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Abstract
Progressive supranuclear palsy (PSP) is a neurodegenerative disease characterized by a high prevalence of dysphagia, cough 
dysfunction, and resultant aspiration pneumonia. Sensorimotor cough function is important for airway clearance in people 
with dysphagia. Upregulation of cough has been demonstrated in healthy adults and Parkinson’s disease; however, the fea-
sibility of cough rehabilitation in PSP is unknown. We sought to assess feasibility by examining the immediate effects of a 
novel sensorimotor training in airway protection (smTAP) on upregulation of cough function in PSP. Fifteen individuals with 
PSP enrolled in this study. Baseline voluntary and reflex cough testing were completed. During smTAP, participants were 
presented with subthreshold capsaicin and instructed to cough with sufficient intensity to hit a target line (set 25% above 
baseline reflex peak cough flow) via cough airflow visual biofeedback. Twenty-five repetitions were targeted within a single 
session. Wilcoxon signed-rank tests compared cough airflow measures between baseline voluntary cough testing, the initial 
five trials of smTAP, and final five trials. Mean peak expiratory flow rate (PEFR) significantly increased from initial to final 
smTAP trials (p < 0.001). Fourteen participants increased PEFR, with gains of more than 10% in 11 participants. Variability 
of PEFR (p = 0.01) and cough expired volume (p = 0.01) significantly decreased across smTAP trials. This study is the first 
to demonstrate the ability of people with PSP to immediately upregulate cough function, providing preliminary support for 
the feasibility of cough rehabilitation in this population with this novel treatment approach. Future research examining the 
effects of multiple sessions of smTAP on cough outcomes is warranted.

Keywords Airway protection · Dystussia · Progressive supranuclear palsy · Rehabilitation · Deglutition · Deglutition 
disorders

Introduction

Progressive supranuclear palsy (PSP) is the most com-
mon neurodegenerative disease among Parkinsonian-plus 
syndromes. PSP is neuropathologically classified as a 
tauopathy, causing neural degeneration in the basal ganglia, 
diencephalon, brainstem, and cerebellum due to abnormal 

accumulation of phosphorylated tau proteins [1]. Clinically, 
PSP is characterized by symmetric parkinsonism, including 
bradykinesia, rigidity, tremor, and postural instability, as 
well as vertical supranuclear gaze palsy and behavioral dis-
turbances [2]. Bulbar dysfunction is common and can occur 
early in the disease course [3], involving physiologic impair-
ments of breathing [4], coughing [5], and swallowing [6–9].

Swallowing is a complex, life-sustaining sensorimo-
tor behavior requiring precise coordination of more than 
twenty-five muscles innervated by six cranial nerves [10]. 
Swallowing dysfunction (dysphagia) is highly prevalent in 
individuals with PSP, characterized by oral, pharyngeal, and 
esophageal deficits resulting in impairments to both swal-
lowing efficiency and safety [5–7, 9, 11]. Dysphagia is asso-
ciated with a shorter length of survival [12] due to its role in 
the development of aspiration pneumonia, a leading cause 
of death in this population [13]. In the event of aspiration, 
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a robust and consistent cough response is required to expel 
material from the trachea in order to maintain a homeostatic 
pulmonary environment. This cough response has been sub-
jectively described as insufficient or absent in individuals 
with PSP [5], posing a large threat to airway protection and 
pulmonary health. The neurobiology of this airway protec-
tive behavior is mediated by peripheral afferents in the distal 
and proximal airways, as well as efferent control pathways 
via cortical, subcortical, and brainstem structures, includ-
ing the nucleus tractus solitarius, paratrigeminal nucleus, 
basal ganglia, cerebellum, and prefrontal cortex [14]. Cough 
can be classified as either voluntary or reflexive in nature. 
Voluntary cough is initiated on command, whereas reflex 
cough occurs in response to sensory stimulation. Though 
traditional models have considered reflexive cough as a 
brainstem-mediated behavior which bypasses cortical con-
trol [15], recent research has suggested that various aspects 
of reflex cough are amenable to volitional modulation and 
upregulation (e.g., increased cough airflow, increased per-
ception of cough stimuli) in both healthy adults and individ-
uals with Parkinson’s disease [16, 17]. In these studies, par-
ticipants were able to increase cough airflow (i.e., upregulate 
their cough function) in the presence of a sensory stimulus 
with verbal cueing. Upregulation of cough function has been 
described several ways in the literature, most notably as the 
ability to increase cough airflow or increase one’s perception 
of airway sensation during cough [16, 17]. For the purposes 
of this study, we were interested in the upregulation (i.e., 
increase) of cough expiratory airflow. Based on this growing 
body of literature, volitional cough modulation may be an 
effective strategy to improve cough strength in the presence 
of blunted reflex cough production. Thus, cough appears to 
be a feasible and clinically relevant therapeutic target for 
individuals with neurodegenerative disease at high risk for 
pulmonary compromise due to deficits in airway protection.

