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Abstract 5

Background: Cervical auscultation (CA) is an affordable, non-invasive technique used
to observe sounds occurring during swallowing. CA involves swallowing
characterization via stethoscopes or microphones, while accelerometers can detect
other vibratory signals. While the effects of fluid viscosity on swallowing accelerometry
signals is well understood, there are still open questions about these effects on
swallowing sounds. Therefore, this study investigated the influence of fluids with
increasing thickness on swallowing sound characteristics.
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Method: We collected swallowing sounds and swallowing accelerometry signals from
56 healthy participants. Each participant completed five water swallows, five swallows
of nectar-thick apple juice, and five swallows of honey-thick apple juice. These
swallows were completed in neutral head and chin-tuck head positions. After
pre-processing of collected signals, a number of features in time, frequency and
time-frequency domains were extracted.
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Results: Our numerical analysis demonstrated that significant influence of viscosity
was found in most of the features. In general, features extracted from swallows in the
neutral head position were affected more than swallows from the chin-tuck position.
Furthermore, most of the differences were found between water and fluids with higher
viscosity. Almost no significant differences were found between swallows involving
nectar-thick and honey-thick apple juices. Our results also showed that thicker fluids
had higher acoustic regularity and predictability as demonstrated by the
information-theoretic features, and a lower frequency content as demonstrated by
features in the frequency domain.
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Conclusions: According to these results, we can conclude that viscosity of fluids
should be considered in future investigations involving swallowing sounds.
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Introduction 31

Dysphagia is a swallowing disorder [1] typically occurring in patients who suffer from 32

a variety of neurological conditions (stroke [2], cerebral palsy [3], Parkinson’s and other 33

neurodegenerative diseases [4]), head and neck cancer and its treatment [5], iatrogenic 34

conditions or trauma [6] and other diseases. Dysphagia can also occur due to genetic pre- 35

dispositions or congenital craniofacial syndromes [7]. Among the signs and symptoms 36

of dysphagia include the subjective sensation of difficulty swallowing food or liquids, 37

choking or coughing before, during or after swallowing, or other symptoms caused by 38

© 2013 Jestrović et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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impaired clearance of swallowed material into the digestive system, which can cause39

malnutrition [8], dehydration [9], failure of the immune system [10], psycho-social degra-40

dation [11,12] and in general, a decreased quality of life [13]. A major consequence of41

dysphagia is aspiration of food and liquids into the airway past the vocal folds and into42

the respiratory system which leads to airway obstruction, pneumonia, and increased risk43

of mortality resulting from both [14,15].44

There are several techniques for diagnosing dysphagia using imaging instrumentation.45

The videofluoroscopic swallowing study (VFSS) and the fiber-optic endoscopic evalua-46

tion of swallowing are the currently accepted imaging gold standards [1,16]. These diag-47

nostic methods are available in acute care hospitals, and some rehabilitation centers and48

outpatient clinics, but in some settings such as nursing homes or skilled nursing facilities,49

they are not always readily available and patients need to be scheduled to receive these50

tests at a later date in the acute care hospitals. Furthermore, in some settings, immediate51

performance of imaging studies necessary to definitively diagnose structural or physio-52

logical swallowing disorders leading to increased risk of adverse medical events is not53

possible at a moment’s notice, leaving clinicians to use screening methods in an attempt54

to predict likely impairments and manage them while awaiting imaging assessments,55

despite the low precision of screening tests in the identification of impairments. In the56

screening of stroke patients at the acute care setting, a widely accepted standard practice57

in the US, immediate swallowing screening is performed upon immediately admission58

before the patient has had an opportunity to eat or drink or take oral medications, to59

identify likelihood of aspiration because aspiration and its adverse outcomes significantly60

increases morbidity after stroke [17]. Though imaging procedures carry some degree of61

invasiveness such as exposure to radiation and intubation by a fiber-optic endoscope, they62

remain necessary for accurate identification of impairments of swallowing function and63

determination of treatment options that might alleviate impairments or lower the risks64

caused by the impairments. They must also be performed by a trained diagnostic spe-65

cialist. Therefore interest in less invasive screening methods has gained momentum over66

the past 20 years. A non-invasive method of screening for dysphagia known as cervical67

auscultation (CA) has been explored in recent years [18], although its ability to identify68

or predict specific features of dysphagia or guide intervention to alleviate risks asso-69

ciated with dysphagia has not been established [19]. CA usually involves investigating70

signals acquired via stethoscopes or microphones [20,21]. As in all noninvasive screen-71

ing methods, one attraction of CA is its mobility for day-to-day monitoring and a low72

price [21] though its predictive value for identifying important diagnostic signs has yet to73

be established. CA as a tool for screening for dysphagia is still under investigation (e.g.,74

[18,21]).75

Previous studies indicated that thicker liquids can reduce the amount of material that76

is aspirated when individuals aspirate thin liquids while swallowing [22] or subjectively77

improve swallowing symptoms in some individuals who have dysphagia with ordinary78

liquids so it would be informative to determine whether the effects of increased fluid vis-79

cosity on swallowing signal characteristics produces useful information that might add80

value to auscultation as a screening method [23,24]. Though there is understanding of81

the effects of increased viscosity on swallowing accelerometry signals (e.g., [25]), the82

effects on swallowing acoustics are more challenging to understand. One challenge is that83

previous studies used microphones of a varying quality to acquire swallowing sounds.84
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In [26], the authors used Sony ECM-C115 microphone with a frequency response from 85

