures including head and neck

muscles (Ertekin and Aydogdu, 2003; Stevenson and Allaire, 1991). This process of food transporta-

tion from the oral cavity via the pharynx and esophagus to the stomach is divided into four phases

(Dodds, 1989). The first swallowing phase, the oral preparatory phase, is entirely voluntary, while

the second, the oral transit phase, is initiated voluntarily and completed involuntarily. During the

oral preparatory phase, food is formed into a swallowable bolus by chewing and mixing with saliva.

At the same time sensory information is delivered to the brainstem and cortical centers (Hughes

et al., 1987). Meanwhile, lingual and palatal musculature contains the bolus within the oral cavity,

preventing inadvertent gravity-dependent flow of material from the oral cavity into the pharynx,

where the airway remains unprotected (Saitoh et al., 2007). Depending on the information collected

by sensory receptors about the food or liquid being prepared, these receptors generate signals that

stimulate activation of salivatory nuclei in the pons and medulla to produce salivation in the oral

cavity and masticatory motor activity in the head and neck. Furthermore, the signals generated

by the sensory receptors elicit limbic-mediated emotions related to the act of feeding, and this

cumulative sensory afferent information is processed in the pontomedullary swallowing centers in

preparation for the subsequent phases of swallowing (Miller, 1986). During the oral transit phase,

intrabolus pressure generated by the tongue propels the bolus posteriorly by compressing the bolus

against the palate, while the posterior linguapalatal valve is opened to enable transfer of the bolus

to the pharynx (Nicosia and Robbins, 2001; Miller and Watkin, 1996). In healthy young individ-

uals, the onset of the next phase, the pharyngeal phase, begins before the leading edge (head)

of the bolus enters the pharyngeal cavity, while in older individuals, pharyngeal motor activity is

observed after the bolus head enters the pharynx (Hughes et al., 1987). The duration between the

entrance of the bolus head into the pharynx and the onset of pharyngeal motor activity is referred

to as the duration of stage transition (Kempster, 1992).Throughout these events, oropharyngeal

receptors continue to transmit information about the size, shape, temperature, taste, and speed of

motion of the food or liquids being processed. After processing, this information is received by the

trigeminal and solitary nuclei and their associated reticular formation. A motor plan is produced

by the swallowing central pattern generator and the muscles involved in the pharyngeal phase are

automatically activated (Miller, 1999). The third phase, the pharyngeal phase, is a nearly entirely
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combination of voluntary and involuntary actions and involves numerous biomechanical events that

continuously transfer intrabolus pressure to the inferior pharynx, inhibit resting closure pressure

of the upper esophageal sphincter (UES), displace the unprotected airway out of the path of the

oncoming bolus, cover the inlet to the airway, seal the superior nasopharynx at the velopharyn-

geal port, and apply the necessary traction forces on the UES to enable adequate duration and

diameter of opening for complete bolus clearance into the digestive system. The fourth phase, the

esophageal phase, is a totally involuntary process mediated by vagal efferents and the somewhat

internal esophageal nervous system that produces propulsive, sequential superior to inferior motor

activity propelling the bolus toward the lower esophageal sphincter, which then momentarily relaxes

and enables clearance into the stomach (Goyal et al., 2001). Historically, it was believed that only

brainstem centers were responsible for controlling swallowing; however, later studies emphasized

the importance of the cerebral cortex during swallowing (Martin and Sessle, 1993). Other parts of

the brain which that later demonstrated activity during swallowing include: the faciale areas of the

sensorimotor cortices, the premotor cortex, the anterior cingulate cortex, the insular cortex, the

frontal operculum, the cerebellum, etc. (Hamdy et al., 1999a,b; Martin et al., 2001; Kern et al.,

2001; Mosier and Bereznaya, 2001; Zald and Pardo, 1999).

There are numerous supra and infratentorial regions, including a pontomedullary “swallowing

cente” which are activated during swallowing, and others which, when directly stimulated, produce

facial, lingual and mandibular movements. And the combined mastication-swallowing patterns can

be elicited through electrical stimulation. Prefrontal microeletrode stimulation has been show to

produce specific contractions of muscles responsible for movement of these structures, while more

current delivered through larger electrodes has been shown to produce the pharyngeal swallow

response (Miller, 1986). Likewise, stimulation of corticobulbar and subthalamic regions adjacent

to the substantia nigra and midbrain reticular formation regions have been shown to also elicit a

masticatory-swallow response. Early research into these deep brain regions and their relationship

to swallowing suggests that autonomic and other visceral and somatic responses integrate with one

another and summate to produce the reflexive swallow as well as esophageal activity Bieger (1993).

Therefore these higher level centers appear to be involved in acquisition of feeding and swallowing

behaviors and related motor learning. However the activation and propagation of the coordinated

swallow response is strongly mediated by infratentorial, brainstem regions. General sensory input

through trigeminal, glossopharyngeal and vagal nerves, and gustatory input through facial and

glossopharyngeal nerves from the periphery, deliver the necessary kinesthetic, taste, proprioceptive

and tactile input to the solitary nucleus that summate in the swallowing center Stimulation of pon-
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tine areas adjacent to the trigeminal motor nucleus also evoke mastication and swallowing while

destruction of the dorsolateral medulla, as seen in posterior inferior cerebellar artery syndromes

like the lateral medullary or Wallenberg syndrome, is well-known to produce the clinical syndrome

of dysphagia characterized by an absent pharyngeal response, failure of inhibition cricopharyngeal

(upper esophageal sphincter) tonic closure, and pharyngeal and laryngeal paralysis, with preserved

buccofacial and masticatory behavior. This region, containing portions of the reticular formation

and adjacent nucleus and tractus solitarius (the principal sensory nucleus receiving vagal general af-

ferent and special sensory information from the oropharyngeal mechanism) and nucleus ambiguus

(the principal motor nucleus activating the pharyngeal, laryngeal and esophageal structures in-

nervated by the 9th and 10th cranial nerves), and surrounding structures, has been referred to

as the medullary swallowing center (Sang and Goyal, 2001) . Interestingly, unilateral dorsolateral

medullary damage has been shown to produce contralateral sensorimotor impairments and bilateral

swallowing disconnection syndromes (Aydogdu et al., 2001).