Despite the importance of cough as an airway protec-
tive behavior to promote pulmonary health and prevent 
adverse outcomes, behavioral treatment paradigms tar-
geting cough dysfunction are limited. To date, no studies 
have examined cough rehabilitation for persons with PSP. 
Our research group developed a novel cough rehabilita-
tion paradigm: sensorimotor training in airway protection 
(smTAP). The paradigm involves several key features to 
facilitate improved sensorimotor coordination and function. 
smTAP involves a cough sensory stimulus of subthreshold 
capsaicin (a tussigenic agent derived from chili peppers), a 
verbal cue to enhance cough airflow (e.g., “cough hard”), 
visual biofeedback of cough airflow via spirometry, and an 
increased awareness to the urge-to-cough [16]. A sensory 
stimulus below the participant’s reflex cough threshold pro-
vides a salient context targeting enhanced sensory percep-
tion of capsaicin for execution of the sensorimotor behavior 
(coughing). Upregulation of cough airflow is facilitated with 

a verbal cue from an assisting clinician [16]. Visual biofeed-
back of airflow during the task provides immediate feed-
back regarding the effectiveness of the cough and whether 
it was above or below a target line, which is set 25% above 
maximal peak expiratory flow rate (PEFR) from baseline 
reflex cough testing [17]. Finally, the task also focuses on 
upregulation of the urge-to-cough, a respiratory sensation 
known to precede reflex cough [18–20]. The ultimate aim of 
this treatment approach is to target both sensory and motor 
components of cough, in order to promote generalization and 
transference of cough upregulation to situations involving 
airway invasion during swallowing. Collectively, the afore-
mentioned parameters target upregulation of cough airflow. 
A single session of smTAP adheres to the neuroplasticity 
principles of specificity, salience, intensity, and repetition 
[21, 22]. More specifically, the task central to the smTAP 
treatment paradigm, which was tested in this study, requires 
completion of a cough-specific task within a salient context 
of a background cough stimulus and with sufficient intensity 
to meet a target line 25% above the participant’s baseline 
reflex cough peak flow. This task is repeated 25 times within 
one session. When the task is completed over several weeks, 
the treatment paradigm capitalizes on additional principles 
of motor learning and neuroplasticity, including transference 
[21, 22].

There is evidence to suggest that healthy young adults, 
healthy older adults, and people with Parkinson’s disease are 
able to modify their cough airflow with cueing in the pres-
ence of a cough inducing stimuli, a task central to smTAP 
[16, 17]. In order to determine whether smTAP would be 
a feasible cough rehabilitation approach in PSP and war-
rant further study, we examined the effects of smTAP on 
sensorimotor cough function over the course of a single ses-
sion. We examined (a) the immediate effects of introduc-
ing a subthreshold sensory stimulus on cough airflow com-
pared to baseline voluntary cough testing, and (b) assessed 
improvements in cough airflow across a single session of 
smTAP. We hypothesized that persons with PSP (a) would 
demonstrate no immediate changes in cough airflow after 
the introduction of a subthreshold sensory stimulus, and (b) 
that improvements in both the magnitude and variability of 
cough airflow would be evident after smTAP. The ability to 
complete the task and increase cough airflow within a single 
session would suggest that this approach is feasible in PSP 
and would indicate the need for future studies testing the 
effects of multiple sessions of smTAP on cough outcomes.
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Methods