50 Hz to 15 kHz to show that duration of the swallow signals are longer for thicker 86

fluids. A similar trend was observed by Reynolds et al. [27] using an electret micro- 87

phone Optimus (Radio-Shack/Tandy Corp, Model 333013), with a nonlinear frequency 88

response form 70 Hz to 16 kHz. Other challenges to the usefulness of auscultation in 89

dysphagia screening stems from the previously adopted microphones, which were not 90

able to capture low frequency components of swallowing sounds. In our recent study 91

Dudik JM, Jestrović I, Luan B, Coyle J, Sejdić E: A comparative analysis of swallowing 92

accelerometry and sounds during saliva swallows. [Submitted], we showed that the swal- 93

lowing sounds are centered at lower frequencies below 50Hz and their bandwidth extends 94

up to few hundred Hertz. These open challenges prompted us to conduct the current 95

investigation. 96

In this paper, we sought to investigate the effects of fluids with increased viscosity 97

on swallowing sound characteristics. In particular, we examine the signal characteristics 98

in time, frequency and time-frequency domains, while participants completed swallows 99

in neutral head-neck posture and the head-neck flexion (chin-tuck) position which has 100

also been used to manage aspiration in patients with specific biomechanical swallow- 101

ing impairments [28-31]. To compare our results with the previous study [25], we also 102

simultaneously collected dual-axis swallowing accelerometry signals. 103

Methodology 104

Data acquisition from participants 105

In this study, simultaneous accelerometry and acoustic data were collected from 56 106

healthy adults aged 18 to 65 years. All subjects had no previous history of neuro- 107

logical diseases, swallowing difficulties and/or cancer of the mouth, neck or brain. 108

The study protocol was approved by Institutional Review Board at the University of 109

Pittsburgh. 110

After signing a consent form and recording information about subjects’ height and 111

weight, the dual-axis accelerometer (ADXL322, Analog Devices, Norwood, MA, USA) 112

and contact microphone (AKG C411L, AKG Acoustics GmbH, Vienna, Austria) were 113

attached to the subject’s neckwith double sided tape. The accelerometer was placed below 114

the thyroid cartilage and the microphone was placed below the accelerometer, far enough 115

to avoid contact between two sensors, as shown in Figure 1. The experimental procedureF1 116

was divided in to two parts conducted in the same order for all participants. First, partic- 117

ipants completed bolus swallows in a neutral-head position, followed by the completion 118

of swallows in a chin-tuck position. In both parts, the subject was asked to take five indi- 119

vidual swallows of different fluids: water, nectar consistency and honey consistency apple 120

juices. Thickened apple juices are commercially available products (Nestlé Health Care, 121

Inc. Florham Park, NJ, USA). Nectar consistency and honey consistency apple juices are 122

classified by the Australian Standard for Texture Modified Foods and Fluids, as Mildly 123

Thick-Level 150 for nectar and Moderately Thick-Level 400 for honey-thick. All fluids 124

were served chilled (3-5°C) in cups as approximately one bolus per cup. Participants were 125

asked to complete the individual swallows of a single bolus at a comfortable pace while 126

consuming comfortable volumes of fluids. The volume of bolus was not controlled as 127

there are sex based differences in a comfortable bolus size [32]. We intend to investigate 128

the effects of specific bolus volumes in future research. 129
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Figure 1 Position of accelerometer andmicrophone.

The accelerometer was powered with a 3V output power supply (1504 DC/AC Power130

Supply, B&K Precision Corporation, Yorba Linda, CA, USA). The two axes of the131

accelerometer were positioned in the anterior-posterior (A-P) and superior-inferior (S-I)132

directions. Signals from both axes of the accelerometer were passed through an amplifier133

(P55, Grass Technologies,Warwick, RI, USA), which provided 10 times amplification and134

then were band-pass filtered from 0.1 to 3000 Hz. A microphone was powered by a power135

supply (model B29L, AKG, Vienna, Austria). Swallowing accelerometry signals and swal-136

lowing sounds were sampled at 40 kHz by the LabView program Signal Express (National137

Instruments, Austin, TX, USA) running on a personal computer. All data were saved on138

an external hard drive.139

Pre-processing steps140

First, all collected signals were pre-processed according to previously proposed algo-141

rithms (e.g., [25]). The accelerometer signals were downsampled to 10 kHz in order to142

implement previously proposed approaches [25].143

All acquired signals were initially filtered with a finite impulse response (FIR) filter to144

annul the effects of the data acquisition equipment. The filters for swallowing accelerom-145

etry signals and swallowing sounds were designed according to the procedure outlined in146

[33] using 18 table-top recordings in a quiet room.147

Next, we removed very low frequency components from the dual-axis accelerome-148

try signals associated with head movements [34]. Since the microphone signal was not149

affected by any head movements, there was no need to perform such an operation for150

these signals.151

Consequently, all signals were denoised with 10-level discrete wavelet decomposi-152

tion using the discrete Meyer wavelet with soft-thresholding using the global denoising153

threshold, Tden defined as:154
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Tden = med(|d1|)
√
2 logn

0.6745
, (1)

where d1 represents wavelet coefficients at the first level, n is length of the signal andmed 155

is median operator [35]. 156

The last pre-processing step was the segmentation of signals carried out according to 157

the sequential fuzzy c-means algorithm designed for dual-axis accelerometry signals [36]. 158

