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Abstract

Objective—Test the hypothesis that active Eustachian tube opening efficiency as measured by

sonotubometry is higher in adults with no extant middle-ear disease and no history of previous

otitis media (Group-1) when compared to adults with no middle-ear disease but a positive history

for otitis media (Group-2).

Methods—Eustachian tube function for 1 ear of 33 otherwise healthy adult subjects, 16 assigned

to Group-1 and 17 to Group-2, was tested by sonotubometry using a standard protocol. For each

test, the sound envelopes for 3 swallows were abstracted independently by 2 observers from the

data stream and 7 descriptive parameters related to sound envelope “shape” were calculated.

Interrelatedness among the values for the parameters was explored using correlation analysis. The

contributions of swallow, observer and group to the variance in each parameter were evaluated for

significance using a General Linear Model.

Results—The shape parameters reflecting envelope height, area and rise and fall rates were

highly inter-correlated, but those reflecting envelope widths were not. There was no effect of

“swallow” on any of the parameters; but there was a significant “observer” effect on all measures

of envelope width, greater for observer-2, and a significant “group” effect for 5 of the 7 shape

parameters, all greater in Group-1.

Conclusions—Quantifiable measures of the sound signal “shape” recorded by sonotubometry

during swallowing were significantly different between the 2 groups of subjects. This is

interpretable as evidencing a more efficient Eustachian tube opening-function in adults with

healthy middle ears who do not have a previous history of otitis media when compared to similar

adults with a history of prior otitis media. Inefficient Eustachian tube function as children may not

be completely resolved by adulthood increasing adult otitis media risk when Eustachian tube
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function is down-graded by extant upper respiratory diseases that provoke nasopharyngeal

inflammation.
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INTRODUCTION

The Eustachian tube (ET) represents a potential, gas-phase communication between the

middle ear (ME) and nasopharynx. While usually closed, the ET lumen is opened

periodically for short times by contraction of the Tensor Veli Palatini muscle (mTVP) with

perhaps the assistance of the Levator Veli Palatini muscle (mLVP). These transient, muscle-

assisted ET openings allow for the gradient driven, bolus gas exchange between the ME and

nasopharynx1. Such gas transfers decrease the pre-opening ME-ambient pressure gradient

that is constantly being perturbed by changes in atmospheric pressure and by changes in ME

pressure secondary to diffusive gas transfer from the ME to mucosal blood2. Experiments in

monkeys (and other animal species) show that inefficient ET opening causes the successive

development of ME under-pressures (ref. ambient), ME mucosal inflammation and effusion

accumulation in the usually gas-filled ME cavity3. This presentation is similar, if not

identical, to that for otitis media (OM) with effusion (OME), a common disease in infants

and children that also occurs in adults4.

As used here, “Eustachian tube function” (ETF) refers to the relative efficiency of ET

openings to maintain a near ambient ME pressure5. It is believed that for individual ears,

there is a constitutive ETF imposed by the physical composition (e.g. distribution of elastic

fibers in the periluminal tissues), mechanical properties (e.g. compliance and hysteresis of

the periluminal tissues) and geometry (e.g. paratubal muscle-ET vector relationships) of the

ET system6. Using a variety of different ETF test protocols, past research reported that

constitutive ETF is: poorer in patients with OME and other ME diseases when compared to

age-matched subjects without disease (by manometric testing)7-11; poorer in young children

when compared to adults (by pressure chamber testing)12; and, at all ages, downgraded

during periods with extant co-morbid disease conditions that provoke inflammation in or

around the ET (by 9 Step testing)13,14.

An analysis of the data for one recent study of adults with no extant ME disease that

measured ETF using a relatively invasive protocol, the Forced-Response test, showed that

constitutive ETF, as reflected in the efficiency of ET opening, was poorer in those subjects

with a childhood history of ME disease when compared to those without a past disease

history15. This observation suggests that, while improved during growth and development,

the poor constitutive ETF in children with ME disease continues to be expressed as a more

subtle defect when they achieve adulthood. If valid, adults with a childhood history of OM

would be at increased risk for ME disease when extant constitutive ETF is situationally

compromised.

