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Abstract

Electroencephalography (EEG) systems can enable us to study cerebral activation patterns during
performance of swallowing tasks and possibly infer about the nature of abnormal neurological
conditions causing swallowing difficulties. While it is well known that EEG signals are non-
stationary, there are still open questions regarding the stationarity of EEG during swallowing
activities and how the EEG stationarity is affected by different viscosities of the fluids that are
swallowed by subjects during these swallowing activities. In the present study, we investigated the
EEG signal collected during swallowing tasks by collecting data from 55 healthy adults (ages 18—
65). Each task involved the deliberate swallowing of boluses of fluids of different viscosities.
Using time-frequency tests with surrogates, we showed that the EEG during swallowing tasks
could be considered non-stationary. Furthermore, the statistical tests and linear regression showed
that the parameters of fluid viscosity, sex, and different brain regions significantly influenced the
index of non-stationarity values. Therefore, these parameters should be considered in future
investigations which use EEG during swallowing activities.
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1. Introduction

1.1. Deglutition and dysphagia

Deglutition (i.e., swallowing) is a fundamental, but complex human function which involves
groups of muscles in the head and neck and activity across several regions of the central and
peripheral nervous systems, that produces the transportation of food from the oral cavity via
pharynx and esophagus to the stomach (Ertekin and Aydogdu, 2003; Stevenson and Allaire,
1991). This transportation involves several swallowing phases (i.e., oral preparatory, oral
transit, pharyngeal, and esophageal) which consists of decreasingly voluntary and
increasingly automatized sensorimotor activity from top to bottom (Dodds, 1989). Although
not reflexive by definition, the majority of involuntary activity occurring in the pharyngeal
phase is mediated by a swallowing center: a central pattern generator in the dorsolateral
medulla and adjacent reticular formation that initiates a patterned response when specific
sensorimotor input to the center is delivered (Miller, 1986). Of particular importance to
dysphagic swallowing disorders are events occurring during the pharyngeal swallowing
phase including displacement and closure of the larynx to prevent aspiration (Dodds et al.,
1990).

It is well known that swallowing is mediated by both cerebral cortical and brainstem
activity. However, recent studies have produced evidence emphasizing the importance of the
role of cerebral cortex in the involuntary and voluntary parts of the swallow (Martin et al.,
2001a), which demonstrates neuronal activation of different parts of cerebral cortex, namely
the sensory and motor cortices, the cingulate gyrus and the insula (Hamdy et al., 1998,
1999bh).

Nearly 15 million Americans are affected by the swallowing disorder, dysphagia
(Logemann, 1998; Krishnamurthy et al., 2012). As many as 40,000 people die each year in
the United States from aspiration pneumonia, a medical complication strongly associated
with dysphagia (Aviv et al., 1996). Neurogenic dysphagia is primarily caused by lesions in
disparate cortical and subcortical regions (Smithard et al., 1996), and these lesions occur
most frequently in people who are suffering from 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 neurodegenerative diseases (Murray, 1999). Even though
many different specific cortical lesions that produce dysphagia have been identified
(Robbins and Levine, 1988; Veis and Logemann, 1985), one previous study investigating
stroke patients with dysphagia concluded that the insular cortex is the most common
cerebral lesion site in patients with stroke-related dysphagia (Daniels et al., 1996), and
conjectured accordingly, that the insular cortex may be the most important activated region
of the brain during swallowing in general.

1.2. Electroencephalography

Electroencephalography (EEG) records electrical activity in the brain (Suzuki et al., 1983).
Neural activity in the brain generates electrical signals, which can be recorded by electrodes
(i.e., sensors) placed on the surface of scalp (Niedermeyer and da Silva, 2005). EEG is used
across a broad range of clinical applications when diagnosing an array of conditions
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(Montalenti et al., 2001; Connell et al., 1989; Armitage, 1995). Brain EEG waves form
sinusoidal shapes where certain frequencies are more dominant depending on the brain
activity during different tasks (Lykken et al., 1974; Sarnthein et al., 2006). Using
sophisticated computerized analysis tools, it is possible to determine brain mapping for
specific activities from the EEG time series (Nuwer, 1997). This is called quantitative EEG
(Nuwer, 1997). With quantitative EEG, it is possible to determine spatial structures and
localize areas with brain activity and abnormality (Nuwer, 1988; Cook et al., 1998).

