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Abstract

Purpose—Airway protective behaviors, like cough and swallow, deteriorate in many populations
suffering from neurologic disorders. While coordination of these behaviors has been investigated
in an animal model, it has not been tested in humans.

Methods—We used a novel protocol, adapted from previous work in the cat, to assess cough and
swallow independently and their coordination strategies in seven healthy males (26 + 6 years).
Surface electromyograms of the submental complex and external oblique complex, spirometry and
thoracic and abdominal wall kinematics, were used to evaluate the timing of swallow, cough, and
breathing as well as lung volume during these behaviors.

Results—Unlike the cat, there was significant variability in the cough-swallow phase preference,
however there was a targeted lung volume range in which swallow occurred.

Conclusion—These results give insight into the differences between the cat and human models
in airway protective strategies related to the coordination of cough and swallow behaviors,
allowing for better understanding of dystussia and dysphagia.
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Introduction

Methods

Airway protection, the ability to remove and/or prevent foreign materials from entering the
airway, is mediated by behaviors such as cough, swallow, and breathing [1-3].
Abnormalities of cough (dystussia) and/or swallow (dysphagia) results in increased risk for
aspiration and/or pneumonia [1-5].

Previous work has demonstrated cough efficacy as an important factor in determining
aspiration risk in neuro —traumatic or —degenerative populations [4,5]. This was first
described in stroke, with significant cough impairments in patients who aspirated [5]. Pitts et
al. as well as Hegland et al. [6-8] confirmed these results in patients with Parkinson’s
disease (PD); demonstrating that cough and swallow are related behaviors and cough
function can detect swallow impairment.

Noting these behavioral relationships, Pitts et al. [3] investigated the coordination of cough
and swallow in cats using a protocol to stimulate aspiration. The results of Pitts et al. [4]
suggest aspiration produces a meta-behavior response, indicating both swallow and cough
are highly coordinated and follow an order of operations. While this has been elucidated in
cats, mechanisms of cough and swallow coordination in humans have yet to be examined.

This study was aimed to examine a protocol for the integration of cough and swallow in
healthy adults. We hypothesized that during cough there would be a significant increase in
submental muscle complex activation, accompanied by a decrease in swallow duration.
Additionally, there would be a significant increase in cough-related oblique muscle activity
after swallow, similar to previous observations in cats.

This protocol was approved by the University of Louisville Institutional Review Board
(IRB# 07.0272 and 11.0043). Seven healthy males (26 + 6 years) with an average body mass
index of 23 + 2 participated. Participants had no known history of vascular or heart/
pulmonary disease, hypertension, diabetes, renal disease, neurological disease or trauma. All
participants had no history of smoking within the last year prior to the study.

Surface electromyography (SEMG) electrodes (Motion Lab Systems, Inc., Baton Rouge,
LA) were placed on clean-shaven areas of the submental complex (under the chin) [9,10],
and right oblique. A combination of a spirometer and elastic bands were used to measure
airflow and lung volume (LV). A spirometer flow head (FE141, ADInstruments Dunedin,
New Zealand) was attached to an oval shaped disposable mouth-piece (3.5 cm x 2.54 cm)
and nose-clip was used. Elastic bands (Pneumotrace 11, UFI, Morro Bay, CA) were placed
around the ribcage (RC) and abdomen (AB) to allow for measurement of LV.
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All data was recorded using LabChart at 10 KHz. Files were imported into Spike 2 version 8
(Cambridge Electronic Design, United Kingdom), low pass filtered at 200 Hz, rectified, and
smoothed at 20 ms.

Experimental Protocols

Analyses

Participants were seated upright and a technician held the spirometer/mouthpiece in place.
Participants reported no previous training, exposure to equipment, and/or procedures
(including researcher demonstration). Participants were asked to “relax and breathe” into the
spirometer for at least three eupneic breath cycles before starting each protocol. Three
different protocols were used to assess cough, swallow, and the combination of both cough
and swallow. Two trials for each protocol were performed, and the same investigator
performed all trials across all participants:

A. Voluntary Cough: Participants were asked to, “cough like there is something
stuck in your throat.”

B. Swallow Stimuli: Participants were asked to, “swallow whenever you feel like
you need to,” and #hen 3cc’s of water was steadily infused into their mouth over
30 seconds.

C. Combined Stimuli: Participants were asked to, “cough like something is stuck in
your throat and swallow whenever you feel like you need to;” and following 1
full cough epoch (defined below) 3cc’s of water was infused into their mouth
over 30 seconds.