Swallowing difficulties (i.e., dysphagia) may occur for a wide range of reasons, the most com-

mon of which includes neurological conditions, such as stroke (Gottlieb et al., 1996), brain injuries

(Lazarus and Logemann, 1987), cerebral palsy (Rogers et al., 1994), Parkinson’s and other neu-

rodegenerative diseases (Murray, 1999). Dysphagic patients have a high risk of developing other

medical conditions (i.e., dehydration (Smithard et al., 1996), malnutrition Foley et al. (2009), failure

of the immune system (Curran and Groher, 1990), and respiratory infections (Marik and Kaplan,

2003)), which can lead to hospitalization and to death. One of the common techniques for treating

dysphagia is by changing the patient’s diet. Studies show that the alteration of the texture and

other sensory properties of certain foods and liquids can make swallowing easier for patients with

certain impairments in bolus propulsion, airway protection, and kinematics of aerodigestive tract

structures responsible for clearance into the esophagus (Clavé et al., 2006). Increasing bolus vis-

cosity not only makes swallowing easier for some patients, but also reduces the risk of aspiration in

many patients who aspirate ordinary thin liquids due to specific swallowing biomechanical swallow-

ing impairments (Cook and Kahrilas, 1999). One large randomized controlled trial reported that

during a videofluoroscopic examination, the use of thickened liquids in 711 individuals with Parkin-

son’s disease who aspirate thin liquids and/or dementia eliminated aspiration by 37% when using

nectar-thick liquids (300 Centipoise), and by 47% for honey-thick liquids (3,000 Centipoise) (Loge-

mann et al., 2008). Another common method for treating dysphagia is by incorporating postural

alterations in head and neck position during swallowing. Swallowing in the chin-tuck head position

has been very helpful in protecting airways in many patients who aspirate while swallowing (Lewin
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et al., 2001; Logemann, 1998; Bülow et al., 1999). In this position, the patient flexes the head

on the neck to bring the chin close to the neck while swallowing. In the first investigation of this

compensatory technique, it was reported that this posture eliminated aspiration in 50% of patient

with stroke who aspirated thin liquids on the videofluoroscopic swallow examination (Shanahan

et al., 1993). Since their initial discovery as aspiration-reducing interventions, increasing the bolus

viscosity and swallowing in the chin-tuck position have become widely accepted as methods for

treating thin-liquid aspiration in patients with neurological and other dysphagia-producing condi-

tions. Even though studies provided physiological explanations of the peripheral effects of these two

therapeutic techniques on protecting airways, it remains unknown whether maneuvers such as the

chin-tuck position and increased bolus viscosity affect the central nervous system and on the brain

activity during swallowing. Elucidation of the possible central effects of these and other dysphagia

interventions can lead to a better understanding of the central substrates of swallowing and poten-

tially lead to a wider variety of effective swallowing therapeutic techniques. As a result, analysis

of brain activity during various swallowing conditions provides an additional route of investigation

that warrants attention.

1.2 Brain network formed with EEG

The electroencephalography (EEG), is one of the techniques used for investigating brain activity

during swallowing in different condition as well as for investigating motor imagery of swallow

(Huckabee et al., 2003; Jestrović et al., 2014; Satow et al., 2004; Kober and Wood, 2014; Jestrović

et al., 2015; Kober et al., 2015; Yang et al., 2014, 2016; Jestrović et al., 2015). Traditionally,

EEG were very useful for gaining information about which parts of the brain are involved in

the swallowing task. Besides identification of the brain regions involved in swallowing, EEG also

enables the investigation of relationships and interactions among brain regions during swallowing.

The idea of brain connectivity (i.e., how brain regions communicate between each other) during

swallowing should provide understanding of the brain organization, which is beyond the simple

identification of the brain region involved in this activity. The graph theoretical approach is one

of the methods for analysis of the functional interactions among the brain regions. Graph theory

mathematically describes the relationships between vertices (nodes) of the graph. This approach

has been widely used in human and animal neuroscience studies, as it provides easy analysis of

the functional connectivity of brain networks (Eguiluz et al., 2005; Kaiser and Hilgetag, 2004;

Micheloyannis et al., 2006; Sporns and Zwi, 2004). Therefore, we believe that this method could
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be useful for investigating the functional connectivity of brain networks during swallowing.

In the brain networks formed with the EEG time series, vertices denote the EEG electrodes,

while edges describe synchronization between signals from each pair of electrodes. Depending on

the position of the vertices and the strength of the edges between them, the brain network will

have certain architectural properties. Architectural properties of the brain network formed from

the EEG time series recorded during the swallowing will describe if the neural organization of

this activity is more regular or more random. If the brain network formed during swallowing

is regular, it will be characterized by strong local clustering and a long path length connecting

any two brain regions. On the other hand, if the brain network formed during the swallowing

is random, it will have weak local clustering but short path length between the brain regions.

Studies show that optimal architectural organization of the brain network has so-called small-

world properties (Watts and Strogatz, 1998). A network with small-world properties has strong

local clustering and short path length between brain regions. It has been shown that brain networks

with small-world properties provide optimal organization with the more efficient communication

between different brain regions (Lago-Fernández et al., 2000; Masuda and Aihara, 2004). Also,

higher small-world index implies more efficient communication and a better organization within a

brain network (Douw et al., 2011). Understanding optimal brain organization during swallowing,

as well as understanding changes in the neural reorganization due to cerebral injuries that cause

dysphagia could potentially lead to better rehabilitation strategies. Thus, investigation of the

small-worldness of the brain network during various swallows is of particular interest to us. Also,

the difference in architectural properties between networks that are formed during swallowing from

various conditions could provide important insights into the core of human brain function during

swallowing.