Even though there are few documented studies about characterization of EEG during
swallowing, EEG is considered as one of the few possible techniques that can be used for
evaluating cortical brain activity during swallowing (Huckabee et al., 2003; Hiraoka, 2004).
For example, Huckabee at al. (Huckabee et al., 2003) found that the supplementary motor
cortex is activated right before the volitional part of the swallow, while volitional
swallowing did not seem to activate the primary motor cortex. Hiraoka at all. (Hiraoka,
2004) investigated swallowing of saliva and water boluses, and found that the type of fluid
greatly influences activation of the cortex associated with pharyngeal swallowing. Normal
deglutition has a somewhat distinctive EEG wave representation (Stern and Engel, 2005).
This representation can be detected and recorded through the electrode channels when they
are placed on the scalp above active regions of the brain during swallowing. The
neurological conditions that cause dysphagia also cause changes in the brain’s neuronal
activity (Aydogdu et al., 2001; Kern et al., 2001). Few studies showed that abnormal
changes in the brain’s neuronal activity due to neurological conditions can be recognized in
the EEG signal during the swallowing task (Wilson and Oliver, 1988; Saint-Martin et al.,
1999). In order to recognize these abnormalities, it is important to investigate normal
deglutition and to become familiar with the origins of all EEG wavelets in different scalp
regions.

1.3. Research objective

In this study, we investigate the stationarity of the EEG signal during swallowing because
these findings could be important in future investigations. We hypothesized that EEG signal
stationarity would be significantly affected by sex, age, different brain regions, and by the
viscosity of the swallowed liquids. Stationarity describes the statistical behavior of the signal
in time. If the signal has statistical characteristics which are not changing in time, the signal
can be considered as stationary, otherwise it is non-stationary. Recognizing a non-stationary
process in the EEG and identification of the components that are responsible for affecting
the signal’s stationarity could be important for different reasons. These components may
contain certain telltale patterns (e.g., different types of background activity) that elucidate
the underlying nature of neurogenic dysphagia, and becoming familiar with these patterns
could provide a pathway to new intervention strategies for neurogenic dysphagia caused by
abnormal brain activity during swallowing. By monitoring the post-processed (i.e., in
possible future investigations) EEG waveforms, it could be possible to recognize these
clinically significant changes, which may lead to influencing the treatment of patients with
neurogenic dysphagia, either by visual inspection or even by some other automatic method
(i.e., software tools for automatic detection of changes).
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2. Results

We examined the stationarity of 64209 EEG channel signals using time-frequency approach
with surrogates. Figure 1 shows the percentage of non-stationarities in EEG for different
stimuli. Figure 2. shows boxplots with the distribution of index of non-stationarity values for
different types of fluids. According to our results, it can be seen that saliva swallowing
contained more non-stationarity than other stimuli.

Statistical tests failed to show differences for the index of non-stationarity only between
nectar-thick and honey-thick swallows (p = 0.63). All other pairwise comparisons between
different stimuli (i.e., saliva and water; saliva and nectar-thick; saliva and honey-thick; water
and nectar-thick; water and honey-thick) showed significant differences (p < 0.01). Sex
differences were absent only for water swallows (p = 0.44), while male participants
exhibited a higher non-stationarity for all other swallows (p < 0.01). Comparisons between
the left and right frontal sides and comparisons between left and right back sides (Figure 3.)
did not show statistical difference (p > 0.05) for each respective comparison pair. However,
both the left and right frontal sides have a higher index of non-stationarity than both the left
and right back sides (p < 0.01). According to the linear regression, age did not affect the
percent of stationarity test statistic values (p = 0.65).