Testing that hypothesis using similar procedures in a large, mixed population of adults with

healthy MEs is not feasible because the Forced-Response test, which provides quantitative,
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scaled measures for both the passive and active properties of the ET, needs direct access to

the ME via a tympanic membrane perforation or a functional tympanostomy tube, conditions

that are uncommon in disease-free ears9. In contrast, sonotubometry is a non-invasive test of

ET opening that only needs an effusion-free ME and patent nasal passages16,17. To perform

the test, sound is introduced into the nasopharynx and sound-pressure levels are

continuously monitored in the ear-canals. ET opening during swallowing (or other

maneuvers) will cause an increase over baseline in the ear-canal sound pressure as the sound

is transmitted from the nasopharynx to the ME via an open ET lumen16,17. A variety of

sonotubometric configurations (introduced sound frequencies, specified sound pressures,

filters etc.) have been described in the literature16,18-24, but common to all is the need to

reliably abstract specific characteristics of the sound signal that delineate an ET opening

from the noise background associated with swallowing with or without ET opening17.

Usually, the envelope of the sound signal during a swallow is analyzed and the results are

expressed as a dichotomous, yes/no assignment of ET opening based on a pre-defined

threshold change in a signal amplitude and/or width, but no study has established the

parameter(s) and their cutoffs that yield the highest specificity and sensitivity for assigning a

tubal opening20,25. Alternatively, a few studies treated parametric measures of the shape of

the sound envelope recorded during swallowing as continuous variables that capture

quantitative information on ET opening efficiency22-24,26.

In this pilot study, we tested ETF by sonotubometry in adult subjects with no extant ME

disease but with and without a history of significant OM. The envelopes of the ear-canal

sound signal associated with swallowing were extracted from the data stream and 7 sound

envelope “shape” parameters believed to reflect ET opening efficiency were measured for

each swallow. Using these data, we tested the directional hypothesis that the values for

sound-envelope “shape” parameters are greater for ears of adult subjects with no extant ME

disease and no prior history of OM when compared to those for adult subjects with no extant

ME disease but a history of OM.

METHODS

A total of 33 otherwise healthy adult subjects with no extant ME disease, 16 without

(Group-1) and 17 (Group-2) with a significant history of OM defined by past ventilation

tube insertion(s) were enrolled. After recruitment, the subjects presented to our ME

physiology laboratory and a general history was taken, an ENT exam was done, and the ears

were examined bilaterally using pneumatic otoscopy and tympanometry. Subjects were

excluded from participation if they reported or had signs/symptoms of active allergic

rhinitis, a cold (viral upper respiratory tract infection) or non-specific nasal inflammation; if

their nasal passages were not bilaterally patent; if the tympanic membrane was judged to

have low mobility or present other abnormalities, or if abnormal ME pressures or extant ME

disease was diagnosed. Then, one ear from each person was randomly chosen (8 right ears in

Groups 1 and 2) and the ET opening function was evaluated using the standardized

sonotubometry protocol described below. The study was reviewed and approved by the IRB

at the University of Pittsburgh and written informed consent was obtained from all subjects

prior to performing any procedure.
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The sonotubometer was a customized instrument developed in our laboratory and previously

described20. For testing, the subject was seated in an upright position, and a microphone

(Knowles Electronic BT-21834-000-Itasca, Illinois, USA) fitted within an appropriate-sized

plastic plug was inserted into the ear-canal on the test side to monitor ear-canal sound

pressure. The external ears were covered with a standard ear-protector (EARMUFF 1000-

Aearo Technologies, Indianapolis, IN) to reduce ear-canal ambient noise level. A plastic

nasal probe (2 cm in length, 8 mm in diameter) fitted to a hand-held plastic box containing a

speaker (Piezo Electric Tweeter SS-990-Herald Electronics, Lincolnwood, IL) was inserted

part-way into the nostril on the most patent side of the nasal cavity for sound delivery. A

submental surface electrode (Noraxon Dual Electrodes, Noraxon USA Inc) placed over the

anterior belly of the digastric muscle and referenced to a surface electrode (Meditrace 100,

ECG Conductive Adhesive Electrodes, Tyco Healthcare Group LP) placed over the tip of

the mastoid was used to monitor swallowing activity. The speaker’s output in terms of the

frequency spectrum (white noise) and sound-pressure level (110 dB) at the probe tip was

controlled by a custom-built circuitry box. The speaker was activated to deliver sound to the

nose and nasopharynx, and the subject performed three saliva swallows at intervals of

approximately 5 seconds. During the test period, the signals from the ear-canal microphone

and the submental surface electrode were continuously routed to a PL3504 PowerLab 4/35

data acquisition system for conditioning and then to a PC running Lab Chart software 7.3.6

(AD Instruments, Bella Vista, NSW Australia) for storage, display, filtering and analysis.