Detection of a cough epoch was noted by an increase in airflow on the spirometer channel,
activation of oblique and the decrease in RC and AB bands (as shown in Figure 1 and 2).
Swallow was verified by an absence of airflow and activation of submental complex SEMG
(Figure 2, 4 and 5).

Airflow was continuously monitored during each protocol, and the following measurements
were made, as modified from Pitts et al. [11] (see Figure 1):

1) Inspiratory Phase Duration (IPD): onset of inspiration (flow < 0) to onset of
compression phase (flow = 0) (A to C)

2) Inspiratory Phase Peak Flow (IPPF): peak negative flow (B)

3) Inspiratory Phase Rise Time (IPRT): onset of inspiration (flow < 0) to the peak
negative flow (A-B)

3) Compression Phase Duration (CPD): period of zero flow prior to an expiratory
effort (C to D) and (F to G)

4) Expiratory Phase Rise Time (EPRT): end of zero flow to peak positive flow (D to
E)

5) Expiratory Phase Peak Airflow (EPPF): peak positive airflow (E)
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Participants also performed a forced vital capacity (FVC) maneuver to establish LV.
Maximum and minimum measurements of both RC and AB elastic bands during the FVC
maneuver (Figure 2) were used to establish LV for each participant based on the following
equations:

RC, =FVC

+|Fve 1)

max min|

AB, =FVC, +|FVC 2)

min|

Lv,  =0.7(RC)+03(AB) 3)
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In order to calculate the “maximum range” of both the RC and AB, maximum and absolute
value of the minimum were added together for both RC and AB, respectively (see equation 1
and 2). Using the equation from Mead et al. [12] LV was calculated with 70% from chest
wall expansion and 30% from abdominal. In order to incorporate these contributions into our
values, the “maximum range” of RC and AB was multiplied by 0.7 and 0.3, respectively,
then added together to generate maximum LV (LVy3x) (See equation 3). To produce the
%VC of a single swallow, the LV of the individual swallow or cough (LV) was identified
using equations 4-6, then divided by LV nax, producing %VC.

Statistical Analysis

All results are expressed as means + standard deviation (SD) and analyzed using SPSS
software (IBM). To identify significant changes between EMG, airflow, and LV
measurements, a one-way ANOVA was used. A Wilcoxon Signed Ranks test was used to
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assess the respiratory/cough phase changes. A Students paired t-test was used to compare
the duration of the compression phase with swallows occurring in the presence and absence
of the compression phase, and operating volumes of both cough and swallow during each
protocol. Pearson Product moment correlations were used to evaluate relationships between
submental duration, amplitude, and swallow apnea duration. A p-value of less than 0.05 was
considered significant.

Cough trials elicited an average of 4.4 £ 1.3 epochs (single inspiration followed by multiple
expirations) with an average of 2.3 £ 0.4 expiratory efforts per epoch. There was a
significant increase in the number of cough epochs, (8.6 + 2.6; F1 1 = 14.61, p<0.01)
during the combined stimuli protocol (Table 1). Cough airflow analysis revealed
significantly shortened IPD (F; 1, = 10.18, p< 0.01) and IPRT (F1, 12 = 8.40, p < 0.05); and
an increase in CPD (F1, 12 = 11.30, p < 0.01) during the combined stimuli protocol (Table 1).

There were no significant changes in IPPF, EPRT, or EPPF (Figure 1 and Table 1), or right
oblique (RO) sEMG (% of maximum) amplitude or duration during combined stimuli and
cough protocols.

Water infusion elicited an average of 7.1 + 1.4 swallows, which was not significantly
different than swallows observed during the combined stimuli protocol (7.6 £ 1.7, F1 15 =
0.27, p=0.61). There were no significant changes in swallow-related submental SEMG (%
of maximum) amplitude when comparing swallows during breathing to swallows in the
combined stimuli protocol (F1, 12 = 0.14, p=0.72), as well as no significant change in
swallow related apnea duration (swallow stimuli: 1.1 £ 0.3 s, combined stimuli: 1.2 + 0.2;
F1 12 =0.02, p=0.88) (Table 1). Additionally, CPD was significantly longer when
combined with a swallow (1.1 £ 0.5s alone, versus 1.4 + 0.3s t5 = 4.07; p< 0.01).

Pearson Product correlations resulted in moderate-positive relationships between submental
duration and submental amplitude (r= 0.4, p< 0.01), and submental duration and swallow
apnea duration (r=0.55, p< 0.01). A weak-positive relationship was shown between
submental amplitude and swallow apnea duration (r= 0.20, p< 0.05).