Participants

The Institutional Review Board at Teachers College, Colum-
bia University approved study procedures (IRB #: 17-396) 
and informed consent was obtained from all participants 
prior to study enrollment. Participants with a diagnosis of 
PSP were prospectively recruited and enrolled in a larger 
two-phase study. The first phase involved characterizing 
airway protection and communication, and the second 
phase examined treatment feasibility. All participants were 
enrolled in both phases of the study. During the first phase, 
participants underwent a baseline flexible endoscopic evalu-
ation of swallowing (FEES). The FEES protocol included 
three trials of 90 mL thin liquid (IDDSI level 0) with barium 
dye. All participants were diagnosed by a fellowship-trained 
movement disorders neurologist based on the Movement 
Disorder Society clinical diagnostic criteria for PSP [23] and 
were enrolled independent of disease or dysphagia severity. 
Exclusion criteria included a history of other neurological 
disorders (e.g., stroke, brain tumor), head and neck cancer, 
respiratory disease (e.g., chronic obstructive pulmonary dis-
ease, asthma), or smoking within five years.

Baseline Reflex and Voluntary Cough Evaluations

Baseline reflex cough testing was performed with a face-
mask coupled to a pneumotachograph with a side port and 
inspiratory valve connecting to a nebulizer. This connected 
to a dosimeter which provided single doses of capsaicin dur-
ing inhalation for a duration of two seconds. Concentrations 
of 0, 50, 100, and 200 μM capsaicin were each presented 
randomly across three blocks. Participants were instructed to 
“cough if you need to” during each presentation of capsaicin 

and self-reported their urge-to-cough immediately following 
the stimulus presentation using a modified Borg scale, which 
ranged from 0 (no urge-to-cough) to 10 (maximal urge-to-
cough). A 30 s interval separated each capsaicin presenta-
tion during which participants were provided with water. 
Participants also performed sequential voluntary coughs 
with an identical spirometric setup. They were instructed 
to “cough as if something went down the wrong tube” after 
which a model of a three-cough epoch was performed for 
the participant by the examiner. Airflow data were input-
ted into the PowerLab Data Acquisition system, digitized, 
and recorded on a computer at 2000 Hz. Participants’ reflex 
cough threshold was determined by identifying the lowest 
dose of capsaicin at which they produced a reliable two-
cough response on two out of three trials.

smTAP Procedure

smTAP was performed an average of six days (SD = 5) 
after baseline cough evaluations, with the majority of par-
ticipants (87%) receiving smTAP less than seven days after 
their baseline evaluation. During smTAP, participants were 
seated at a computer with LabChart and the same spirom-
etry setup used during reflex cough testing (Fig. 1). They 
were presented with a background dose of subthreshold 
capsaicin, which was defined as a concentration that was 
half that of their reflex cough threshold determined from 
baseline reflex cough testing. Capsaicin was chosen in light 
of prior research which has demonstrated a relationship 
between swallowing outcomes and sensorimotor cough 
responses (e.g., cough airflow, urge-to-cough, cough thresh-
olds) elicited from capsaicin [16, 17, 19]. Furthermore, the 
short- and long-term reproducibility of capsaicin response 
ensured reliable cough outcomes across multiple trials [24]. 
Following presentation of the subthreshold sensory stimu-
lus, participants were instructed to direct their attention to 

Fig. 1  smTAP experimental setup. Example of the experimental 
setup (left) with a facemask coupled to a pneumotachograph with a 
side port and inspiratory valve connected to a nebulizer for subthresh-

old capsaicin administration and real-time visual biofeedback of the 
spirometry waveform (right) with target line
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their urge-to-cough and “cough hard” in order to elicit a 
cough with sufficient intensity to hit a target line provided 
via cough airflow visual biofeedback. The target line was 
set 25% above maximum peak expiratory flow rate (PEFR) 
based on baseline reflex cough testing [17]. Real-time visual 
biofeedback of the cough airflow waveform was available to 
the participant. Twenty-five repetitions were targeted within 
a single session. This number of repetitions was selected to 
remain consistent with prior airway protection rehabilitation 
paradigms and to provide ample opportunities for practice 
[25]. Feedback regarding both the knowledge of perfor-
mance and results was provided from the clinician.