1.3 Hypothesis

We hypothesized that the brain network is different among swallows of various fluid viscosities,

as well as between swallowing in the neutral and chin-tuck head positions. We also hypothesized

that the brain activity occurring during swallowing of various fluid viscosities has would exhibit

small-world properties in both neutral and chin-tuck head positions. Investigation of brain activity

during swallowing of thicker liquids and during swallowing in the chin-tuck head position could

explain whether better swallowing control during these two therapeutic techniques is simply due

to anatomical changes in the pharynx, or rather due to changes in sensory and motor activation
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controlled by brain. Brain damage induced by neurological disorders responsible for dysphagia may

also affect the brain regions involved in swallowing control during these two therapeutic techniques

(e.g., brain regions responsible for sensation during swallowing of the higher-viscosity fluids, or brain

regions responsible for motor activity during swallowing in different head positions). Characterizing

the brain network during these therapeutic techniques could potentially explain why they are only

partially efficient in preventing aspiration. In addition, we analyze whether networks formed during

swallowing with thicker liquids have a higher small-world organization than the networks formed

during swallowing of the thinner liquids. Also, we want to know if small-world organization is

higher for the networks during swallowing in chin-tuck position in comparison with the neutral

position.

2 Results

The results of the network measures are presented as a mean value ± standard deviation, as a

function of percent of network connections. For analyzing the pairwise comparison among various

swallowing conditions, we considered in neutral head position 245 water (thin liquid) swallows,

233 nectar-thick liquid swallows, and 228 honey-thick liquid swallows, while in the chin-tuck head

position, we analyzed 229 water swallows, 216 nectar swallows, and 217 honey swallows.

Figure 1 contains five figures. Each figure summarizes the mean value for the clustering coeffi-

cient as a function of connection densities (i.e., from 5% to 100%) in one of the five EEG frequency

bands. Each colored line indicates a different bolus viscosity. Pairwise comparison between nectar-

thick and honey-thick swallows did not exhibit significant differences in Gamma frequency band

for the viscosity dependence alone, nor for the multivariable dependence of network parameters

on head position, viscosity and sex (p > 0.05). However, nectar-thick swallows had a significantly

higher clustering coefficient than water swallows in the Delta (5% - 65%, moderate effect size: 0.3

- 0.6), Theta (15% - 90%, moderate effect size: 0.3 - 0.56), Alpha (5% - 90%, moderate effect size:

0.3 - 0.54), Beta (5%, 20% - 45%, 55%, small effect size: 0.2 - 0.35), and Gamma (20% - 35%,

moderate effect size: 0.3 - 0.34) ranges (p < 0.0167) for the viscosity dependence alone as well as

for the multivariable dependence (p < 0.05). Also, honey-thick swallows had a significantly higher

clustering coefficient than water swallows in all five frequency ranges for the viscosity dependence

alone (Delta (5% - 25%, large effect size: 0.56 - 0.84), Theta (10%, 15%, moderate effect size: 0.36

- 0.47), Alpha (10%, 15%, moderate effect size: 0.43 - 0.53), Beta (5% - 20%, 40% - 85%, moderate

effect size: 0.33 - 0.56), and Gamma (5% - 20%, 35% - 75% , moderate effect size: 0.3 - 0.51))
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Table 1: Summarized statistically significant results for the clustering coefficient between different

pairwise comparisons, where W-N is a pairwise comparison between water and nectar, W-H is a

pairwise comparison between water and honey, and N-H is a pairwise comparison between nectar

and honey. The dot denotes a significant statistical difference.

Density Delata Theta Alpha Beta Gamma

W-N W-H N-H W-N W-H N-H W-N W-H N-H W-N W-H N-H W-N W-H N-H

5% • • • • • •

10% • • • • • • •

15% • • • • • • • •

20% • • • • • • • •

25% • • • • • • • •

30% • • • • • • •

35% • • • • • • • •

40% • • • • • • • • •

45% • • • • • • • • •

50% • • • • • • • •

55% • • • • • • • • •

60% • • • • • • • •

65% • • • • • • •

70% • • • • • •

75% • • • • • •

80% • • •

85% • • •

90% • •

95% •

100%

and for the multivariable dependence (Delta (5% - 25%), Theta (10%, 15%), Alpha (10%, 15%),

Beta (5% - 15%, 40% - 85%), and Gamma (10% - 20%, 40% - 75%)) (p < 0.05). Furthermore,

honey-thick swallows had a significantly higher clustering coefficient than nectar-thick swallows in

the Delta (40% - 75%, moderate effect size: 0.45 - 0.56), Theta (25% - 60%, moderate effect size:

0.45 - 0.56), Alpha (25% - 75%, moderate effect size: 0.39 - 0.58), and Beta (25%, 30%, moderate

effect size: 0.39 - 0.43) ranges for the viscosity dependence alone, and in the Delta (40% - 70%),

Theta (45%), and Alpha (25% - 75%) ranges for the multivariable dependence (p < 0.05). The

results for the significant statistical differences for the clustering coefficients are also summarized

in the Table 1
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Figure 2 contains five figures. Each figure summarizes the mean value for the characteristic

path length as a function of connection densities (i.e., from 5% to 100%) in one of the five EEG

frequency bands. Each colored line indicates a different bolus viscosity. Pairwise comparison

between nectar-thick and honey-thick swallows did not exhibit significant differences in theBeta and