According to Figure 4. most of the non-stationarity can be attributed to a change in the mean
over time (50-60%). Less than 10% of EEG demonstrated time-dependent variance alone.
Changes in both mean and variance significantly contributed to the non-stationarity (i.e., 15—
25%), as well as unknown causes (15-21%). However, the time-varying mean was a major
cause of non-stationarity.

3. Discussion

Our hypotheses, that sex, liquid viscosity, and brain region would significantly affect the
EEG signals stationarity, were supported in most comparisons, while our hypothesis that age
affects EEG signals stationarity was not supported. The fact that swallowing is one of the
most complicated tasks performed by the central nervous system (Bieger, 1993; Martin et
al., 2001a), led us to intuitively expect non-stationarities in its EEG representation. EEG
signals tend to be more non-stationary with an increasing fluid viscosity. This means that the
collected EEG signals during swallowing tasks using thicker liquids contain more changes
in mean and variance along the signal sample duration (Papoulis, 1991). Studies that have
investigated brain activity related to eating have discovered neurons that are capable of
responding to either the viscosity or the taste of food and to both the viscosity and the taste
(De Araujo and Rolls, 2004). The neuronal responses to increasing fluid viscosity during
swallowing tasks manifests as modulation of the response from the neurons (i.e., increase or
decrease) or even as activation thresholding where neurons respond only for a range of fluid
viscosities (Rolls et al., 2003). The cumulative effect of neuronal activity in a given area of
the cortex will proportionally change the behavior of the EEG signal and subsequently affect
the number of stationary test statistic values (Niedermeyer and da Silva, 2005).

Additionally, our results reported that sex affects the stationary test statistic values. Even
though there exists little documented information about sex differences in brain activity for
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food stimuli (Smeets et al., 2006), there is evidence of gender differences regarding the
ability to inhibit brain activation elicited by food stimulation (Wang et al., 2009). In women,
it was shown that the brain regions responsible for processing visual and taste sensations
showed greater activity to food stimuli than the same brain regions for men (Uher et al.,
2006). Food stimuli are associated with greater activity in the orbitofrontal cortex and
prefrontal dorsolateral cortex regions of the brain; these regions are responsible mostly for
emotions/rewards with regard to decision making and memory, respectively. It is known that
the frontal cortex is associated with the presence of sex hormones levels during the
menstrual cycle during a memory task in women (Schoning et al., 2007; Del Parigi et al.,
2002). This leads to the conclusion that modulation of brain activity (i.e., when recording
with EEG equipment) during a swallowing task (i.e., food) in these regions is correlated
with gender and explains our result. This means that one of our future investigations could
focus on the characterization of swallowing EEG signals with females at known points in
the menstrual cycle and testing for differences. Also, this difference in stationarity between
gender, could be attributed to bolus size. It was shown that comfortable blouse sizes are
different between men and women (Adnerhill et al., 1989). Men have significantly larger
bolus sizes than women. This difference may produce different brain activation patterns
during swallowing activity. There is also evidence of possible gender differences in aspects
of peripheral swallowing kinematics and physiology including the duration of laryngeal
closure during the swallow in healthy adults and those with dysphagia (Hiss et al., 2001;
Kent-Braun et al., 2002; Kurosu and Logemann, 2010, 2011). However it remains uncertain
whether these are actual gender differences caused by anatomic and physiologic differences
between adult females and males, or artifacts of experimental design that did not correct for
proportional differences in average adult female and male aerodigestive tract caliber and
size.