Data Analysis

Measurement of cough airflow for baseline voluntary cough 
and smTAP trials were completed for the first cough pro-
duced in a cough epoch by a blinded, trained research assis-
tant. Twenty percent of coughs were re-analyzed by the 
primary rater and an additional blinded research assistant 
for inter- and intra-rater reliability. Coughs were defined as 
a distinct waveform with a compression phase and explo-
sive airflow event with a turbulent peak above tidal breath-
ing which returned to zero airflow at the end of expiratory 
phase [26]. Coughs with a turbulent airflow peak that did 
not exceed tidal breathing were defined as “cough attempts”. 
The spirometry waveform was time-locked with audio–video 
recordings. Additionally, all coughs were tagged in real-time 
by a separate researcher on the computer for offline analysis. 
Only PEFR from “cough attempts” were included in statis-
tical analyses; other airflow outcomes from these “coughs 
attempts” were not included. The primary outcome for this 
study was PEFR (L/s). Secondary outcomes included inspir-
atory volume (CIV; Liters), cough expiratory volume (CEV; 
Liters), compression phase duration (CPD; seconds), PEFRT 
(seconds), total coughs produced (CrTot), and cough volume 
acceleration (CVA; L/s/s), which was derived by dividing 
PEFR by PEFRT. Cough airflow measures were compared 
among three different periods: (1) baseline voluntary cough 
trials (before smTAP trials), (2) across the initial (defined as 
the first five) smTAP trials, and (3) across the final (defined 
as the last five) smTAP trials. In order to capture potential 
changes in performance across several trials, the mean value 
was compared. In order to capture the participants’ best per-
formance on a single trial, maximum PEFR was also exam-
ined. Finally, changes in variability between initial and final 
smTAP trials were examined with the coefficient of variation 
(CoV), which was calculated for each cough airflow out-
come by dividing the standard deviation by the mean of five 
trials. Airway safety was rated with the penetration-aspira-
tion scale (PAS) during FEES as a descriptive variable. The 
PAS is an eight-point scale describing the depth and sensory 

response to airway invasion [27]. The maximum PAS score 
from 90 mL thin liquid barium trials was reported.

Statistical Analysis

Intra-class correlation coefficients were used to assess inter- 
and intra-rater reliability for continuous variables. ICC 
values ≥ 0.90 were considered ‘excellent’, 0.75–0.90 were 
‘good’, 0.50–0.75 were ‘moderate’, and < 0.50 were ‘poor’ 
[28]. Cohen’s unweighted and weighted kappa (κ) were used 
to assess inter- and intra-rater reliability for nominal (CrTot) 
and ordinal (PAS) variables and were interpreted as follows: 
values ≤ 0 indicating no agreement, 0.01–0.20 as none to 
slight, 0.21–0.40 as fair, 0.41–0.60 as moderate, 0.61–0.80 
as substantial, and 0.81–1.00 as almost perfect agreement 
[29]. Wilcoxon signed-rank tests were performed to compare 
differences in cough airflow outcomes between voluntary 
and initial smTAP trials, and initial and final smTAP tri-
als. A Wilcoxon signed-rank test was also used to examine 
differences in CoVs between initial and final smTAP trials 
across cough airflow outcomes. A Holm–Bonferroni adjust-
ment corrected for multiple comparisons to adjust the fami-
lywise error rate. Alpha was set at p < 0.05 and adjusted p 
values are reported. Pearson correlation coefficients were 
used as a metric of effect size [30]. Statistical analyses were 
completed using SPSS v26.0.

Results

Nineteen participants with PSP were enrolled in the study. 
Three participants (two with PSP-Richardson’s Syndrome, 
one with PSP-Predominant Parkinsonism) did not meet 
inclusion criteria due to an inability to perform three trials 
of voluntary coughs, resulting in insufficient baseline vol-
untary cough data. One participant with PSP-Richardson’s 
Syndrome was excluded due to hypersensitivity to low lev-
els of capsaicin, resulting in insufficient smTAP data. Thus, 
fifteen participants with PSP (9 males, 6 females) met study 
inclusion criteria. Participant demographics including infor-
mation regarding PSP subtype, disease duration, and swal-
lowing severity are included in Table 1. Participants had 
an average age of 72 years (SD = 5.92) and median disease 
duration of 4 years (SD = 2.53) since symptom onset and 
3 years (SD = 1.64) since date of diagnosis. PSP subtypes 
included Richardson’s syndrome (n = 10), PSP with pre-
dominant Parkinsonism (n = 4), and PSP with predominant 
frontal presentation (n = 1). The majority of participants had 
some degree of airway invasion with penetration (40%) or 
aspiration (47%). Maximum penetration-aspiration scale 
scores ranged from 1 to 8 with a median of 5 (IQR 4–7) 
and mode of 8. Urge-to-cough ratings during baseline reflex 
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cough testing at 200 μM ranged from 1 to 8 with a median 
of 5 (IQR 4–7).