Gamma frequency bands for the viscosity dependence alone, nor for the multivariable dependence

of network parameters on head position, viscosity and sex (p > 0.05). However, water swallows

had a significantly higher characteristic path length than nectar-thick swallows in the Delta (20%

- 40%, moderate effect size: 0.31 - 0.34), Theta (15% - 50%, moderate effect size: 0.31 - 0.47),

Alpha (20% - 50%, moderate effect size: 0.37 - 0.47), Beta (35% - 50%, moderate effect size:

0.34 - 0.44), and Gamma (40% - 50%, moderate effect size: 0.33 - 0.36) ranges for the viscosity

dependence alone, and in the Delta (20%), Theta (20% - 50%), Alpha (20% - 50%), Beta (35% -

55%), and Gamma (40% - 50%) ranges for the multivariable dependence (p > 0.05). Also, water

swallows had a significantly higher characteristic path length than honey-thick swallows in all five

frequency ranges for the viscosity dependence alone (Delta (5% - 25%, 35% - 75%), Theta (10%,

15%, 30% - 50%), Alpha (5% - 15%, 35% - 70%), Beta (15%, 20%, 30% - 60%), and Gamma

(20%, 25%, 40% - 55%)) and for the multivariable dependence (Delta (5% - 25%, 35% - 75%,

moderate effect size: 0.35 - 0.49), Theta (10%, 15%, 30% - 50%, high effect size: 0.61 - 0.8), Alpha

(5% - 20%, 30% - 70%, moderate effect size: 0.38 - 0.45), Beta (15%, 20%, 30% - 60%, moderate

effect size: 0.31 - 0.47), and Gamma (20%, 25%, 40% - 55%, moderate effect size: 0.31 - 0.51))

(p < 0.05). Furthermore, nectar-thick swallows had a significantly higher characteristic path length

than honey-thick swallows in the Delta (30% - 45%, moderate effect size: 0.32 - 0.41), Theta (20%

- 25%, moderate effect size: 0.33 - 0.42), and Alpha (20% - 25%, moderate effect size: 0.32) ranges

for the viscosity dependence alone, and in the Delta (30%), Theta (20% - 25%), and Alpha (20% -

25%) ranges for the multivariable dependence (p < 0.05). The results for the significant statistical

differences for the characteristic path length are also summarized in the Table 2

Figure 3 contains five figures. Each figure summarizes the mean value for the small-worldness as

a function of connection densities (i.e., from 5% to 100%) in one of the five EEG frequency bands .

Each colored line indicates a different bolus viscosity. Pairwise comparison between nectar-thick and

honey-thick swallows did not exhibit significant differences in the Theta, Alpha, Beta, and Gamma

frequency bands for the viscosity dependence alone, nor for the multivariable dependence of network

parameters on head position, viscosity and sex (p > 0.05). However, nectar-thick swallows had a

significantly higher small-worldness than water swallows in the Delta (15% - 60%), Theta (15% -

85%), Alpha (5% - 85%), Beta (5% - 65%), and Gamma (15%, 35% - 50%, 60%) ranges for the
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Table 2: A summary of statistically significant results for the characteristic path length between

different pairwise comparisons, where W-N is a pairwise comparison between water and nectar, W-

H is a pairwise comparison between water and honey, and N-H is a pairwise comparison between

nectar and honey. The dot denotes a statistically significant difference.

Density Delata Theta Alpha Beta Gamma

W-N W-H N-H W-N W-H N-H W-N W-H N-H W-N W-H N-H W-N W-H N-H

5% • •

10% • • •

15% • • • • •

20% • • • • • • • •

25% • • • • • • •

30% • • • • • •

35% • • • • • • • • •

40% • • • • • • • • • • •

45% • • • • • • • • • •

50% • • • • • • • • •

55% • • • •

60% • • •

65% • •

70% • •

75% •

80%

85%

90%

95%

100%
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viscosity dependence alone, as well as for the multivariable dependence (p > 0.05). Also, honey-

thick swallows had a significantly higher characteristic path length than water swallows in all five

frequency ranges for the viscosity dependence alone (Delta (10% - 20%, 45% - 80%, moderate effect

size: 0.31 - 0.53), Theta (5%, 10%, 20%, 25%, 50% - 85%, moderate effect size: 0.33 - 0.44), Alpha

(5% - 20%, 70% - 80%, moderate effect size: 0.31 - 0.41), Beta (5% - 80%, moderate effect size: 0.35

- 0.49), and Gamma (5% - 65%, small effect size: 0.19 - 0.3)) and for the multivariable dependence

(Delta (10% - 20%, 50% - 80%), Theta (5%, 10%, 20%, 25%, 50% - 85%), Alpha (5% - 20%, 70% -

80%), Beta (5% - 80%), and Gamma (5% - 65%)) (p < 0.05). Furthermore, honey-thick swallows

had a significantly higher small-worldness than nectar-thick swallows in the Delta (20% - 55%,

moderate effect size: 0.32 - 0.35) range for the viscosity dependence alone, and in the Delta (30%

- 40%) range for the multivariable dependence (p < 0.05).