C. Cough and respiratory phase

During tidal breathing 56% percent of swallows (30 of 54) occurred during the transition
from inspiration to expiration (In-Ex); 37% (20 of 54) occurred during expiration (Ex-Ex);
and 7% (4 of 54) occurred during the inspiratory phase (In-In). During the combined stimuli
protocol 46% of swallows (25 of 55) occurred during a cough inspiration (cIn-cln); 42%
occurred during a compression phase [i.e. transition from inspiration to expiration (cIn-cEx,
18 of 55) or expiration to expiration (CEx-cEx, 5 of 55)]; and only 13% occurred (7 of 55)
during the transition of the cough expiration and cough inspiration (cEx-cIn) (Figure 2 and
3). A Wilcoxon signed ranks test indicated a change in phase preference from breathing to
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cough [Z = -5.378, p < 0.001], with the In-Ex pattern preferred during eupnea and cln-cin
pattern preferred during the combined stimuli protocol.

D. Lung volume

Swallow tended to occur in a narrow range of lung volume. During swallow stimuli trials,
average lung volume was 44 + 7% VC compared to 48 £+ 8% VC during combined stimuli
trials (F1, 12 = 0.84, p=0.38) (Figure 3, Table 1). During swallow stimuli trials, the lung
volume of the inspiration prior to swallow ranged from 39.7% VC - 67.4% VC. The lung
volume of the inspiration prior to the cough epoch in the cough trials ranged from 49.6% VC
- 89.2% VC and during combined trials from 49.8% VC - 87.6% VC. Despite the minor
reductions in range of lung volumes, there were no change of %VC for cough-related
expiration (21 + 11% versus 23 + 5%) or inspiration (71 = 15% versus 66 + 13%) in the
cough and combined stimuli protocols, respectively (Table 1).

4. Discussion

While cough and swallow have been independently studied in many patient populations e.g.
[5,13,14,6], this is the first study to examine the coordination of cough and swallow in
humans. The current study had several major findings: 1) cough and swallow can be reliably
integrated; 2) the combined stimuli protocol resulted in more cough epochs and a decrease
in the IPD and CPD; and 3) unexpectedly, participants were willing to swallow during any
cough phase, using multiple strategies to maintain LV.

Lung volume and phase preference

Swallow during eupnea has been intensely studied. Two primary features of these studies are
the phase preference for swallows to occur during the expiratory phase of breathing [15-17]
and optimal LV targets (~44%VC) [16,18]. Our observations are indicative of a more rigid
regulatory control system of swallow. We propose the concept of volume targeting to explain
the fixed occurrence of swallow in a small LV range during eupnea and repetitive cough.
This idea is reinforced by our stable LV during swallow across the two protocols.
Additionally, Figure 2 demonstrates the four primary strategies for cough-swallow
coordination including swallow during the expiratory phase of a cough epoch (B) and most
strikingly, swallow during the inspiratory phase of cough (D and Figure 4). This indicates
that volume targeting may play a larger role than phase preference for the control of
swallow.

Volume related feedback is mainly accomplished by pulmonary stretch receptor (PSR)
activation [19-21]. PSR feedback functions as an “inspiratory off switch” when a target L\V/
threshold has been achieved [22,19,23-28], and we have many examples of cough-related
inspiration being interrupted at a “target” LV for the execution of swallow (Figure 4). Work
in cats and rabbits have demonstrated: a) PSRs have a significant influence on cough [21],
and b) when chemically blocked there is a decrease in cough frequency and intensity [29-
31]. Pitts, et al [3] hypothesized that coordination of cough and swallow was mainly
accomplished through phase specific information (which does encompasses LV). However,
in humans, volume specific information may be of greater consequence. Several limitations
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to this theoretical shift is that the data presented in Pitts, et al [3] were in anesthetized
animals and thus both initiated reflexively without high-order brain influence. Additionally,
it may be that the effect on swallow excitability was through activation of airway
mechanoreceptors as opposed to shared central excitability. Further experiments using
experimentally available “reflexive” cough techniques could target these questions.

During tidal breathing, respiratory-swallow coordination patterns can occur at four points in
the respiratory cycle: 1) In-Ex, 2) Ex-Ex, 3) Ex-In, or 4) In-In. [15] With the use of oral
spirometry and elastic bands we found 56% of swallows occurred during In-Ex phase and
only 37% of swallows during Ex-Ex phase in the swallow stimuli protocol. In contrast,
previous studies that used nasal airflow recording and elastic bands found that 73% to 79%
of swallows during the Ex-Ex phase pattern [15,32]. An additional limitation of this study is
the use of a mouthpiece, needed for collection of the airflow data during cough. There have
been studies that evaluate the effects of different respiratory apparatuses on gas exchange
and breathing patterns [33,34], but there are no studies to our knowledge that clarify the
impact of an “open mouth” on phase/timing of swallow. In the future this study should be
replicated using either a facemask or without spirometry, to allow for more a “natural”
swallow.

