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Gross, Roxann Diez, Charles W. Atwood, Jr., Judith
P. Grayhack, and Susan Shaiman. Lung volume effects on
pharyngeal swallowing physiology. J Appl Physiol 95:
2211-2217, 2003. First published August 8, 2003; 10.1152/
japplphysiol.00316.2003.—The experiment was a prospec-
tive, repeated-measures design intended to determine how
the variation of lung volume affects specific measures of
swallowing physiology. Swallows were recorded in 28 healthy
subjects, who ranged in age from 21 to 40 yr (mean age of 29
yr), by using simultaneous videofluoroscopy, bipolar intra-
muscular electromyography, and respiratory inductance
plethysmography. Each subject swallowed three standard-
ized pudding-like consistency boluses at three randomized
lung volumes: total lung capacity, functional residual capac-
ity, and residual volume. The results showed that pharyngeal
activity duration of deglutition for swallows produced at
residual volume was significantly longer than those occur-
ring at total lung capacity or at functional residual capacity.
No significant differences were found for bolus transit time or
intramuscular electromyography of the superior constrictor.
The results of this experiment lend support to the hypothesis
that the respiratory system may have a regulatory function
related to swallowing and that positive subglottic air pres-
sure may be important for swallowing integrity. Eventually,
new treatment paradigms for oropharyngeal dysphagia that
are based on respiratory physiology may be developed.

deglutition; dysphagia; dynamic; subglottic mechanorecep-
tors; subglottic air pressure

DEGLUTITION, WHICH INCLUDES the physiological act of the
pharyngeal swallow, is necessary to sustain life. Res-
piration is also indispensable for survival. Interest-
ingly, these two important life-sustaining functions
must share crucial anatomic space, because the upper
airway serves as a common pathway for both air and
nourishment. Similarly, the brain stem neurons and
interneurons that control these functions are in close
proximity (44). To date, research efforts have focused
on the coordination of respiration and swallowing from
a “turn-taking” perspective, without consideration of a
more integrated paradigm whereby the respiratory
system and the airflow that it governs actively partic-
ipate in deglutition.

Subglottic Pressure Theory for Swallowing

The rationale for this study is based on the theory
that pressurized air during the swallow may play a role
in the neuroregulation of swallowing function by stim-
ulating subglottic mechanoreceptors. The subglottic
pressure theory for swallowing originated from obser-
vations of altered swallowing function in tracheostomy
patients in which air pressure below the true vocal
folds was greatly modified, depending on the status of
the tube (open or closed). The location of subglottic
pressure receptors has been verified (3, 48, 49), al-
though their function is not yet known (4, 13, 33, 42,
45, 46). Conceivably, the purpose of these receptors
may be related to deglutition and not phonatory or
respiratory function.

Tracheostomy Tubes and Aspiration

The placement of an indwelling, open tracheostomy
tube not only functionally separates the respiratory
and alimentary tracts but also eliminates the possibil-
ity of generating positive subglottic air pressure
(Psub). Increased aspiration and dysphagia have been
linked to the presence of an open tracheostomy tube
(6-8, 28, 29). Closure of the tracheostomy tube and
restoration of positive pressure can be achieved by
capping or digital occlusion or by placement of a Passy-
Muir speaking valve. Investigations that looked pri-
marily at head and neck cancer patients without neu-
rological impairment have reported that aspiration
was eliminated or reduced when the tracheostomy tube
was occluded during the swallow (11, 15, 43).

Additional evidence to support the importance of
Psub in swallowing function has also been offered in
the pediatric literature. Finder and colleagues (12)
reported that dramatic reductions in aspiration of sa-
liva were observed after the institution of constant
positive airway pressure (CPAP) through the open
tracheostomy tube. The authors speculated that there
was a relationship between the application of CPAP
and tracheostomy tube occlusion, but they did not
consider that CPAP may have actually improved swal-
lowing function by providing positive Psub during the
swallow while the tube remained open.
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Respiration and Deglutition

There is overwhelming evidence that points to the
coupling of swallowing with the exhalation phase of res-
piration, but little explanation as to why this coordina-
tion exists (21, 24, 25, 38, 40). Perhaps the preferential
timing of the normal swallow with the exhalation phase
is a mechanism that allows for stimulation of subglottic
mechanoreceptors and the generation of the Psub that
seems to be missing when patients swallow with an open
tracheostomy tube. Conceivably, feedback mechanisms
that use afferent information from the subglottis may be
more readily accessed at higher lung volumes or during
exhalation when it is easiest to produce positive air pres-
sure. Additionally, individuals who suffer from neurolog-
ical injury have been shown to experience a disturbance
of coordination between respiration and swallowing (9,
38). A high incidence of dysphagia and aspiration has
been reported for this population as well (19, 31, 41).
Possibly, a loss of optimal coupling of the onset of the
swallow with higher lung volumes could result in a dis-
ruption of Psub. The disruption of requisite pressure may
be key to understanding the high incidence of dysphagia
and aspiration within neurologically impaired individu-
als and other diagnostic groups.