We also compared extracted features between different head positions. Small-worldness did not

show statistical difference between two head positions (p > 0.05). Also, characteristic path length

and clustering coefficient exhibited no significant difference between swallowing in neutral and chin-

tuck head positions in the Delta and Theta frequency ranges (p > 0.05). However, swallowing in

chin-tuck head position had higher clustering coefficient than swallowing in neutral head position

in the Alpha (25% - 85% moderate effect size: 0.31 - 0.44), Beta (5%, 10%, 20% - 90% moderate

effect size: 0.39 - 0.55), and Gamma (5%, 10%, 25%, 30%, 50% -80% moderate effect size: 0.32

- 0.41) frequency ranges for the head position dependence alone, and in Alpha (5%, 25% - 85%),

Beta (5%, 10%, 20% - 90%), and Gamma (5%, 10%, 25%, 30%, 50% -80%) (p < 0.05). Also,

swallowing in chin-tuck head position had smaller characteristic path length than swallowing in

neutral head position in the Alpha (10$ - 20%, 45% - 55%, 70% moderate effect size: 0.37 - 0.46),

Beta (10%, 70% - 80% moderate effect size: 0.32 - 0.395), and Gamma (5%, 10%, 75% moderate

effect size: 0.41 - 0.52) frequency ranges for the head position dependence alone, and in the Alpha

(10$ - 20%, 45% - 55%, 70%), Beta (10%, 70% - 80%), and Gamma (10%, 75%) (p < 0.05). The

results for the significant statistical differences for the small-worldness are also summarized in the

Table 3

In addition Figure 4 represents brain networks of the various conditions. The brain networks are

formed as mean value of networks across the swallows in various conditions, and thresholded such

that we kept 25% of the strongest connections. It can be seen a strong interconnection between the

right and left hemispheres in the frontal regions, as well within right side of the posterior frontal

and parietal regions. Also, there are no significant changes in the localization of interconnections

among various conditions.
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Table 3: Statistically different small-worldness values for pairwise comparisons, where W-N is a

pairwise comparison between water and nectar, W-H is a pairwise comparison between water and

honey, and N-H is a pairwise comparison between nectar and honey. Dots denote statistically

different cases.
Density Delata Theta Alpha Beta Gamma

W-N W-H N-H W-N W-H N-H W-N W-H N-H W-N W-H N-H W-N W-H N-H

5% • • • • • •

10% • • • • • • •

15% • • • • • • • • •

20% • • • • • • • • • •

25% • • • • • • • •

30% • • • • • • •

35% • • • • • • • •

40% • • • • • • • •

45% • • • • • • • • •

50% • • • • • • • • • •

55% • • • • • • • • •

60% • • • • • • • • •

65% • • • • • • •

70% • • • • • •

75% • • • • • •

80% • • • • • •

85% • • •

90%

95%

100%
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3 Discussion

Our hypothesis, that swallowing of various fluid viscosities has small world properties in the neutral

and chin-tuck head positions was supported by our results. Our other hypothesis that the brain

network is different in the swallowing of various fluid viscosities, as well as between swallowing in

the neutral and chin-tuck head positions, was also supported by our results.

It has been reported that the Delta, Theta, and Alpha frequency bands exhibit changes in

activation during sensory stimulation (Baslar and Stampfer, 1985; Yordanova et al., 2002; Basar

et al., 1991). Swallowing is a complex process that involves different types of sensory stimulation

such as smell, taste, temperature, and touch in the oral areas. Stimuli that are used in the study

are characterized by different viscosities (i.e., water, nectar-thick, and honey-thick) and different

tastes (i.e., water and apple juice) that affect the sensory receptors responsible for touch and the

sensory receptors responsible for taste. In the previous studies, changes in the Theta (Stacher et al.,

1979; Lorig and Schwartz, 1988; Yagyu et al., 1998), Delta (Yagyu et al., 1998), and Alpha (Klemm

et al., 1992; Lorig et al., 1991) frequency bands during these sensory components of the swallowing

were reported. Thus, changes in these three frequency bands (Delta, Theta, and Alpha) could be

attributed to the evoked sensation that stimuli from the study produced.

Besides activation during sensory stimulation, it has been reported that the Alpha frequency

band is also associated with inhibition control (Herrmann et al., 2004; Mathewson et al., 2011;

Sauseng et al., 2005). Our results showed a higher clustering coefficient in the Alpha frequency

band than for the swallowing in the chin-tuck head position. Swallowing in the chin-tuck position

exhibits changes in the pharyngeal dimensions, owing to an unnatural execution of performing the

swallowing act (Welch et al., 1993). As a consequence, swallowing in the chin-tuck position ex-

hibits reduced muscular recruitment in the pharyngeal dimensions when compared with swallowing

in neutral head position (Balou et al., 2014). Therefore, we can attribute changes in the alpha

frequency band to the inhibition which is responsible for the reduced muscular recruitment that

swallowing in chin-tuck head position produces.

Studies investigating cortico-muscular synchronization suggested that the Beta EEG frequency

band is correlated to attention during certain sensorimotor tasks (Sanes and Donoghue, 1993;

Kristeva-Feige et al., 1993; Brown and Marsden, 1998). Even though consuming thicker liquids

and using the chin-tuck postural technique are considered comfortable therapeutic techniques for

a patient, swallowing under these conditions is not natural. Thus, these swallows will require more

of the subject’s attention and a higher awareness of the swallowing task. Therefore, changes in
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the Beta EEG frequency band during swallowing of thicker liquids and swallowing in the chin-tuck

head position could be attributed to the reallocation of cognitive resources towards these otherwise

relatively automatic sensorimotor tasks.

A number of studies have reported activation of the Gamma EEG frequency band during dif-

ferent muscular recruitment demands (Herrmann and Mecklinger, 2001; Niedermeyer and da Silva,

2005; Kristeva-Feige et al., 2002). During swallowing, the tongue imparts pressure on the hard

palate to propel the bolus (Mcconnel, 1988; Shaker et al., 1988). Studies have demonstrated in-

creased submental muscular activity when swallowing thicker liquids, which was associated higher

pressure on the palate during oral propulsion (Reimers-Neils et al., 1994). Also, changes in pha-

ryngeal dimensions during swallowing in the chin-tuck head position are associated with changes

in the muscle recruitment involved in swallowing (Niedermeyer and da Silva, 2005; Bülow et al.,

1999). Therefore, changes in the Gamma frequency band during the swallowing of thicker fluids

and swallowing in the chin-tuck position could be attributed to changes in muscle recruitment

during these two therapeutic techniques.