All segmentation results were verified visually, if any of them were incorrect, swallows 159

were segmented manually. Swallows which could not be segmented were excluded from 160

the study (less than 5% were excluded). The time instances identified in this process as 161

the beginning and the end of each swallow were then used to segment the microphone 162

signals. 163

After the completion of all pre-processing steps, the features outlined in the next 164

subsection were extracted from each swallow. 165

Feature extraction 166

Each swallowing sound could be represented as a discrete time series, M = {m1, 167

m2, . . . ,mn}. Different signal features can be used to describe swallowing characteristics, 168

and we summarize below the features considered in this study. The same set of fea- 169

tures was considered for both swallowing sounds and dual-axis swallowing accelerometry 170

signals. 171

Time domain features 172

• The mean (average) value of a signal represents unbiased estimation of the amplitude 173

of the signal. An equation for calculating the mean value is given as 174

μm = 1
n

n∑
i=1

mi. (2)

• The standard deviation is a measure of variation from the mean value. It can be 175

obtained as 176

σ =
√√√√ 1

n − 1

n∑
i=1

(mi − μm)2. (3)

• The skewness represents symmetry of a distribution of the signal [25]. It can be 177

calculated as, 178

ν =
1
n

∑n
i=1 (mi − μm)3

( 1n
∑n

i=1 (mi − μm)2)1.5
. (4)

• The kurtosis is a measure of the “peakedness” of the probability distribution of a 179

variable. For a high value of kurtosis, the distribution is sharp and narrow, with heavy 180

tails. A low kurtosis value indicated a flat distribution peak and thin tails. Kurtosis is 181

calculated as 182

� =
1
n

∑n
i=1 (mi − μm)

3

( 1n
∑n

i=1 (mi − μm)2)2
. (5)

• The entropy rate [37,38] quantifies the extent of regularity in a signal. It provides 183

important information about swallows as an random process. Entropy rate is 184

calculated in several steps. First, a signal M should be normalized to zero mean and 185
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unit variance. The normalized M is then quantized to 10 equally spaced levels. Those186

10 levels are ranged from minimum to maximum and marked with integer numbers187

from 0 to 9. Then the quantized signal M̂ = {m̂1, m̂2, . . . , m̂n}, with U consecutive188

points is coded as189

si = m̂i+U−1 · 10U−1 + . . .+ m̂i · 100, (6)

where i = 1, 2, . . . , n− U + 1, and Si = {s1, s2, . . . sn−U+1} are coded integers.190

Because of the 10 quantization levels, 10 is used as a base. Using the Shannon entropy191

formula, the entropy is estimated as192

E(U) = −
10U−1∑
k=1

PSu(k) · lnPSU (k), (7)

where PSu is probability of observing k in Su, approximated by the corresponding193

sample frequency. The entropy is then normalized using following formula194

N̂E(U) = E(U) − E(U − 1)+ E(1) · α
E(1)

, (8)

where α is the percentage of the coded integers in Si that occurred only once. Finally,195

the regulatory index as a measure of the entropy rate is calculated as196

ρ = 1 − minN̂E(U). (9)

ρ takes value from 0 to 1, where for regulatory index is equal to 1 indicates maximum197

of regularity, while value of 0 represents maximum of randomness.198

• The Lempel-Ziv complexity (L-Z) [39] provides information about predictability of199

the signal. To compute the L-Z complexity, a signal M should be first quantized into200

100 equally spaced levels. Then this 100 levels are ranged from minimum to201

maximum values. In the next step, the quantized signal An
1 = {a1, a2, . . . , an} was202

decomposed in L different blocks of the length l − j + 1, so that An
1 = {ψ1,ψ2, . . . ,203

ψn}. Blocks are defined as204

� = An
1 = {aj , aj+1, . . . , al}, 1 ≤ j ≤ l ≤ n (10)

The first block is equal to the first element of the quantized signal. Other blocks are205

defined as206

�m+1 = Ahm+1
hm+1,m ≥ 1,m ∈ Z+ (11)

where hm is ending index for ψm. Finally, the L-Z complexity is calculated as207

LZ = L log100 n
n

(12)

Frequency domain features208

• The peak frequency of a signal is defined as209

fp = argmax
f∈[0,fmax]

|FM(f )|2, (13)

where fmax is the highest available frequency in a signal and FM represents the210

Fourier transform of a signal.211
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• The centroid frequency indicates position of the center of mass in the signal in the 212

frequency domain [33]. For the signal, M, it is estimated as 213

fc =

fmax∫
0

f |FM(f )|2df
fmax∫
0

|FM(f )|2df
. (14)

• Bandwidth represents spectral spread and it is defined as 214

BW =

√√√√√√√√√

fmax∫
0

(
f − fc

)2 |FM(f )|2df
fmax∫
0

|FM(f )|2df
. (15)

Time frequency domain feature 215

• The relative energy was computed using a 10-level discrete wavelet decomposition of 216

the signal with the Meyer wavelet [25,40-42]. The energy at each decomposition level 217

is computed using the Euclidean norm of decomposition coefficient vectors: 218

Ea10 = ||a10||2, (16)

219

Edi = ||di||2, (17)
where a10 is the approximation signal and di is detail signal. The total energy was 220

calculated as 221

ET = Ea10 +
10∑
i=1

Edi , (18)

Finally, percent of relative energy contribution from each decomposition level was 222

computed as 223

Eta10 = Ea10
ET

× 100%, (19)