Descriptive statistics for cough airflow parameters are 
included in Table 2. On average, participants completed 
24 trials of smTAP (SD = 7.77). There were no statistically 
significant differences between baseline voluntary coughs 
and initial smTAP trials across all mean and maximum 
cough airflow measures (p > 0.05). During smTAP, the total 
number of coughs produced did not differ between initial 
and final smTAP trials (p = 0.31). Five participants’ PEFR 
exceeded the target line on at least one trial during smTAP 
with an average success rate of 48% (SD = 31%). Mean 
PEFR significantly increased from initial (M = 1.69 L/s, 
SD = 0.69) to final (M = 2.05 L/s, SD = 0.71) smTAP trials 
(Z = − 3.18, p < 0.001, r = 0.25; Fig. 2). The majority (93%) 
of participants demonstrated increased mean PEFR airflow, 

with 11 showing gains of more than 10%. Though maximum 
PEFR descriptively increased from initial (M = 2.16 L/s) to 
final (M = 2.34 L/s) smTAP trials, this finding was statisti-
cally nonsignificant after adjusting for multiple comparisons 
(p = 0.060). Mean IV (Z = − 3.24, p < 0.001, r = 0.22) and 
CPD (Z = − 2.56, p = 0.016, r = 0.27) significantly increased 
across smTAP trials. Mean CEV also improved from initial 
to final smTAP trials; however, this finding was statisti-
cally nonsignificant after multiple comparison adjustments 
(p = 0.071). No other significant differences in the remaining 
mean cough airflow measures were evident (p > 0.05).

Variability of PEFR (Z = − 2.44, p = 0.01, r = 0.38) and 
CEV (Z = − 2.50, p = 0.01, r = 0.38; Fig. 3), significantly 
decreased between initial and final smTAP trials. Eleven 
participants showed decreased PEFR variability and 12 par-
ticipants demonstrated decreased variability of CEV. The 

Table 1  Participant demographics

PSP-RS PSP with Richardson’s syndrome, PSP-P PSP with predominant Parkinsonism, PSP-P PSP with predominant frontal presentation, PAS 
penetration-aspiration scale, Median urge-to-cough ratings obtained from 200 μM

ID Age
(years)

Sex PSP subtype Disease duration since 
symptom onset (years)

Disease duration since 
diagnosis (years)

Maximum PAS 
Score

Median 
urge-to-
cough

1 70 F Probable PSP-RS 10.88 1.54 7 5
2 71 M Probable PSP-RS 9.92 4.92 8 5
3 69 F Probable PSP-RS 5.52 4.28 7 6
4 70 M Probable PSP-RS 5.41 3.41 3 6
5 76 M Probable PSP-RS 4.18 1.01 8 8
6 80 F Probable PSP-RS 4.13 1.10 5 3
7 77 M Probable PSP-RS 4.03 2.02 5 4
8 67 F Probable PSP-RS 2.36 2.36 1 4
9 69 F Probable PSP-RS 2.14 3.28 5 3
10 66 M Suggestive PSP-RS 3.26 0.42 8 5
11 84 M Probable PSP-P 4.10 4.02 3 7
12 71 M Suggestive PSP-P 6.49 3.48 8 8
13 62 F Suggestive PSP-P 6.01 5.01 1 7
14 70 M Suggestive PSP-P 3.06 2.14 8 1
15 79 M Probable PSP-F 6.62 5.87 5 5

Table 2  Cough airflow 
descriptive statistics across time 
points

CrTot number of coughs in a cough epoch, PEFR peak expiratory flow rate, CEV cough expired volume, IV 
inspiratory volume, CPD compression phase duration, PEFRT peak expiratory flow rise time, CVA cough 
volume acceleration, Cough attempts defined as coughs with a turbulent airflow peak that did not exceed 
tidal breathing