This experiment was designed to determine how the
variation of one easily manipulated respiratory param-
eter, lung volume, affects specific measures of swallow-
ing physiology in individuals without dysphagia, respi-
ratory disease, or neurological impairment. Extremes
in lung volume were used as a means to alter subglottic
air pressure in individuals who do not have indwelling
tracheostomy tubes.

METHODS

The protocol was approved by the Veterans Affairs Pitts-
burgh Healthcare System Subcommittee on Human Studies
and the Institutional Review Board of the University of
Pittsburgh. Informed written consent was obtained from
each participant before data collection.

Sample

Before data collection, a power analysis based on a power
of 0.70 at a 0.05 level of significance determined that 25
subjects would be required for a medium effect size. Due to
anticipated data loss, 28 subjects were recruited.

Participants

The participants were 28 healthy, young volunteers re-
cruited from the general population. The age range of the
subjects was from 21 to 40 yr (mean age = 29 yr). Thirteen
male subjects and 15 female subjects were enrolled. Each
participant completed spirometric testing that included
forced vital capacity and forced expiratory volume in 1 s. The
forced expiratory volume in 1 s-to-forced vital capacity ratio
was >70% for each participant. Subjects had no history of
oropharyngeal dysphagia or complaints about oropharyngeal
swallowing function. Participants recruited were free of ac-
tive upper respiratory infection at the time of data collection.

Data Acquisition

Swallows were recorded by using simultaneous videofluo-
roscopy for timing measurements, bipolar intramuscular
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electromyography (EMG) of pharyngeal muscle activity, and
arespiratory inductance plethysmograph (Respitrace, Ambu-
latory Monitoring, Ardsley, NY) to record respiratory phases
and estimated lung volumes. WinDaq waveform recording
software (DATAQ Instruments, Akron, OH) was used to
collect, organize, and analyze the EMG and respiratory data.
The Kay swallowing workstation (Kay Elemetrics, Lincoln
Park, NJ) was used to record and analyze the fluoroscopic
data. All data were collected during a single session lasting
~1h.

EMG Instrumentation

Before data collection, bilateral intramuscular EMG elec-
trodes were placed in the lower, lateral margin of the supe-
rior pharyngeal constrictor, according to the method de-
scribed by Perlman et al. (32). EMG signals were preampli-
fied and filtered (Grass Instruments, Astro-Med, West
Warwick, RI). The EMG and the output of the Respitrace
were routed through anti-aliasing filters (RC Electronics,
Santa Barbara, CA). The signals were digitized with WinDaq
software (DATAQ Instruments).

Respiratory Instrumentation

The Respitrace (Respitrace, Ambulatory Monitoring) is a
respiratory inductance plethysmograph composed of two
elasticized cloth bands with Teflon-insulated wire coils at-
tached within. One band is placed around the rib cage under
the arms, and the other band is placed around the waist.
Each band measures the changes in the cross-sectional area
of the rib cage and abdomen, allowing for the determination
of changes in lung volume and monitoring of respiration
phase. Unlike other methods of measuring ventilation, the
Respitrace does not require any apparatus involving the face,
making it ideal for a deglutition study.

Reliable calibration of the Respitrace was not possible
during this study because of the extremes in lung volume
that were randomly required throughout each individual
data collection session (26, 35). The signal from the Respi-
trace was used to provide visual feedback to assist the par-
ticipants in controlling their lung volumes and as visual
assurance during data analysis that each participant
achieved the target lung volumes in response to the verbal
directions.

Videoradiographic Instrumentation

Videofluoroscopy was used to record swallowing physiol-
ogy and bolus transit through the pharynx. The superior
margin of the image was set consistently to contain the
nasopharynx. The anterior fluoroscopic view was set to in-
clude the anterior tongue and alveolar ridges. The posterior
margin of the image included the cervical bodies. Lastly, the
inferior margin was set to include the upper one-third por-
tion of the trachea. The inclusion of all of these areas ensured
direct observation of entire oropharyngeal swallow. The im-
age was magnified X2 to increase the detail of each subject’s
anatomy. The Kay swallowing workstation recorded all flu-
oroscopic data and audio data.

Data Acquisition Protocol

Considering that Psub during the swallow cannot be mea-
sured noninvasively in nontracheotomized participants, the
polarity of Psub was inferred by having participants swallow
at total lung capacity (TLC), which is consistent with the end
of maximal inhalation and before the onset of exhalation
(highest positive Psub), at resting expiratory level or func-
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tional residual capacity (FRC), where recoil forces are inac-
tive or less active (~34% vital capacity equating to a lower or
midrange Psub), and at residual volume (RV), which is the
end of forced exhalation and before the onset of inhalation
(~0% vital capacity and lowest Psub or negative). Partici-
pants were observed swallowing three separate, standard-
ized 5-ml pudding-consistency barium boluses under video-
fluoroscopy, with simultaneous recordings of pharyngeal
EMG and Respitrace output at each of the three targeted
lung volumes. The pudding boluses were taken from a mix-
ture of 30 ml of Intropaste barium sulfate paste (Lafayette
Pharmaceuticals, Lafayette, IN) and 60 ml of pudding (Hunts
snack pack, Hunt-Wesson, Fullerton, CA). The resulting mix-
ture had a viscosity of ~5,800 cP. The viscosity of the pud-
ding and barium mixture was measured by using a Brook-
field DV-I + Viscometer at ambient temperature (spindle no.
4 at 20 rpm). A syringe was used to measure the 5-ml bolus
onto the spoon. In all cases, the pudding bolus was placed in
the subject’s mouth with a teaspoon. The three conditions
were randomized within and between subjects to avoid order
effects and/or habituation to any of the lung conditions.
Three swallows at each lung volume were recorded for a total
of nine swallows per subject.