224

Etdi = Edi
ET

× 100%, (20)

for i = 1, 2, . . . , 10. 225

• Wavelet entropy describes the information distribution in the time-frequency 226

domain. Wavelet entropy was computed using 10-level wavelet decomposition and 227

relative energy computed above, with following formula: 228

WE = −Eta10
100

· log2
Eta10
100

−
10∑
i=1

Etdi
100

· log2
Etdi
100

, (21)

Data analysis 229

The statistical differences between different conditions were tested using a non- 230

parametric statistical hypothesis test, Wilcoxon rank-sum test [43]. 231

Results 232

Results of the feature extraction process are presented as a mean value ± standard devi- 233

ation. We analyzed 271 water swallows in neutral position and 274 in chin-tuck position, 234
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Jestrović et al. BioMedical Engineering OnLine 2013, 12:90 Page 8 of 17
http://www.biomedical-engineering-online.com/content/12/1/90

277 nectar-thick apple juice in neutral position and 275 in chin-tuck position, and 273235

honey-thick apple juice swallows in neutral position and 273 in the chin tuck position.236

Time domain features results237

Table 1 summarizes the time domain features from the swallowing sounds. The results T1238

showed that standard deviation (σ ), skewness (ν) and kurtosis (� ) were not significantly239

different between the control condition (water) and the thickened liquid conditions in240

the chin-tuck position (p > 0.05, zval < −0.49, ranksum < 76218). For the swallows241

in the neutral position, pairwise comparison between water and nectar-thick apple juice242

revealed statistically significant differences for standard deviation (p = 0.03, zval = 2.23,243

ranksum = 81398) and skewness (p = 0.01, zval = −2.53, ranksum = 72315). The skew-244

ness was significantly different between water and honey-thick apple juice (p << 0.01,245

zval = −3.73, ranksum = 69545) as well as the kurtosis (p = 0.02, zval = 2.51,246

ranksum = 765150). Next, we observed significantly higher entropy rates (ρ) for nectar-247

thick and honey-thick fluids in comparison to water for both head positions (p << 0.01,248

zval < −4.09, ranksum < 70304). However, the L-Z complexity had statistically the249

highest values for water swallows for both head maneuvers (p < 0.05, zval < 3.22,250

ranksum < 805970).251

Table 2 summarizes the results for the swallowing accelerometry signals. The results T2252

showed that in the A-P direction of the accelerometer signal, standard deviation and253

kurtosis in the chin-tuck position were not affected by the fluid viscosity (p > 0.05,254

zval < 2.69, ranksum < 82959). Water swallows in the neutral position had the statis-255

tically highest values for standard deviation (p < 0.01, zval < 3.67, ranksum < 83135)256

and the lowest values for kurtosis (p < 0.03, zval < 3.95, ranksum < 84631). The skew-257

ness was statistically different between nectar-thick and honey-thick apple juice in neutral258

position (p = 0.03, zval = −2.01, ranksum = 74794), and between water and honey-259

thick apple juice in chin-tuck position (p = 0.03, zval = −2.48, ranksum = 73126).260

Furthermore, water swallows had statistically the lowest values for entropy rate (p <261

0.05, zval < −5.01, ranksum < 68555) and the highest values for the L-Z complexity262

(p << 0.01, zval < 6012, ranksum < 834210) in comparison to other two fluids in both263

head positions. Also, a pairwise comparison between nectar-thick and honey-thick swal-264

lows found significant differences for entropy rate (p = 0.01, zval = −2.03,ranksum =265

74383) and L-Z complexity (p = 0.03, zval = −2.87, ranksum = 83728) in the head266

chin-tuck position.267

Table 1 Time domain features for swallowing soundst1.1

t1.2 Neutral position Chin-tuck position

t1.3 Feature Water Nectar-thick Honey-thick Water Nectar-thick Honey-thick

t1.4 apple juice apple juice apple juice apple juice

t1.5 σ 0.54± 0.03 0.42± 0.02 0.54± 0.03 0.54± 0.02 0.54± 0.02 0.54± 0.02

t1.6 ν −1.34± 0.22 −0.80± 0.20 −1.04± 0.34 −1.53± 0.41 −2.19± 0.59 −0.69± 0.43

t1.7 � 92.5± 17.1 96.1± 16.7 173± 43.1 157± 37.5 300 ± 57.7 227± 41.6

t1.8 ρ∗ 98.7± 0.04 99.0± 0.04 99.1± 0.06 98.1± 0.14 98.5± 0.10 98.7± 0.05

t1.9 LZ∗ 6.14± 0.15 5.78± 0.16 5.61± 0.18 7.45± 0.29 6.39± 0.26 5.98± 0.20

* denotes multiplication by 10-2.t1.10
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Table 2 Time domain feature for swallowing accelerometry signals t2.1