For the analysis, the microphone signal was high pass filtered at 1000 Hz and then smoothed

using an arithmetic function. Two observers, blinded to subject group assignment,

independently reviewed the synchronously displayed raw and processed microphone signals

and the raw submental EMG signal for each test period. The time interval for the three

swallows was defined based on an observed increase in the EMG signal and then the

processed microphone signals for each of those periods was bracketed by each observer

using a detector. The data for the bracketed region were analyzed using the Peak Analysis

Module, a subroutine that automatically extracted and stored measures of 7 “user-defined”

parametric “shape” features of the signal amplitude-time profile for each swallow

demarcated by each observer (See Figure 1). Note that in presenting the data, we use mV as

the dimension for signal amplitude since voltage is an untransformed measure of

microphone output. Others use the transformed dimension of dB for this measure, where

Signal Height in dB = 20 log10 (Vp/Vb), Vp is peak voltage and Vb is the baseline/

background voltage.

For each of these 7 parameters, standard summary statistics (average+standard deviation)

were calculated across all groups and swallows for each observer, across all observers and

groups for each swallow and across all swallows and observers for each group. The inter-

relatedness among the 7 parametric measures was explored using pair-wise, least-square,

linear correlation operating on the individual data sets for each observer. The contributions

of swallow number, observer and group (and their interactions) to the variance in the values

for each parameter were evaluated for statistical significance using a 3×2×2 analysis of

variance for balanced data. Using these data, we also performed a preliminary analysis

focused on a peripheral issue; i.e. the need to use sophisticated pattern analyses algorithms

to abstract information on ET opening from the data stream. There, we defined a simple
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triangle based on the observer’s direct measurement of signal width and height and then

calculated an envelope area as 0.5*maximum signal height times signal width. We then

regressed the program-calculated signal area based on an algorithm that integrated signal

amplitude over time on this simple “triangle” area and determined the percent variance in

the former explained by the latter (100% × r2). All data analyses were performed using the

NCSS 2007 statistical software package (Kaysville, Utah). In the text, the format average

+standard deviation is used consistently.

RESULTS

The average age for Group-1 subjects was 35±12 (range=18 to 54) years; 7 of the

individuals were male, and 8 reported their race as being “white”. Three subjects reported a

history of allergy and none of gastroesophageal reflux disease; and 3 had had a

tonsillectomy and 1 an adenoidectomy at some time in their past. None reported a history of

ME disease and none had tympanostomy tubes inserted at any time. The average age for

Group 2-subjects was 30±9 (range= 20 to 49) years; 8 of the individuals were male, and 16

reported their race as being “white”. Six subjects reported a history of allergy and 3 of

gastroesophageal reflux disease; and 7 had had a tonsillectomy and 7 an adenoidectomy at

some time in the past. By self-report, ventilation tubes were inserted into the ears of Group-2

subjects during infancy in 4, childhood in 10, adolescence in 2 and early adulthood in 1.

Table I lists the Pearson Correlation Coefficients between all measured values of paired

signal “shape” parameters, separately for the two observers. The pattern of relatedness

among parameters was similar for the two observers. There, “Height”, “Area”, “SlopeRise”

and “SlopeFall” were highly inter-correlated, but the three “Width” measures were poorly

correlated among themselves and with the values for the other parameters. Table II lists the

average and standard deviations of the measured values of the signal parameters for subsets

defined by swallow, observer and group. There were no obvious differences among

swallows in these summary measures. However, the average values for most, if not all,

parameters were greater for Observer 2 when compared to Observer 1, with the fold-

difference ranging from 1.0 for “SlopeFall” to 1.5 for “Width”. With the exception of

“Width”, the average values for all parameters were greater in Group-1 when compared to

Group-2, and were more than two-fold greater for “Height”, “SlopeRise” and “SlopeFall”.

The coefficient of variation (Standard deviation/average) was calculated for each parameter

separately for each observer and group and then averaged between the two observers. For

Group-1, the average coefficient of variation measured for the 3 width parameters (range:

0.48 to 0.60) was less than that for the other parameters (range: 1.27 to 1.35). A similar

pattern held for the average coefficients of variation for the 3 width (range: 0.59 to 0.87) and

the 5 other parameters (range: 1.14 to 2.30) in Group-2 subjects. In general, these

coefficients were greater for Group-2 when compared to the paired values for Group-1.