One of the challenges in the investigation of swallowing’s neural origins is determining the
brain regions involved in swallowing activities. Advanced imaging techniques, such as
functional magnetic resonance imaging (fMRI), positron emission tomography (PET), and
magnetoencephalography (MEG) provided significant contributions to the swallowing field
and they were used to identify many different origins of swallowing within the brain
(Hamdy et al., 1999a,b; Martin et al., 2001b; Kern et al., 2001; Mosier and Bereznaya, 2001;
Zald and Pardo, 1999). Our findings showed differences in stationarity between the frontal
and the back part of the brain. Luan et al. (2013), in their fMRI studies related to
swallowing, summarize 23 different brain regions which are activated during swallowing
activities. According to their report, it can be seen that the brain regions involved in
swallowing are mostly concentrated in the frontal portion. This explains the statistical
difference for stationarity in our data.

Stationarity describes if a signals’ statistical behavior from the future has the same statistical
behavior from the past. Our investigation of stationarity determined that EEG signals during
swallowing can be considered as non-stationary, and changes in mean of the signal are
mostly responsible for producing the non-stationarities. Studies which investigated artifacts
in EEG signals showed that swallowing activities produce a burst of brain activity with
higher frequency content (i.e., compared with the baseline) and a differing amplitude
variation (i.e., again, compared to the baseline) (Yong et al., 2009). This variation of the
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amplitude explains origins of non-stationarities related to changes in the mean. This
provides us an answer which allows us to appropriately select which technique and which
signal duration length we should use in future analyses of EEG (i.e., the wavelet-based
approach (Simonsen et al., 1998), time-frequency based phase synchrony measure (Aviyente
et al., 2011), which are suitable for analyzing of non-stationary signals). Clinically,
appropriately choosing the technique for analysis is very important, because the proper
choice can significantly reduce the number of false positive and false negative detection of
swallowing abnormalities. The major future goal for this research and all future
investigations is to obtain a faster and more efficient method to determine abnormalities in
patients with dysphagia. It is our aim to reduce the clinical burden associated with dysphagia
screening and diagnosis, and increase its accuracy and efficiency. To expound on the
direction of our aims, further investigation would determine and recognize exact
components which cause non-stationarity and their origins. Furthermore, these
investigations would aim to determine if those components are repeating and to what extent
(i.e., does the signal have a noticeable pattern or are the patterns random), and also
determining if these components are important or necessitate removal from our EEG signals.

The clinical implications of this line of research may lead to as to yet unexplored avenues of
intervention for people with swallowing disorders. Currently, revived interest in the afferent/
sensory portion of the sensorimotor systems subserving swallowing function. Early research
investigating peripheral stimulation of sensory receptors produced equivocal evidence of a
transient increase in motor output in dysphagic patients after high doses of stimulation
(Hamdy et al., 2003; Power et al., 2006; Rosenbek et al., 1991, 1996). However only
recently are methods of measuring the central effects of peripheral stimulation increasingly
available. Electroencephalography, a relatively portable and noninvasive procedure, may
offer significant value in the treatment of neurogenic dysphagia if researchers could
elucidate whether central plasticity can be shown to occur as a result of sensorimotor
treatments, and if manipulation of the process of reorganization might improve clinical
outcomes.

A shortcoming of our study is that the volume of swallowed boluses was not controlled for,
so the possibility that bolus volume affected signal stationarity cannot be excluded. Also, in
this study, swallowing tasks are administered in a specific order (saliva, water, nectar-thick,
honey-thick) which leaves an open question about the influence of order to our results. In
order to eliminate these limitations, a future study could include investigations with specific
bolus size as well as randomizing the order of administered stimuli.

4. Conclusion

In this study we investigated the stationarity of EEG signals during swallowing activities.
Swallowing EEG signals were collected from 55 healthy adults who performed four
different types of swallowing tasks, each with a unique viscosity fluid. We demonstrated
that the EEG during swallowing tasks, can be considered as non-stationary. Additionally, we
found that the viscosity of the fluids, sex, and different brain regions, affects the index of
non-stationarity values. And lastly, we found that the origins of non-stationarities were
mainly due to variations in the mean.
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5. Methods and materials

5.1. Data acquisition from participants

55 healthy adults (28 males and 27 females), aged 18 to 65, participated in the data
acquisition process. Each participant signed consent forms, and they provided information
about age, gender, height, and weight. The Institutional Review Board at the University of
Pittsburgh approved this study.