Significant differences for the small-world parameter have been found in the swallowing of fluids

of various viscosity in the Delta, Theta, and Alpha bands. This means that the sensation evoked

during swallowing of thicker liquids will have an important role in providing better communica-

tion between brain neurons. Also, significant differences for the small-world parameter have been

found between swallowing in the normal and chin-tuck positions in the Alpha, Beta, and Gamma

frequency bands. These results indicate that central nervous system resource reallocation, as well

as changes in muscle recruitment, will be involved in providing better communication among the

brain regions responsible for swallowing in the chin-tuck position.

Studies have shown that small-world properties correspond to easier communication between

neighboring nodes as well as a more efficient communication between far apart regions (Lago-

Fernández et al., 2000; Masuda and Aihara, 2004). A greater small-world parameter for both the

swallowing of thicker liquids and for swallowing in the chin-tuck position indicates that there is

a possibility that a greater functional connectivity in the brain network during these therapeutic

techniques contributes to increased swallowing safety in some dysphagic patients. However, the

specific physiologic abnormalities that are ameliorated or facilitated by these techniques are still

not clearly understood. Therefore, in order to understand how greater neural organization con-

tributes to better swallowing control during these therapeutic techniques, similar studies should be

performed on those patients that benefit from these techniques.

Previously, it has been reported that most of the brain regions involved in the swallowing activity
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are concentrated in the right and left hemispheres of the frontal brain regions (Luan et al., 2013).

In addition, Martin et al. (2004) reported activation of the insula, paracentral lobule, and middle

occipital gyrus in the right hemisphere during water swallowing. Stronger interconnections within

right and left hemispheres in the frontal regions, and within right side of the posterior frontal

and parietal regions that our results showed implies that localization of the stronger functional

brain connectivity during swallowing overlaps with the brain regions which activation is more

prominent during swallowing. This means that graph theory approach applied on high temporal

resolution EEG signals during swallowing can capture not only what regions activate, but how

strongly they connect with each other in the healthy system. In the future, this approach could

help understanding brain organization in the people with neurogenic dysphagia by analyzing how

these connections might differ after unilateral hemispheric damage.

A limitation of our study is that the bolus volume was not controlled. Thus, there is a possibility

that bolus volume, which has been shown to influence peripheral kinematics, could affect the brain

networks. Also, the order of consumed stimuli and the order of head position in this study was

specified and not randomized (i.e., water first, nectar-thick second, honey-thick third), which also

could have influenced our result. Another limitation is that swallowing components responsible for

sensation such as: taste, shape, and speed of motion of the liquids being processed were not strictly

controlled even though they can possibly influence results measurements. Lastly, EEG signals are

very sensitive to the artifacts. The chin-tuck head posture typically introduces artifacts that are

due to head movements. Even though ICA was used to reduce artificats, it is possible that some

unwanted components were still present even after ICA pre-processing steps. The ICA algorithm

relies on visually identifying artifacts, and this step is highly dependent on the experience of a human

observer. Therefore, future investigations should include bolus size measurements, randomize the

order of the administered stimuli, and also investigate separately the swallowing components that

elicit sensation. Also, future investigation should design experiments to reduce artifacts in EEG

signals.

4 Conclusion

In this study we have investigated differences in the brain network between swallowing of various

fluid viscosities in the neutral and chin-tuck head positions. Swallowing EEG signals were collected

from 55 healthy adults who performed five water swallows, five nectar-thick apple juice swallows,

and five honey-thick apple juice swallows, in both the neutral and chin-tuck head positions. Our
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results showed differences in the brain networks between swallowing of different stimuli for all

frequency bands of interest (i.e., Delta, Theta, Alpha, Beta, and Gamma). Also, our results

demonstrated difference between swallowing in the neutral and chin-tuck head positions for the

Alpha, Beta, and Gamma frequency bands. Additionally, we showed that the functional brain

network has small-world properties during swallowing for all investigated conditions.

5 Methods and materials

5.1 Data acquisition from participants

The study was approved by the Institutional Review Board at the University of Pittsburgh. 55

healthy people, aged from 18 to 65, participated in the data acquisition process. The average

age of the participants’ was 38.58, and standard deviation of the participants age was 14.84. All

participants signed a consent form and provided information about age, gender, height, and weight.

EEG signals were measured with 64 EEG electrodes positioned according to the 10-20 inter-

national electrode system (Jasper, 1958), using the actiCAP active electrodes cap (BrainProducts,

Germany). Signals were amplified with the actiCHamp amplifier (BrainProducts, Germany). The

P1 electrode was chosen for EEG voltage potential reference. Impedance of all electrodes was below

15 kΩ. Data were saved on a computer using PyCorder acquisition software, which also provided

a 10 kHz sampling frequency. In order to determine the start and stop points of each swallow, we

recorded swallowing vibrations with the dual axis accelerometer (ADXL322, Analog Devices, Nor-

wood, MA, USA), which was placed on the anterior side of the participant’s neck with double sided

tape. The accelerometer is powered with a 3V output power supply (1504 DC/AC Power Supply,

B&K Precision Corporation, Yorba Linda, CA, USA). The signal is amplified 10 times by an am-

plifier (P55, Grass Technologies, Warwick, RI, USA), which also provided band-pass filtering from

0.1 to 3000Hz. The accelerometer axis were positioned in anterior-posterior and superior-inferior

direction. Systems operated the LabView software package Signal Express(National Instruments,

Austin, TX, USA), which provides a 40Hz.