For each signal “shape” parameter, Table III lists the f and p values derived from the

Analysis of Variance for the three primary factors (the interaction effects were omitted since

none was statistically significant). There was no significant effect of “swallow” on the

values for any of the 7 parameters. There was a significant effect of “observer” on the

measured values for “Width” and “Width50”, but not for the other 5 parameters. There was
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a highly significant effect of “Group” on the measures for “Width90”, “Height”, “Area”,

“SlopeRise” and “SlopeFall”, but not for the other 2 width parameters. Post-hoc testing for

directional, pair-wise differences revealed that the absolute values for “Width90”, “Height”,

“Area”, “SlopeRise” and “SlopeFall” were significantly greater for Group-1 when compared

to Group-2.

There was a strong linear relationship between the area of a triangle calculated from the

simple measures of “Height” and “Width” and the “Area” parameter calculated by the

program using integration of signal amplitude over time. There, the regression equation was

Area = 0.83 × Triangle Area + 454, and the percent variance in “Area” explained by the

regression (r2×100%) was 90%. For this analysis with a forced “0” intercept, the regression

equation was Area = 0.96 × Triangle Area, and the percent variance in “Area” explained by

the regression (r2×100%) was 93%.

DISCUSSION

The purpose of this study was to explore the validity of an interesting observation made in

an earlier study that tested a small group of adults with healthy MEs using a semi-invasive,

quantitative ETF test, the Forced-Response test, and reported that ET opening efficiency

was higher in the 15 healthy adults with no extant ME disease and a negative OM history

when compared to the 5 healthy adults with no extant ME disease and a positive OM

history15. While a number of past studies have shown that ETF is much poorer in adults

with concurrent ME-disease when compared to adults without disease7,9,11,15, a possible

difference in constitutive ETF between adults with healthy MEs, but with and without

childhood OM, has not been formally tested.

In this study, we tested the hypothesis that ETF, assessed by sonotubometry, is better in

adult subjects with no extant ME disease and no previous OM history when compared to

that for adult subjects with no extant ME disease but an OM history. Sonotubometry was

used to test ETF because, unlike the Forced-Response test used in the previous study which

requires a preparatory myringotomy in otherwise healthy MEs15, sonotubometry is non-

invasive and can assess, at a minimum, the presence/absence of ET openings with

swallowing16. For each sonotubometric test, sound was introduced into the nasopharynx via

the nose and ear-canal sound pressure was continuously monitored over a period sufficient

to capture 3 sequential saliva swallows, a maneuver associated with mTVP activity and ET

opening. Rather than comparing the between-group frequency in a dichotomous, yes/no ET

opening response defined at a threshold-change in the sound signal, we characterized the

“shape” of the ear-canal sound envelope for each swallow by measuring 7 parametric

descriptors that can be related to specific tubal opening characteristics and, then, performed

between group comparisons using the more powerful statistics applicable to continuous data.

Of those parameters, it is expected that signal “Width” is a measure of the length of time

that the tubal lumen is open during a swallow, signal “Height” is proportional to the

minimum cross-sectional area of the open lumen during a swallow, signal “Area” scales to

the potential volume gas-flow transferred during a swallow at specified pressure gradients

and, less intuitively, that “SlopeRise” is a rate measure of mTVP induced displacement of

the lateral ET luminal wall, and “SlopeFall” is a rate measure of the passive return of the ET
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lateral wall to a closed position. The analysis showed that the values for 5 of these 7

parameters were greater in the group of adults without a history of OM. Because the

absolute value for each of these parameters is expected to reflect directly the efficiency of

ET opening, these results support our stated hypothesis.

To explain the apparent conditioning of adult ETF by childhood OM experience, we propose

a model whereby childhood OM burden is an inverse measure of the extant, constitutive

ETF (i.e. poor ETF drives OM risk) and constitutive ETF improves at a similar relative rate

across all individuals as the ET system matures during growth and development. There, ETF

will improve and, by consequence, OM burden lessen between childhood and adulthood in

all individuals, but relative differences in constitutive ETF between groups defined by

childhood OM experience will be retained into adulthood. If valid, adults and older children

who experienced a high OM burden in childhood are at increased risk for the development

of OM under conditions where constitutive ETF is down-graded as, for example, by

concurrent diseases that provoke nasopharyngeal inflammation, or stressed, as for example,

during air-flights and diving. Moreover, relatively simple assessments of ETF by

sonotubometry may have prognostic value in assigning an individual’s risk for these

“conditional” disease expressions. These possibilities should be explored in future studies.