EMG Data Analysis

Out of 252 total swallows recorded, 48 were removed from
final analysis because they did not occur at the targeted lung
volume. The complete data sets of two subjects were removed
entirely because of poor respiratory data. Respiratory data
were judged as inadequate for analysis when the deflection of
the signal was not large enough to allow for confident deter-
mination that the target lung volumes had been obtained.
The inadequate signal was most likely the result of too
loosely placed bands. Although every attempt was made to
place and maintain two electrodes in each subject, only one
channel of EMG could be analyzed per subject. Out of 204
remaining swallows, 49 swallows could not be analyzed be-
cause of electrode dislodgment. Electrode dislodgment was
most likely attributable to the combined motion of swallow-
ing and the high viscosity of the bolus. Furthermore, after
review of the videofluoroscopic tapes, six more swallows were
removed because it was discovered that the subject had split
the bolus in two rather than swallow the entire bolus in one
swallow. Therefore, a total of 149 swallows (or 14 subjects
with complete data sets) were entered into the final EMG
analysis.

Physiological Measurements Taken From EMG

WinDaq interactive software (DATAQ Instruments) was
used to analyze the duration and amplitude of the superior
pharyngeal constrictor EMG signal during the swallow. The
signal was rectified, digitized, and integrated over time. For
each swallow, the duration of the signal was determined by
selecting the onset and offset of the rectified signal. Once the
signal duration was established, the signal amplitude was
determined by calculating the mean rectified and integrated
EMG over a fixed interval of 800 ms (23). The value 800 ms
was selected before data analysis because this is the mean
swallow duration reported by Perlman et al. (32). The aver-
age of the three swallows per condition was used for final
analysis.

Fluoroscopy Data Analysis

Out of 204 swallows, 179 individual swallows (22 subjects
with complete data sets) were used for the final fluoroscopic

2213

analysis. A total of 25 swallows were removed from the
fluoroscopic analysis because the bolus was split into two
swallows, the fluoroscope was turned on late, the contrast of
the X-ray was too dark to see pertinent anatomy, or the
subject moved during the swallow. Swallows of poor EMG
quality, but occurring at the target lung volume, were not
excluded from the fluoroscopic analysis.

Physiological Measurements Taken From Videofluoroscopy

Bolus transit time. The starting point for bolus transit time
(BTT) was taken from the first videofluoroscopic frame,
where the head of the primary bolus reaches the lower
margin of the mandible. The primary bolus was defined as
the portion of the bolus being actively propelled by the
tongue. The end point was taken when the superior margin of
the cricopharyngeal sphincter was observed to close behind
the tail of the primary bolus. BTT was measured three
times for each swallow, and the average value was used for
analysis.

Pharyngeal activity duration. Pharyngeal activity dura-
tion (PAD) is a measurement that was established for the
purpose of distinguishing the pharyngeal motor response
time from BTT. PAD also distinguishes between hyoid mo-
tion onset associated with the phase transition time period
(between the oral and pharyngeal phases) and the anterior
hyoid thrust that is associated primarily with the onset of the
pharyngeal swallow.

The starting point was the first frame in which the onset of
hyoid motion associated with the pharyngeal swallow was
observed. The ending point was taken as the first frame in
which air was again observed in any portion of the pharynx.
PAD was also measured three times for each swallow, and
the average value was used for analysis.

Aspiration-penetration severity level. Assignment of the
aspiration-penetration score (34) was made after three obser-
vations of each swallow.

RESULTS

To determine redundancy of the dependent vari-
ables, correlations between the dependent measures
were calculated by using the one-tailed Pearson corre-
lation with a significance level set at 0.01. EMG dura-
tion showed a significant correlation of 0.68 and 0.76
for BTT and PAD at TLC (P = 0.007 and 0.00138,
respectively). The correlation coefficient of 0.767 met
the predetermined criterion of =0.80 for removal; how-
ever, this finding occurred in only one combination at
one level of the independent variable. Therefore, none
of the variables was removed from the final analysis.

Penetration and Aspiration Scores

No aspiration or penetration was observed on any
swallow for any lung volume. All swallows were rated
1 (no aspiration or penetration within the laryngeal
vestibule).

Statistical Analyses

The means, SDs, and SEs are displayed for each
dependent variable in Table 1. Normality testing (Kol-
mogorov-Smirnov) showed that EMG amplitude, EMG
duration, and BTTs were normally distributed. A sin-
gle-factor repeated-measures analysis of variance was
performed for each measure, utilizing respiratory vol-
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