After setting up all devices, participants were instructed to perform three different tasks in two

head positions. They were first asked to keep their head in neutral position and to perform five

water swallows, then five nectar-thick apple juice swallows (nectar-thick, Nestlé Health Care Inc.,

Florham Park, N.J.), and then five honey-thick apple juice swallows (honey-thick, Nestlé Health

Care Inc., Florham Park, N.J.). Later, they were asked to repeat the same series of swallows
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in the chin-tuck head position. The unit for measuring viscosity was centipoise (cP), where 1

cP corresponds to the viscosity of water. Nectar-thick apple juice with a viscosity of 150cP is

considered as mildly thick, while honey-thick apple juice with a viscosity of 400cP is considered as

moderately thick. All bolus stimuli were served chilled (3-5C) in separate cups, with approximately

one bolus per cup. Since there are sex-related difference in comfortable bolus size (Adnerhill et al.,

1989), the bolus volume was not measured, but participants were instructed to consume a bolus of

comfortable volume.

5.2 Pre-processing steps

Swallowing vibrations were first downsampled to 10kHz. Next, signals were filtered in order to

remove noise from device. For that purpose, the FIR filter was designed as described in (Sejdić

et al., 2010), using 18 baseline recordings. Then low frequency components produced by head

movements were removed (Sejdić et al., 2012). Also, signals were denoised with 10-level discrete

wavelet decomposition using the discrete Meyer wavelet with soft-thresholding (Donoho, 1995).

The fuzzy c-means algorithm proposed by Sejdić et al. (2009) was used for signal segmentation.

This algorithm was designed for dual-axis accelerometry signals and has shown over 90% accuracy

in segmenting individual swallows from the accelerometer signal. All segmentations demarkated by

the algorithm were visually inspected. Incorrectly segmented swallows were segmented manually.

Time points determined in this process were used for the segmentation of the EEG signals.

The EEG data was pre-processed with the EEGlab MATLAB toolbox (Delorme and Makeig,

2004). In the first pre-processing step, signals were downsampled to 256 Hz. Then, signals were

band-pass filtered from 0.1 Hz to 100 Hz, with an elliptical IIR filter. In the third step, signals were

filtered again with an elliptical notch filter with cut-off frequencies at 58 Hz and 62 Hz, in order to

remove noise from the power supply. Next, we did baseline correction of the signal. Then, signals

were segmented on separate swallows determined by accelerometer signal segmentation points.

Approximate swallowing duration was between one and four seconds. In the last pre-processing

steps, artifacts were removed using the Independent Component Analysis (ICA) (Hyvärinen and

Oja, 2000) algorithm. All artifact rejections were performed manually by visual inspection of

the EEG signals. The most common artifacts in the EEG signals are due to eye-blinks, eye-

movements, head movement, or disconnection of the electrode. These types of artifact are most

distinctly represented in the time domain, and thus, they are easy to recognize (Urigüen and

Garcia-Zapirain, 2015). Previous studies showed that ICA is a convenient method for removing
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artifacts from the EEG signals (Olbrich et al., 2011; Hoffmann and Falkenstein, 2008; Srivastava

et al., 2005). Therefore, we used ICA for artifact removal in this study. Signals contaminated with

artifacts which couldn’t be removed were excluded from the study. Less then 5% of EEG data

samples were excluded.

5.3 Network constructions

Since EEG signals during swallowing activity are non-stationary (Jestrović et al., 2014), the time-

frequency based phase synchrony measure proposed by Aviyente et al. (2011) was used to form

connectivity networks. The time-frequency based phase synchrony measure was applied on data

filtered in several frequency bands of interest: Delta (< 4Hz), Theta (4−7Hz), Alpha (8−15Hz),

Beta (16− 31Hz), Gamma (> 32Hz).

5.3.1 Time-frequency based phase synchrony measure

Synchrony is usually used for determining functional connectivity between neural osculation of

different brain regions. The simplest way to measure synchronization between two signals could

be defined as the current phase of both signals in the frequency of interest. This phase could be

extracted either with the Hilbert transform or with the complex wavelet transform. No matter

which of these two methods is used, the goal is to represent the signal as:

X(t, ω) = a(t)exp(j(ωt+ φ(t))), (1)

where a(t) is the current amplitude, and φ(t) is the current phase of the signal. The relationship

between the signals x and y in the time domain can be approximated as a difference in their phase:

Φxy(t) = |nφx(t)−mφy(t)| (2)

where n and m are ratios of the locking frequencies, and φx and φy are phases of the signals x and

y respectively.

The Rihaczek time-frequency distribution gives the representation of the signal energy distri-

bution in both the both time and frequency domain, and is defined as:

C(t, ω) =
1√
2π

(s(t)S∗(ω)e−jωt) (3)

where S(ω) is a Fourier transform of the signal. The problem with the Rihaczek distribution is

that it contains cross-terms which can introduce unwanted artifacts. In order to overcome cross-

terms, we derived an interference version of the Rihaczek distribution by applying a Choi-Williams
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(CW) kernel function with φ(θ, τ) = exp(−(θτ)2/σ) (Choi and Williams, 1989) to the Rihaczek

distribution. The derived result can be written as:

C(t, ω) =

∫ ∫
e(−(θτ)

2/σ)e(j(θτ)/2)A(θ, τ)e−j(θt+τω)dτdθ (4)

where the term A(θ, τ) =
∫
s(u+(τ/2))s∗(u−(τ/2))ejθudu is the ambiguity function of the original

signal, and the term e(j(θτ)/2) is the kernel corresponding to the Rihaczek distribution.

From the calculated reduced interference version of the Rihaczek distribution for each signal,

we can calculate a phase difference between any two signals:

Φ12(t, ω) = arg

[
C1(t, ω)C∗2 (t, ω)

|C1(t, ω)||C2(t, ω)|

]
(5)

The calculated values for the phase difference between the signals’ pairs are used for calculating

the phase locking value (PLV). PLV measures phase differences, and is defined as:

PLV (t, ω) =
1

N

∣∣∣∣∣
N∑
k=1

exp(jΦk
12(t, ω))

∣∣∣∣∣ (6)

where N is the number of trails. PV L has values in the range from 0 to 1. If the phase difference

between signal pairs does not vary much between trials, PV L tends to be higher.