For this analysis, the “shape” of the detected sound envelope was represented by 7

characteristic parameters, some requiring integration of sound amplitude over time. Cross-

correlations among the values for the 7 parameters showed high percent shared variances

(100% × r2) for the 4 parameters geometrically related to envelope amplitude; “Height”,

“Area”, “SlopeRise” and “SlopeFall”. Consequently, these parameters capture highly

redundant information which is reflected in the fact that all were significantly different

between groups defined by the presence/absence of an OM history. In contrast, the extent of

the independent information captured by the width parameters is less clear. For example,

“Width” shares no variance (information) with the 4 amplitude related parameters, but

“Width90” shares between 9% and 25% of its variance with the 4 amplitude related

parameters. We also showed that fitting a simple triangle to sound signal envelope shape

based on simple measures of maximum signal width and peak height captured more than

90% of the variance in the “Area” parameter when calculated as the integrated amplitude

over time. This again suggests redundant information available from most of the shape

parameters. However, it should be noted that the sonotubometry tests performed in this

study were done on adults with no extant ME disease and, presumably, a sufficient

constitutional ETF to maintain a disease-free ME under most conditions. The redundancy in

information provided by the various parameters observed for those tests may not

characterize tests in younger children or in individuals with more recent OM where

constitutive ETF is expected to be much more variable. Because only the minimal parameter

set that captures the maximum “shape” information is needed for group discriminations

based on sound envelopes, identifying membership in that set is an important goal for future

studies.

A caveat to the interpretation of the sonotubometry data for this or any previous study is the

absence of empiric data relating an ear-canal sound envelope parameter during a swallow to

the presence and extent of an ET luminal opening during the maneuver. While the principal
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underlying the test methodology for sonotubometry is firmly grounded in theory17, in vivo

mechanisms for the production of ear-canal sound envelopes during swallowing that may be

similar to those predicted for an ET opening when a true opening does not occur have been

suggested17,22,24,27. For example, some researchers have argued that variations in the

nasopharyngeal “noise” level caused by the act of swallowing could be transmitted to the

ear-canal by bone conduction and recommended the use of test sounds at frequencies higher

than those typical for swallowing sounds16,18,19,22. However, this mechanism for the

production of “false positive” test results presumes that the amplitude and duration of a

bone-conducted swallowing sound signal are of similar magnitude and duration at the ear-

canal as an ET conducted sound signal which is unlikely and unproven. Moreover, the

suggested remedy fails to recognize that the physical dimensions of the individual ET lumen

for each swallow selectively “filters” the sound frequencies transmitted through the tube and

thereby distorts nasopharyngeal sound frequencies when represented at the ear-canal. Others

recognized that the sound pressure introduced into the nasopharynx by the test system will,

if the nasal passages are blocked (e.g. by the sound source), increase and then decrease with

swallowing as the nasopharyngeal volume is changed with the rise and fall of the soft

palate17,27. As above, these “sound” variations could be transmitted to the ear-canal by

bone-conduction whether or not the ET opens. Suggested remedies include the use of a large

volume speaker for sound presentation to the nose and ensuring that the contra-lateral nasal

cavity is open to the environment (both employed by us). However, the magnitude of the

change in nasopharyngeal sound pressure caused by changes in nasopharyngeal volume has

not been measured under any conditions. For these reasons, there are a large number of

proposed sonotubometry test configurations with different source sounds and different

methods for sound signal processing in current use. In this study, as in previous studies by

us14,20,26,28-33, we used the configuration of presented sound (110 dB at speaker source,

white noise) and signal filters recommended by Murti and colleagues17,34 based on their

spectral analysis of sound transmission through the adult ET, but we expect that our results

will hold over a wide range of test configurations. We cannot argue for the superiority or

inferiority of this or of any of the sonotubometry configurations in current use because the

results for none have been cross-correlated with those for a “gold standard” test of ET

opening such as the detection of transET gas flow or of a decrease in the ME-

nasopharyngeal pressure gradient during a maneuver (e.g. swallow). Validating

sonotubometry is an urgent need and is a focus of ongoing experiments in our laboratory.

In summary, the results for the present study support the hypothesized poorer ETF in health

adults with a past OM history when compared to those without such a history. If confirmed,

the poorer ETF in adults with a past OM history may translate to an increased, situational

risk for OM and other ME diseases that is assignable based on the results for sonotubometry.