t2.2Neutral position Chin-tuck position

t2.3Feature Water Nectar-thick Honey-thick Water Nectar-thick Honey-thick

t2.4apple juice apple juice apple juice apple juice

t2.5σ ∗ A-P 1.39±0.05 1.16±0.03 0.39±0.02 1.39±0.04 1.39±0.04 1.39±0.04

t2.6σ ∗ S-I 1.11±0.06 0.96±0.03 1.16±0.05 1.16±0.05 1.16±0.04 1.16±0.05

t2.7ν A-P -0.73±0.22 -1.39±0.23 -0.74±0.21 -2.31±0.43 -2.24±0.49 -1.31±0.42

t2.8ν S-I 0.28±0.32 0.14±0.37 -0.49±0.39 -0.13±0.31 -0.69±0.29 -0.54±0.37

t2.9� A-P 64.5±12.8 62.7±16.7 64.1±13.6 173±30.5 193±42.1 183±33.6

t2.10� S-I 81.8±17.0 121±28.1 118±32.2 96.9±21.2 193±21.5 145±22.6

t2.11ρ∗ A-P 98.8±0.04 99.1±0.02 99.1±0.04 98.5±0.07 98.8±0.06 99.1±0.04

t2.12ρ∗ S-I 99.1±0.03 99.2±0.02 99.2±0.03 98.5±0.08 98.8±0.04 98.9±0.04

t2.13LZ∗ A-P 5.46±0.12 4.97±0.12 4.92±0.14 6.26±0.19 5.44±0.17 4.83±0.14

t2.14LZ∗ S-I 6.36±0.14 6.21±0.15 6.31±0.16 7.17±0.22 6.42±0.21 5.91±0.18

* denotes multiplication by 10-2. t2.15

In the S-I direction, the fluid thickness did not have influence on L-Z complexity in 268

the head neutral, and standard deviation and kurtosis in the chin-tuck position (p < 269

0.05, zval < 2.01, ranksum < 81661). For skewness, nectar swallows showed a signifi- 270

cant statistical difference in neutral position (p < 0.02, zval < 2.49, ranksum < 83601), 271

while in chin-tuck position water swallows has the lowest value (p < 0.02, zval < 272

2.45, ranksum < 83338). The standard deviation was statistically different between water 273

and nectar-thick (p = 0.02, zval = 1.41, ranksum = 80110) as well as kurtosis between 274

water and honey-thick (p = 0.01, zval = 2.95, ranksum = 82742). Additionally, the 275

entropy rate is observed to be significantly lower in water swallows than in the other 276

two stimuli in both head position (p << 0.01, zval < −3.42, ranksum < 71586). 277

Water swallows showed a significantly higher value for the L-Z complexity in the chin- 278

tuck position (p < 0.05, zval < 4.37, ranksum < 86156), while a pairwise comparison 279

between nectar-thick and honey-thick apple juices showed a difference for the entropy 280

rate (p = 0.02, zval = −1.71, ranksum = 74989). 281

Also, we compared the extracted features between two accelerometer axes. Kurtosis in 282

both head positions did not exhibit a significant statistical difference (p > 0.05, zval < 283

0.91, ranksum < 78599). The standard deviation in the neutral head position and 284

skewness in the chin-tuck position showed statistically significant differences between 285

swallows for all stimuli (p << 0.01, zval < 7.72, ranksum < 92505). In the neutral 286

position, skewness was significantly different between water and nectar-thick swallows 287

(p << 0.01, zval < −4.64, ranksum < 69137), while the standard deviation showed 288

a significant difference for nectar-thick swallows in chin-tuck position (p << 0.01, 289

zval < −3.07, ranksum < 74432). The L-Z complexity and the entropy rate were also 290

significantly different for all stimuli in both head positions (p << 0.01, zval < 1.31, 291

ranksum < 715650). 292

Frequency domain features results 293

Table 3 summarizes the values of the considered frequency features for swallowingT3 294

sounds. The centroid frequency (fc) and the bandwidth (BW ) were not affected by the 295

fluid viscosity in the chin-tick position (p > 0.05, zval < o.62, ranksum < 79457), 296
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Table 3 Frequency domain features extracted from swallowing soundst3.1

t3.2 Neutral position Chin-tuck position

t3.3 Feature Water Nectar-thick Honey-thick Water Nectar-thick Honey-thick

t3.4 apple juice apple juice apple juice apple juice

t3.5 fp 26.6±4.93 16.7±1.96 8.68±1.69 24.3±3.82 17.9±2.19 13.5±1.71

t3.6 fc 446±45.4 464±51.6 493±65.7 739±66.1 802±69.5 767±73.4

t3.7 BW 759±46.3 736±60.3 725±61.1 1161±68.5 1269±72.6 1236±71.8

while the peak frequency (fp) had significantly higher values for water swallows in the297

chin-tuck position (p < 0.04, zval < 4.46, ranksum < 82550). In the neutral head298

position, the peak frequency was significantly higher for water swallows than for honey-299

thick swallows (p = 0.01, zval = 2.29, ranksum < 80912), while simultaneously the300

water swallows had significantly smaller bandwidth values than the honey-thick swallows301

(p = 0.02, zval = 2.49, ranksum = 81282). The water swallows also had the small-302

est values for the centroid frequency in comparison to the other two types of swallows303

(p << 0.01, zval < 3.81, ranksum < 817740).304

The centroid frequency and bandwidth of the swallowing accelerometry signal in305

the A-P direction was not affected by fluid viscosity in the chin-tuck position (p >306

0.05, zval < 0.93, ranksum < 79973). However, in the A-P direction the centroid fre-307

quency and bandwidth has significantly higher value for water swallows in the neutral308

position (p << 0.01, zval < 4.81, ranksum < 86252). In the same direction, a pair-309

wise comparison between water and honey-thick apple juice for the peak frequency310

showed differences in neutral position (p = 0.006, zval = 2.74, ranksum < 823350),311

while in the chin-tuck position honey-thick swallows had statistically the lowest value312

(p < 0.02, zval < 4.33, ranksum < 86078).313

In the S-I direction, fluids did not impose any statistical differences on the cen-314

troid frequency in chin-tuck position, nor or the bandwidth in the neutral position315