EEG data was collected with a 64 channels system, arranged according to the 10-20
international electrode system (Jasper, 1958), using actiCAP active electrodes and an
actiCHamp amplifier (BrainProducts, Germany). The impedance of each electrode was
below 15 k2, and the electrode marked P1 was chosen as the reference electrode. All data
was recorded with the PyCorder acquisition software, which provided a 10 kHz sampling
rate on each channel. In order to determine the swallowing segments (i.e., the starting and
ending points of the swallow), the EEG signal was recorded during swallowing
simultaneously while dual axis accelerometer sensor attached to the participants’ anterior
necks overlying the larynx, recorded vibratory signals associated with laryngeal movement
that occurs during swallowing. The methods describing the implementation of the
accelerometer, pre-processing steps, and swallowing segmentations are described in a
previous study (Jestrovi¢ et al., 2013).

After appropriately affixing the accelerometer and EEG cap along with the rest of the
system (Figure 5), participants were asked to perform five swallows with fluids of four
different viscosities. Fluids were served chilled (i.e., between 3° — 5 °C) in individual cups
filled to approximately 30 ml. Participants were instructed, after the instructor signaled for
the participant to begin the swallowing task, and then to pause 2—3 seconds between each
swallow. The order of presentation of the four conditions was not randomized. Participants
swallowed five saliva boluses, followed by five water boluses (viscosity of water is 1 cP),
followed by five mildly thick (nectar-thick, Nestlé Health Care Inc., Florham Park, N.J.)
liquid boluses with a viscosity of 150cP, and followed finally by five moderately thick
(honey-thick, Nestlé Health Care Inc., Florham Park, N.J.) liquid boluses (400cP). Bolus
volume was not controlled for or measured, and participants were asked to consume a
comfortable bolus volume as there are sex based differences in a comfortable bolus size
(Adnerhill et al., 1989).

5.2. Pre-processing steps

Pre-processing of the EEG signals were performed using the EEGlab (Delorme and Makeig,
2004) toolbox running on MATLAB Version 2013a. The first step in pre-processing of the
EEG signals began with downsampling the signal to 256Hz. Next, the signal was filtered
using a short band-pass elliptical IR filter with a cut-off frequency between 0.1Hz to
100Hz. To remove power supply noise, the EEG signal was filtered with a short notch
elliptical IR filter with a bandwidth between 58Hz to 62Hz. Next, the signal was segmented
into separate swallows using segmentation points based on the accelerometer signal. Lastly,
artifacts were removed. Previous studies have shown that independent Component Analysis
(ICA) (Hyvérinen and Oja, 2000) implemented in EEGlab is a convenient method for
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removing EEG artifacts (Olbrich et al., 2011; Hoffmann and Falkenstein, 2008; Srivastava et
al., 2005); therefore, this same method was used to remove artifacts in the EEG signals
collected in this study. Only the channels, which were contaminated with artifacts, were
considered for the ICA algorithm. ICA components corresponding to artifacts were
identified by visual inspection and then removed. Also, channels that contained
unreasonable values due to artifacts which couldn’t be removed, were excluded from study
(i.e. less then 5% were excluded).

5.3. Stationarity and time-frequency approach test

Assume that each EEG channel is represented as separate discrete time series of the length
n, X(t) = {xq, Xo, ..., Xp}- In this case X(t) is a family of real-valued random variables and t is
an integer (t € ). If the statistical properties of the given data series are shift-invariant,

fxtl,xtz,...xtn (z1,22,. . ’In):fxt1+h’Xt2+h*"'Xin+h (z1,22,...,2p), 1)

where h € Z, then we would say that this time series is strongly or strict-sense stationary
(Papoulis, 1991). However, if only first two moments of the series are time-invariant,

E(Xh ):E(Xf1+h)7 2

OOU(XM Xt2):OOU(Xt1+h> Xt2+h)> 3)

then the time series would have a weakly or wide-sense stationarity.