Future studies are needed to define the sonotubometry test methods and configurations that

yield the highest accuracy for diagnosing the presence/absence of a ET opening during a

specified maneuver and to validate and extend these interesting observations.
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Left Panel: An example of the raw data streams (mV) recorded from the ear-canal

microphone (upper row) and the submental electrode (bottom row), and the processed data

stream (filtered and smoothed) for the ear-canal microphone (middle row). Right Panel:

Idealized ear-canal signal envelope recorded as microphone voltage (mV) as a function of

time (ms) and bracketed for the period of a swallow. The seven analyzed “shape” parameters

are labeled as: Width, the time between onset and termination of an increase in signal

amplitude; Height, the maximum signal amplitude; Area, the integrated area under the

amplitude-time curve; SlopeRise, the maximum rate of amplitude increase; SlopeFall, the

maximum rate of amplitude decrease, and Width50 and Width90, the lengths of time within

a defined change in amplitude at 50% and 90% of Height, respectively.
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Table 1

Pairwise Pearson Product Moment Correlation Coefficients (r) among the paired values for envelope “shape”

parameters measured by Observer 1 (above diagonal) and Observer 2 (below diagonal).

Width
(ms)

Width50
(ms)

Width90
(ms)

Height
(mV)

Area
(mV.ms)

SlopeRise
(mV/ms)

SlopeFall
(mV/ms)

Width (ms) 1.00 0.65 0.27 0.02 0.20 −0.06 0.07

Width50 (ms) 0.65 1.00 0.45 0.20 0.39 0.12 −0.09

Width90 (ms) 0.18 0.44 1.00 0.47 0.51 0.43 −0.34

Height (mV) 0.02 0.04 0.47 1.00 0.94 0.94 −0.92

Area (mV.ms) 0.34 0.30 0.46 0.87 1.00 0.83 −0.77

SlopeRise (mV/ms) −0.04 −0.02 0.47 0.95 0.79 1.00 −0.94

SlopeFall (mV/ms) 0.00 0.03 −0.43 −0.94 −0.78 −0.93 1.00

r ≥±0.3, significant at p≤0.5
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Table 2

Average (avg) and standard deviation (std) of the 7 “shape” parameters for data subsets organized by swallow,

observer and group.

Width
(ms)

Width50
(ms)

Width90
(ms)

Height
(mV)

PeakArea
(mV.ms)

SlopeRise
(mV/ms)

SlopeFall
(mV/ms)

Swallow 1 Avg 521 203 48 18.4 4994 0.24 −0.21

Std 299 155 29 30.1 9015 0.33 0.32

Swallow 2 Avg 612 214 52 16.1 4610 0.24 −0.21

Std 473 164 32 24.2 7330 0.35 0.27

Swallow 3 Avg 584 205 45 16.0 4508 0.23 −0.19

Std 395 148 24 27.7 7373 0.36 0.24

Observer 1 Avg 452 183 45 15.9 3984 0.23 −0.19

Std 258 135 27 27.0 7108 0.35 0.27

Observer 2 Avg 693 232 52 17.7 5424 0.24 −0.21

Std 467 170 30 27.8 8609 0.35 0.28

Group 1 Avg 566 224 57 24.2 6108 0.32 −0.28

Std 292 138 31 32.7 7965 0.43 0.35

Group 2 Avg 578 192 40 9.7 3356 0.15 −0.13

Std 475 169 24 18.4 7649 0.21 0.15

*
The data is presented in mV as the dimension for signal amplitude and the transformed measure of Signal Height in dB = 20 log10(Vp/Vb), where

Vp is peak voltage and Vb is the baseline/background voltage.
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Table 3

The values of the “f” statistic and associated significance levels (p) for the contribution of the three primary

factors to the variance in each of the “shape” parameters as determined using a saturated Analysis of Variance

Model for balanced data.

Swallow df=2* Observer df=1 Group df=1

f p f p f p

Width (ms) 0.9 0.39 19.5 <0.01 0.1 0.80

Width50 (ms) 0.1 0.91 5.0 0.03 2.0 0.16

Width90 (ms) 0.8 0.44 2.9 0.09 17.4 <0.01

Height (mV) 0.2 0.85 0.2 0.65 14.6 <0.01

Area (mV.ms) 0.1 0.93 1.6 0.20 6.2 0.01

SlopeRise (mv/ms) 0.0 0.97 0.0 0.84 13.1 <0.01

SlopeFall (mv/ms) 0.2 0.85 0.1 0.76 15.4 <0.01

*
There were no significant interactions for the model

df=degrees of freedom
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