(p > 0.05, zval < 1.11, ranksum < 79528). The peak frequency was significantly dif-316

ferent only between water and nectar-thick swallows in the head-neutral position (p =317

0.03, zval = 2.06, ranksum = 81347), and between water and honey-thick swallows in318

the chin-tuck position (p < 0.01, zval2.85, ranksum = 83258). However, also in the S-319

I direction, the centroid frequency exhibited significant differences between water and320

honey-thick swallows in the neutral head position (p = 0.01, zval = 2.41, ranksum =321

81726), while water swallows had smaller bandwidth values than the nectar-thick322

swallows in the chin-tuck head position (p = 0.02, zval = −2.2047, ranksum =323

73910). Table 4 summarizes frequency characteristics for swallowing accelerometry324

signals.325

While comparing statistical differences between the A-P and S-I directions, we found326

significant differences for the peak frequency for all stimuli in both head positions327

(p << 0.01, zval < −9.53, ranksum < 598280). Furthermore, the centroid frequency328

is different for nectar-thick and honey-thick swallows in both head positions (p < 0.03,329

zval < −2.16, ranksum < 74720). The bandwidth was significantly different between330

the two directions for all stimuli (p < 0.04, zval < 5.29, ranksum < 86842) in the neu-331

tral head position. Lastly, the bandwidth was significantly smaller for the S-I direction for332

water swallows in the chin-tuck position (p = 0.02, zval = 2.33, ranksum < 82434).333
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Time-frequency domain feature 334

The relative energy decompositions are presented in Figures 2, 3, 4, while the waveletF2-F4 335

entropy results for both swallowing sounds and accelerometry signals are summarized in 336

Table 4.T4 337

The wavelet analysis of the swallows showed that the viscosity of fluids had a major 338

impact on the time-frequency structures of these signals. Let us first consider the swal- 339

lowing sounds. From Figure 2, it is obvious that majority of the energy is concentrated on 340

the first a10 level for both headmaneuvers. Levels d10 and d9 in the neutral head position, 341

and d8, d7, d6, d5,and d1 in the chin-tuck position were not affected by viscosity of the 342

fluids (p > 0.05, zval < 1.77, ranksum < 82367). In both head positions, water swallows 343

had the statistically lowest value in the a10 level. However, water swallows had a higher 344

energy concentration than the other two stimuli in the most of higher frequency levels 345

(d8, d7, d6, d5, d4, d3,and d1 (p < 0.04, zval < 5.18, ranksum < 86369)) in the neutral 346

head position. Also, nectar swallows were statistically different from other stimuli for lev- 347

els d4, d3 and d2 (p < 0.03, zval < 5.016, ranksum < 86038). In chin-tuck head position, 348

nectar swallows are shown to have statistical difference from other fluids in levels a10 and 349

d3 (p < 0.01, zval < 3.11, ranksum < 84170), while water swallow has the lowest value 350

at level d10 (p < 0.01, zval < −2.46, ranksum < 73151). A pairwise comparison between 351

water and honey-thick apple juice revealed significant differences for levels d4 and d2 352

(p << 0.01, zval < 3.11, ranksum < 83755), while water and nectar-thick apple juice 353

were significantly different for the level d9 (p = 0.01, zval = −2.41, ranksum = 73515). 354

Lastly, the wavelet entropy (WE) had a smaller value for the fluids with higher viscos- 355

ity in the neutral head position (p < 0.02, zval < 5.14, ranksum < 86278), while in the 356

chin-tuck position, nectar swallows exhibited a significant difference from the other two 357

swallows (p < 0.02, zval < 2.64, ranksum < 83295). 358

Contrary to the previous study on swallowing accelerometry signals [44], a significant 359

influence of fluid viscosity was noticed on the swallowing accelerometry signals from 360

both directions. First, let us consider the relative energy decomposition of the swallow- 361

ing accelerometry signals in the A-P direction. Similar to the swallowing sounds, most 362

of the energy is concentrated in the a10 level for all fluids. Additionally, water swal- 363

lows have the statistically lowest energy concentration in the a10 level (p << 0.01, 364

zval < −1.17, ranksum < 755616), which was not the case at higher frequencies, 365

where water swallows had mostly higher energy concentration for both head maneu- 366

vers and both axes. The results for the A-P direction showed that the d10 and d9 levels 367

in the neutral position and most of the levels in chin tuck position were not affected 368

Figure 2 Mean relative energy per decomposition band for swallowing sounds.
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Figure 3 Mean relative energy per decomposition band for swallowing accelerometry signals in the
A-P direction.

with viscosity of fluids. In the neutral head position, all stimuli showed a significant369

difference in the levels a10, d4 and d3, while water swallows exhibited higher energy370

concentrations in the d8, d7, d6, and d5 levels (p < 0.01). Nectar-thick apple juice swal-371

lows revealed a significant difference in the d2 level (p < 0.03) for the neutral head372

position. In the chin-tuck head position, water swallows showed significant difference373

in level d1 (p < 0.05, zval < 5.62, ranksum < 88134), while a pairwise compari-374

son between water and nectar-thick showed a significant difference in the d10 level375