Swallows during the compression phase of cough

Unexpectedly, swallow occurred at any time during a cough, including the compression
phase of cough. In these instances, swallow either occurred immediately in the post
inspiratory phase just before the first expiratory effort (33% of cough-swallows, Figure 5A)
or swallow occurred in between two expiratory efforts with a prolonged apnea interrupting
the cough epoch (9% of cough-swallows, Figure 5B). In both types of compression phase
swallows, expiratory abdominal muscles remained inactive until the swallow was completed
then immediately activated, and the CPD increased. This increase may be due to the need of
abdominal muscle activation in preparation for effective shearing forces during the cough
expiration (Figure 5). The phenomenon of swallow suppressing active abdominal
recruitment has also been demonstrated in expiratory threshold loading [35].

Apnea Duration

Swallow related apnea has been studied across many different populations, genders, ages
and conditions all in healthy adult humans, but this is the first study, to our knowledge, to
study apnea duration in coordination with cough. Studies report swallow related apnea
durations ranging from 0.93-1.5s [36-41] in healthy adult human subjects. Swallow apnea
duration was determined at normocapnic and hypercapnic conditions 1.3 and 0.8 s,
respectively by Hardemark et al. [42]. In our study we show swallow related apnea duration
has no change when comparing between the swallow stimuli and combined stimuli trials.
We have found in our study the apnea duration during swallow to be 1.1s and 1.2s for
swallow stimuli and combined stimuli trials, respectively, and within the range of previous
reports [36-41].
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Instructions for voluntary cough behaviors have changed since Smith-Hammond evaluated
their subjects by instructing, “breathe quietly for 30s” and then repeatedly requested to,
“voluntarily produce a strong cough” for three trials. Pitts et al [11,13,43] studies used the
set of instructions, “take a deep breath and cough hard” to conduct voluntary cough and asks
the participant to continuously swallow the administered three ounces of thin liquid [44].
Martin Harris used, “after | remove the syringe from your lip you may swallow whenever
you feel comfortable,”[39] and in later studies the instructions read, “drink the liquid in your
usual manner” [32]. Hegland and Troche more recently have used, “cough like something
went down the wrong pipe” [45]. As have been reported by others, an instruction of, “cough
like there is something in your throat” produces a robust and reliable response [45].
Common for cued swallow is, have the participant hold the bolus in their mouth and swallow
when prompted/ready [46], however McFarland, [18] demonstrated that cueing can have a
significant effect on LV during swallow.

During this study we took special care to not give any behavioral demonstrations (i.e.
experimenter producing an example cough bout), or answer any participant questions about
the optimal behavioral output (they were only reminded of the original instruction). The
repetitive cough challenge offered a unique experimental condition in which very few
instructions were given to the participant, but they moved through a wide range of LV. This
is probably the primary reason for the variety of strategies the participants used to complete
the task, and offers a unique physiologic perspective. We fear the historic use of cues
decreases natural behavioral variability and limits early diagnoses of “subtle” airway
protective changes.

7. Conclusion

Based on previous work in animal model, our initial hypothesis was that in humans during
the combined trial there would be an increase in submental muscle complex activation, a
decrease in swallow duration and an increase in cough-related oblique muscle activity.
However, we detected no change in submental duration and amplitude as well as abdominal
amplitude. These findings indicate a range of behavioral responses that could be used to
detect pathologic changes in airway protection in humans. Additionally, this new work adds
to the available information about lung volume targeting during swallow. We believe that
with further investigation of the mechanisms of cough and swallow coordination using this
simulated aspiration protocol important clinical insights will be provided.
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Figurel.
Cough epochs can be characterized using airflow and oblique surface EMG activity. Airflow

and integrated SEMG traces (J') from the oblique muscle were measured during cough
epochs (inspiratory phase followed by multiple expiratory efforts). The dotted lines
represent phases and components of each cough epoch measured: Inspiratory phase duration
(IPD) (A to C); inspiratory phase peak flow (IPPF) (B); inspiratory phase rise time (IPRT)
(A-B); compression phase duration (CPD) (C to D) particularity an inspiratory to expiration
compression phase; expiratory phase rise time (EPRT) (D to E); expiratory phase peak flow
(EPPF) (E); and expiratory to expiratory CPD (F to G).
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Figure 2. Examples of swallow occurring during each phase of cough
(A) Swallow can occur during the transition from the inspiratory phase (light gray rectangle)