Testing stationarity with surrogates is a time-frequency approach proposed by Borgnat et al.
(2010) for testing wide-sense stationarity. The essence of this approach is to compare the
local spectra statistics of the signal with the global spectrum of the signal. Depending on the
result of this comparison, the stationarity of the time scale can be determined. The local
spectra of the signal is calculated using the multitaper spectrogram, which is defined as:

1 K
Skt D= 28 1) @
k=1

where Séhk) is the spectrogram computed with the k-th Hermite function, and it is defined as:
. 2
S, )= [9(s)h(s—t)e= 2= ds| ", (9

where hy(t) is k-th Hermite function of the length Ty, defined by:
he()=((t—2)*g) (t)] V7L/22kk!, (6)

where g(t) = exp{-t2/2}.
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A surrogate data set stationary version of the signal of interest. A surrogate data set is
formed by multiplying the amplitude of the Fourier transform of the original signal by
independent identically distributed phase sequence. After this multiplication, the inverse
Fourier transform is applied to the result. Since the computed result is just a realization of
the random process, in order to improve the test, there is a need for greater realization.
Therefore, a total of J of realizations will be obtained. After obtaining J different surrogate
realizations, the distance between the local spectra and the global spectrum (GS) was
calculated. Mathematically, GS can be expressed as:

1 T

GS=E[s, (. D=5, (0:1) ()
=1

The distance between the local spectra and the global spectrum is formed combining the
Kullback-Leibler divergence and the log-spectral deviation. These two parameters are
defined as (Basseville, 1989):

L(f)

Dy, (L, G):fQ(L(f)_G(f))lo.gmdfa 8)
D, (L, G):fﬂ 109% af, (9)

respectively, where L(f) is the local spectrum and G(f) is the global spectrum, and f is the
frequency variable over the spaca 2. Next, distance of our interest is computed as:

D(L,G)=D,(L,G) - (14+D,,s(L,G)) (10

where L and G are the normalized parameters for L and G, respectively. For the original
signal and each surrogate signal, N distances between N local spectra and GS were
calculated. Furthermore, from this set of N distances, the variance was calculated. The
variance for the distances of the original signal is indexed as ©1, while the variance for the
distances of each surrogate is indexed as vector ©g. Since elements of the vector ©g has
Gamma distribution (Borgnat et al., 2010), it enables determination of the value for
threshold y. This means that for all values above ythe null hypothesis is rejected.

()= 1 if ©1>v:"nonstationary”
“ ] 0 if©;<y:"stationary”

In the case when null hypothesis is rejected, we can calculate the index of non-stationarity
(INS), which is defined as:

(C)
INS:= El . (1)
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where E[y] the average value of the random variable. This value is approximate as the
average value from the vector ©g. In the case of stationary signals, INS is close to one, while
non-stationary signals has higher INS value. As signal is more non stationary, INS is higher.

5.4. Data analysis

In order to determine statistical difference between stationarity of different condition,
statistical test was applied on index of non-stationarity. The Kruskal-Wallis test (Kruskal
and Wallis, 1952) was used for testing the statistical differences between each swallowing
task types (i.e., saliva, water, nectar-thick, and honey-thick). Next, the Wilcoxon rank-sum
test (Wilcoxon et al., 1963) was used for determining the statistical differences of index of
non-stationarity between different fluids, between genders, and between different brain
regions (left frontal, right frontal, left back, and right back). A standard linear regression was
used to examine the age effects on percent of stationarity test statistic values (Montgomery
etal., 2012).
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Figure 1.
Percentage of non-stationary in EEG signals for the different fluid stimuli.
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Figure 2.
Distribution of the index of non-stationarity for different fluid stimuli.
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Figure 3.

Distribution of the index of non-stationarity for each brain region for different fluid stimuli.
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Figure 4.
Percent of source contribution to non-stationarity for different fluid stimuli.
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Figure 5.
The experimental setups used in the study.
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