(p = 0.01, zval = 1.69, ranksum < 74189). Lastly, in the A-P direction, the wavelet376

entropy had a significantly lower value for fluids with higher viscosity in the neutral posi-377

tion (p < 0.02, zval < 5.14, ranksum < 86278). The wavelet entropy was not affected by378

viscosity in the chin-tuck position (p > 0.05, zval < 2.64, ranksum < 83295).379

In the S-I direction, levels d9, d6, and d2 in the neutral head position, and most of the380

levels in chin-tuck position did not show a significant statistical difference between stim-381

uli. Water swallows were significantly different from other fluids in the a10, d10, d8, d7,382

d4 and d3 levels in the neutral position (p < 0.04, zval < 3.03, ranksum < 84050) , and383

in the d9 level in the chin-tuck position (p << 0.01, zval < −2.53, ranksum < 73018). A384

pairwise comparison between water and honey-thick apple juice exhibited significant dif-385

ferences for the level d5 and d1 (p < 0.01, zval < 2.66, ranksum < 82183) in the neutral386

position and for the level d10 (p = 0.01, zval = −2.54, ranksum = 72315) in the chin-387

tuck position. A pairwise comparison between water and honey-thick apple juice showed388

a significant difference in level d10 (p = 0.01, zval = 2.55, ranksum = 72995) in chin-389

tuck head position, while pairwise between nectar-thick and honey-thick apple juice in390

Figure 4 Mean relative energy per decomposition band for swallowing accelerometry signals in the
S-I direction.
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Table 4 Frequency domain feature for swallowing accelerometery signals t4.1

t4.2Neutral position Chin-tuck position

t4.3Feature Water Nectar-thick Honey-thick Water Nectar-thick Honey-thick

t4.4apple juice apple juice apple juice apple juice

t4.5fp A-P 2.93±0.42 2.10±0.10 2.08±0.21 2.80±0.26 2.49±0.49 2.14±0.19

t4.6fp S-I 6.09±0.44 5.57±0.48 5.12±0.29 5.83±0.46 5.72±0.49 5.28±0.62

t4.7fc A-P 80.5±9.11 51.3±6.92 57.5±7.67 120±13.5 130±14.3 140±15.3

t4.8fc S-I 63.2±8.33 59.5±10.4 62.4±10.1 105±11.6 110±10.7 108±8.89

t4.9BW A-P 141±14.1 100±9.78 112±12.2 215±15.7 244±17.9 243±17.6

t4.10BW S-I 94.8±9.89 89.7±9.23 85.8±11.1 174±13.3 225±15.9 218±15.8

level d1 (p < 0.01, zval = −2.61, ranksum = 73823) in neutral position showed differ- 391

ence. Also, the wavelet entropy had statistically the highest value for water swallows in 392

the S-I direction (p < 0.02, zval < 2.73, ranksum < 82639). 393

The relative energy distribution between the two axes were significantly different 394

between each other. Levels a10, d10, d9, d8, d7, d5, d3 and d2 in the neutral position 395

and levels a10, d4, d3 and d2 in the chin-tuck position showed difference between two 396

axes for all three stimuli (p << 0.01, zval < 8.91, ranksum < 94965). Furthermore, 397

swallows based on nectar-thick and honey-thick apple juices were also different between 398

axes for the d1 level in the neutral head position and for the d5 level in the chin-tuck 399

position (p < 0.01, zval < −2.55, ranksum < 72576). The relative energy distribution 400

for water swallows was significantly different between two axes when considering the d5 401

level in the neutral position, and the levels d9, d8, d7 and d1 in the chin-tuck position 402

(p < 0.01, zval < 3.74, ranksum < 85110). However, the d4 level in the neutral head posi- 403

tion and the levels d10 and d6 in the chin-tuck position were not significantly different 404

between two axes (p > 0.05, zval < 0.33, ranksum < 78820). 405

Discussion 406

Time domain features 407

Our results suggest that the time domain features for swallowing sounds are not different 408

between nectar-thick and honey-thick fluids, while the water swallows had significantly 409

different features from the other two fluids. These results imply that the difference in 410

viscosity between nectar and honey have a limited effect on the extracted time domain 411

features. 412

For the swallowing sounds, the negative value for skewness indicates that the probability 413

distribution of amplitudes are mostly concentrated on the right side (i.e., stronger/louder 414

amplitude values). Larger negative skewness values for swallows in chin-tuck position 415

denote that swallows have larger (louder) amplitude values in the chin-tuck position than 416

in the neutral position but viscosity did not affect amplitude. Also, kurtosis tends to 417

be higher for higher viscosity fluids. Since kurtosis is a measure of “peakedness” of the 418

amplitude probability distribution, the results imply that lower viscosity swallows would 419

contain more variant amplitudes in the sound signal [26]. Clinically this result indicates 420

that detection of varying viscosities of swallowed fluidmight be possiblewith auscultation 421

[23]. 422

The entropy rate and the L-Z complexity for swallowing sounds were also influenced by 423

viscosity of the fluid. According to Table 1, the mean value for the entropy rate is higher 424
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when viscosity increases, which implies that regularity of the signal is higher for more vis-425

cous fluids [37,38]. Similarly, a higher value for the L-Z complexity means that swallowing426

sounds are more complex and more unpredictable [45,46]. This is in agreement with pre-427

vious studies of CA that have indicated large amounts of signal variability from subject to428

subject and swallow to swallow. From the Table 1, it is obvious that more viscous fluids429

have a lower mean value of the L-Z complexity, which implies that the signal complexity is430

lower for such fluids. The same results were provided by a previous study of the influence431

of viscosity on the accelerometer signal [44] where is implied that higher viscosity fluids432

tends to behave by better defined patterns. These findings indicate that further research433

into the specific characteristics of swallow sounds under various viscosity, posture, and434

other conditions, needs to be elucidated before auscultation will have more clinical value.435