to the expiratory phase (dark grey rectangles; I-E), (B) in the middle of the expiratory phase
(E-E), (C) during the transition from expiration to inspiration (E-I), or (D) in the middle of
the inspiratory phase (I-1). Swallow activity (%) is confirmed by coincident activation of the
submental complex and absence of airflow. Cough activity ( 4) is confirmed by sharp
increases in airflow. Ribcage excursion demonstrates the ability of swallow to interrupt

phases of breathing and coughing.
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Figure 3. All swallows graphed on percent VC by breathing and cough respiratory phase
Swallows during breathing (left panel; filled circles) primarily occurred during the transition

from inspiration to expiration (I-E) and in expiration (E). There were no occurrences of
swallows occurring during the transition from expiratory to inspiratory phase (E-I; not
shown) in the swallow stimuli protocol. Regardless of the phase of respiration, 90% of
swallows (horizontal box) were observed between 35-52% VC. In the combined stimuli
protocol (right panel; open circles) majority of swallows occurred during the inspiratory
phase (1) or the transition from inspiration to expiration (I-E). Regardless of cough and
breathing coordination, 90% (horizontal box) of swallows occur between 37-59% VC.
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Figure 4. Swallows occurring during the inspiratory phase of cough
A. demonstrates a consistent lung volume, % vital capacity (VC), throughout the combined

stimuli protocol. The LV required to initiate swallow (light grey boxes in both A and B)
compared to the LV required to initiate an efficient cough (dark grey boxes in both A and B)
is significantly different (B). Average pre swallow inspiration %VC is 48 + 8 and average
pre cough inspiration %VC 66 + 13, * p < 0.01. Shown are the intergral SEMG traces ()
filtered, smoothed and rectified. Each airflow and EMG shown are scaled to the same
degree.
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Figure 5. Abdominal EM G depression during compression phases which include swallow
(A) Integrated submental and abdominal SEMG traces () and airflow measurements show

swallow (gray rectangels) and the activation of oblique muscle complex (dashed rectangles),
extending the duration of the compression phase. (B, both panels). Of note, this extended
compression phase may be due to the need of abdominal muscle activation in preparation for
effective shearing forces during the cough expiration.

Lung. Author manuscript; available in PMC 2019 October 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Huff et al.

Table 1

Page 17

Means, standard deviations (SD), and p-value comparing cough protocol to combined stimuli protocol as well
as swallow stimuli protocol to combined stimuli protocol for all measurements made in this study. Inspiratory
phase peak flow (IPPF), inspiratory phase rise time (IPRT), inspiratory phase duration (IPD), compression

phase duration (CPD) without swallow, expiratory phase rise time (EPRT), expiratory phase peak flow
(EPPF). Epochs is an inspiration followed by multiple expiratory efforts, (see Figure 2). The number of

expiratory efforts per epoch (EE/Epoch). Inspiratory % max VC is also known as operating volume for cough
and swallow %VC is the operating volume for swallow.

Single Stimuli mean (SD) Combined Stimuli mean (SD)  p-value
Cough Measures
IPPF (L/s) -3.6 (1.8) -33(1.2) 0.72
IPRT (ms) 889 (296) 514 (171)  0.013
IPD (ms) 1244 (248) 882(169)  0.008
CPD (ms) 201 (31) 309 (80) 0.006
EPRT (ms) 64 (69) 68 (69) 0.92
EPPF (L/s) 8.9(1.7) 8.2 (1.5) 0.43
Epochs 4.4(1.3) 8.6(26) 0002
EE/Epoch 2.3(0.4) 2.3(0.6) 0.98
Inspiratory % max VC 71 (15) 66 (13) 0.48
Expiratory % max VC 21 (11) 23 (5) 0.67
Abdominal max EMG 66 (11) 57 (10) 0.14
Abdominal EMG duration (ms) 285 (103) 257 (80) 0.59
Swallow M easures
Swallow Frequency 7.1(1.4) 7.6 (1.7) 0.61
Apnea duration (ms) 1136 (264) 1153 (160) 0.88
Swallow % VC 44.(7) 48 (8) 0.38
Submental % max EMG 66 (10) 68 (10) 0.72
Submental EMG duration(ms) 1067 (520) 1108 (549) 0.89
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