5.4 Network measures

The calculated PV L values will correspond to the strength of the connection between every pair

of nodes, forming a weighted undirected connectivity network. Weighted undirected connectivity

matrices are converted into binary undirected matrices. In the case of binary networks, a connection

between node i and node j (aij) has either a value of 1 or 0; aij = 1 if the connection exists, or

aij = 0 if there is no connection between the two nodes. Binary networks are formed by thresholding

of weighted networks. For analysis of the difference between two networks, it is important that

they have the same number of connections. Therefore, in this study, the threshold is chosen such

that the connectivity networks have the same density of connections (e.g., if a density of connection

is set to 10%, then this means that 10% of the strongest connections in the weighted network will

be assigned a value of 1 while other 90% of the connections will be assigned a value of 0). In this

study, we considered binary networks with the densities of connections ranging from 5% to 100 %

with increments of 5%, and we calculated network measures for each binary network formed. In

addition, network measures were compared between swallowing of different fluid viscosities, as well

as between swallowing in different head positions. For calculating network measures, we used the

Brain Connectivity Toolbox (BCT) (Rubinov and Sporns, 2010) running on MATLAB.
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• The clustering coefficient, Ci, describes the ratio between the number of existing edges which

form neighborhoods around one node, and the maximum number of possible edges connecting

all nodes from those neighborhoods. The formula for calculating clustering coefficient is:

Ci =
2Ei

Di(Di − 1)
, (7)

where Ei is the number of existing edges forming neighborhoods formed around the i − th

node, and Di is the degree of the i-th node. Random networks are characterized by a relatively

low clustering coefficient, while networks with densely connected clusters are characterized by

a high clustering coefficient (Barabási et al., 2000). The mean clustering coefficient is defined

as:

C =
1

N

N∑
j=1

Cj . (8)

• Shortest path length, Li, is the minimal number of edges connecting two nodes Strogatz

(2001); Achard and Bullmore (2007), and is defined as:

Li,j =
1

N(N − 1)

∑
i,j∈N,i6=j

di,j , (9)

where di,j is the shortest path length between node i and node j.

The characteristic path length is the average shortest length between all possible pairs of

nodes in the graph, and is calculated as:.

L =
1

N

∑
i∈N

Li. (10)

• Small-worldness is characterized by a high clustering coefficient and small characteristic path

length, which means that networks with small-world properties have a high formation of

clustered subnetworks (Bassett and Bullmore, 2006). Two conditions describe small-world

properties:

γ =
C

Crandom
� 1, (11)

and

λ =
L

Lrandom
≈ 1, (12)

where Crandom and Lrandom are the mean clustering coefficient and mean characteristic path

of the random network, respectively. The network is said to be random if it has a low
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clustering coefficient and high characteristic path length. Crandom and Lrandom are calculated

by generating many random networks for each considered network using a Markov-chain

algorithm (Sporns and Zwi, 2004; Maslov and Sneppen, 2002). Small-worldness is calculated

as:

S =
C/Crandom
L/Lrandom

, (13)

where the network can be said to possess small-world properties if S > 1.

5.5 Data analysis

For all statistical analysis we used SAS R© version 9.3 (SAS Institute, Inc., Cary, North Carolina).

We fit a series of linear mixed models with each of the network parameters as the dependent variable;

head position, viscosity and gender, both individually and simultaneously, as fixed effect factors of

interest; and a subject random effect to account for multiple measurements from the same set of

participants. Appropriately constructed means contrasts were used to obtain pairwise differences.

We used false discovery rate methodology to adjust the p-values for multiplicity correction. We

have also measured the Cohens d effect size. Finally, we repeated the entire analysis five times,

once for each of the 5 bandwidths.
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Clavé, P., De Kraa, M., Arreola, V., Girvent, M., Farré, R., Palomera, E., Serra-Prat, M., 2006.
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Figure legends

Figure 1 - The value of mean clustering coefficient, C, for different threshold percentages and for

different frequency bands, of three liquid viscosities swallows in the 5 EEG frequency bands. Each

colored line indicates a mean value and standard deviation for the clustering coefficient of various

bolus viscosity. A ring shows the density of the connection where is significant statistical difference

between water and nectar, a rhomb shows density of the connection where there is significant sta-

tistical difference between water and honey, while solid circle shows the density of the connection

where is significant statistical difference between nectar and honey.

Figure 2 - The value of mean characteristic path length, L, for different threshold percentages and

for different frequency bands, of three liquid viscosities swallows in the 5 EEG frequency bands.

Each colored line indicates a mean value and standard deviation for the clustering coefficient of

various bolus viscosity. A ring shows the density of the connection where is significant statistical

difference between water and nectar, a rhomb shows density of the connection where there is sig-

nificant statistical difference between water and honey, while solid circle shows the density of the

connection where is significant statistical difference between nectar and honey.

Figure 3 - The value of mean small-worldness, S, for different threshold percentages and for dif-

ferent frequency bands, of three liquid viscosities swallows in the 5 EEG frequency bands. Each

colored line indicates a mean value and standard deviation for the clustering coefficient of various

bolus viscosity. A ring shows the density of the connection where is significant statistical difference

between water and nectar, a rhomb shows density of the connection where there is significant sta-

tistical difference between water and honey, while solid circle shows the density of the connection

where is significant statistical difference between nectar and honey.

Figure 4 - Average connectivity brain networks with the 25% of the strongest connections in various

conditions.
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