Swallowing accelerometry signals followed similar trends for the entropy rate and the436

L-Z complexity as shown in Table 2. These results confirm the findings from the previ-437

ous study [44], which showed that regularity and predictability is higher for more viscous438

fluids. Also in the previous study, nectar-thick and honey-thick swallows had smaller439

negative values for skewness in the A-P direction. We confirmed the previous results for440

swallows in the chin-tuck position, but failed to confirm this trend for swallows in the441

neutral position.442

Frequency domain features443

As shown in Table 3, thicker fluids yielded swallowing sounds with lower peak frequen-444

cies, which is already proven by a previous study about acoustic nature of normal swallows445

[47]. A similar trend was observed for swallowing accelerometry signals as well.446

Comparing values for swallowing accelerometry signals from Table 5 with those val- T5447

ues for swallowing sounds from Table 3, it can be concluded that swallowing sounds have448

much higher frequency content than the swallowing accelerometry signals. However, we449

observed similar trends for features extracted from these two types of signals. Bandwidth450

tends to be lower for higher viscosity fluids, which suggests that the more viscous fluids451

required more time for completion of the swallow [23]. The mean value of the centroid452

frequency for swallowing sounds is not dependent on viscosity, which implies that viscos-453

ity does not affect significantly spectral measure [48], which has also been observed for454

the accelerometer signal.455

Time-frequency domain features456

The time-frequency decomposition of swallowing sounds showed that most of the signal457

energy is concentrated at lower frequencies, as was expected based on the frequency anal-458

ysis of swallowing sounds. Thicker fluids have more energy on the first, lowest frequency459

level, since higher viscosity liquids produce a lower swallowing frequency [23]. Clinically,460

Table 5Wavelet entropies for swallowing sounds and accelerometry signalst5.1

t5.2 Neutral position Chin-tuck position

t5.3 Feature Water Nectar-thick Honey-thick Water Nectar-thick Honey-thick

t5.4 apple juice apple juice apple juice apple juice

t5.5 WE 1.81±0.04 1.65±0.04 1.51±0.04 1.67±0.04 1.69±0.05 1.51±0.05

t5.6 WE A-P 1.78±0.04 1.55±0.04 1.39±0.03 1.71±0.04 1.65±0.04 1.65±0.04

t5.7 WE S-I 1.91±0.03 1.81±0.03 1.79±0.03 1.87±0.04 1.91±0.04 1.96±0.04
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our results can be attributed to the increased total swallow duration, as previous studies 461

showed that the oral and pharyngeal swallow durations increase when subjects swallow 462

higher viscosity fluids [49,50]. We consider the wavelet entropy to describe spread of 463

energy. According to Table 4, the mean value of wavelet entropy tends to be lower for 464

higher viscosity fluids, because the energy concentration is higher at the first level for 465

thicker fluids. 466

Similarly to the swallowing sounds, most of the energy from the accelerometry signals is 467

concentrated at lowest frequency level (a10) for all stimuli. Also, themean value of relative 468

energy in a10 level tends to be higer for thicker fluids. These findings explain results for 469

mean value of wavelet entropy which tends to be lower for thicker fluids. 470

Remarks 471

According to results, more differences are observed for features in the neutral than in the 472

chin-tuck head position for both swallowing sound and swallowing accelerometry sig- 473

nals. Furthermore, this study showed more statistical difference for a greater number of 474

features extracted from swallowing accelerometry signals than the previous study [44]. 475

In the previous study, most of the statistical differences were based on time domain fea- 476

tures [44]. It should be mentioned that the previous study only considered data from 17 477

participants. 478

Limitations and strengths of the present study 479

In this study, swallowing conditions have been administered to the subjects in a specific 480

order (water, nectar-thick, honey-thick) implying that we cannot rule out the possibility 481

that the order of presentation influenced the results. Also, no inference regarding swal- 482

lowing physiology can be made from the results of this study as simultaneous imaging 483

was not performed. Future research in this area could compensate for these limitations 484

by including simultaneously acquired images and randomizing the order of presentation. 485

However, this study has contributed to the general knowledge regarding the usefulness 486

of CA as a screening method, as we need to clearly understand if there is any more value 487

to CA than was previously reported. Future research should also focus on combining CA 488

and swallowing accelerometry in a concurrent design (with imaging). The goal would be 489

to determine if the detection accuracy of swallowing physiological impairments increases 490

by combining these two sensors, or a higher accuracy is achieved by considering sensors 491

independently. Also, such studies would enables us to understand the detection accuracy 492

of specific physiologic events of these sensors compared to other screening methods. 493

Conclusions 494

In this paper, we analyzed the effects of fluid viscosity on swallowing sounds in the normal 495

and chin-tuck head positions. Swallowing sounds were collected from 56 healthy partici- 496

pants, and signal features were extracted from these sounds. Our analysis yielded several 497

important conclusions. First, swallowing sounds contained lower frequency components 498

than previously reported. Second, fluid viscosity greatly influenced some of the extracted 499

features, especially in the frequency and time-frequency domains. Third, most of the time 500

domain features exhibited differences between water and fluids with higher viscosity (i.e., 501

nectar-thick and honey-thick fluids). The time domain differences were not dominant 502

between nectar-thick and honey-thick fluids. 503
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33. Sejdić E, Komisar V, Steele C, Chau T: Baseline characteristics of dual-axis cervical accelerometry signals. Ann 587

Biomed Eng 2010, 38(3):1048–1059. 588
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