Voluntary cough trials Initial smTAP trials Final smTAP trials

PEFR (L/s), mean (SD) 1.93 (0.99) 1.69 (0.69) 2.05 (0.71)
CEV (L), mean (SD) 0.38 (0.37) 0.43 (0.39) 0.52 (0.35)
IV (L), mean (SD) 0.72 (0.49) 0.52 (0.43) 0.70 (0.54)
CPD (seconds), mean (SD) 0.38 (0.36) 0.51 (0.63) 0.64 (0.67)
PEFRT (seconds), mean (SD) 0.12 (0.14) 0.11 (0.15) 0.12 (0.12)
CVA (L/s/s), mean (SD) 31.45 (23.86) 27.84 (14.86) 31.34 (17.51)
Cough Attempts, freq (%) 1 (6.7%) 0 (0%) 0 (0%)



 J.C. Borders et al.: Immediate Effects of Sensorimotor Training in Airway Protection

1 3

majority of participants demonstrated improvements in the 
magnitude and consistency of cough airflow. Specifically, 11 
(73%) participants demonstrated improvements in both mean 
PEFR airflow and variability, while mean CEV airflow and 
variability improved in 12 (80%) participants.

Inter-rater reliability was ‘excellent’ for measures of 
PEFR, CVA, CIV, and CEV (ICCs = 0.99, 0.95, 0.93, and 
0.90, respectively), ‘good’ for PEFRT (ICC = 0.87), and 
‘moderate’ for CPD (ICC = 0.68). Intra-rater reliability 
was ‘excellent’ for all airflow measures (ICC > 0.95). CrTot 
inter-rater reliability was ‘substantial’ (κ = 0.62) and intra-
rater reliability was ‘almost perfect’ (κ = 0.97). PAS inter-
rater reliability was ‘substantial’ (κ = 0.78, 77% absolute 
agreement) and intra-rater reliability was ‘almost perfect’ 
(κ = 0.87, 89% absolute agreement).

Discussion

Aspiration pneumonia is a leading cause of death in PSP due 
to a high prevalence of cough and swallowing dysfunction 
[13]. A robust and consistent cough response is important to 

expel aspirate material from the airways to maintain pulmo-
nary health [26]. There is evidence to suggest that healthy 
young adults, healthy older adults, and people with Parkin-
son’s disease are able to modify cough airflow with cueing in 
the presence of a cough inducing stimuli [16, 17]. However, 
there had been no studies examining whether people with 
PSP could upregulate their cough. The present study dem-
onstrated that individuals with PSP were able to complete 
the upregulation task central to smTAP, supporting the fea-
sibility of this treatment approach in this patient population. 
Specifically, increased peak expiratory flow rate (PEFR), 
inspiratory volume (IV), and compression phase duration 
(CPD), as well as reduced variability of PEFR and cough 
expired volume (CEV) were evident after a single session of 
smTAP. These findings contribute to a growing body of lit-
erature suggesting that many individuals with dystussia due 
to neurodegenerative disease have the potential to upregulate 
cough function via supramedullary control.

The treatment paradigm, smTAP, was designed to incor-
porate multiple components that are thought to facilitate 
upregulation of cough function. These components tar-
geted both sensory and motor aspects of cough, including a 

Fig. 2  Peak expiratory flow rate 
across initial and final smTAP 
trials. Note: Data points repre-
sent individual participants
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salient sensory stimulus, visual biofeedback, verbal cueing, 
and awareness of the urge-to-cough [16, 17]. Our results 
showed that a background subthreshold sensory stimulus 
alone did not result in immediate changes to cough airflow 
in this patient population. Persons with PSP benefitted from 
a combination of a sensory stimulus with repeated trials and 
ongoing sensory and motor feedback via visual biofeedback 
and emphasis on the awareness of the urge-to-cough. Treat-
ment paradigms that involve a salient sensory context for 
cough execution to rehabilitate neuromotor control and coor-
dination via a skill-based approach appear to have utility for 
cough rehabilitation in PSP.

Cough effectiveness is essential for airway clearance of 
aspirate and dysfunction in cough effectiveness is related to 

adverse health outcomes. Specifically, reduced peak expira-
tory airflow (PEFR) is a strong predictor of airway invasion 
in neurodegenerative populations [31–34], and has been 
associated with pulmonary complications and morbidity 
in individuals with dysphagia [35], making it a clear and 
important treatment target to improve health outcomes. At 
baseline, the individuals with PSP in this study demon-
strated reduced cough strength (i.e., PEFR) as compared to 
prior studies with healthy younger and older adults [36–38]. 
Furthermore, our findings suggest that PEFR subsequently 
increased during a single session of smTAP among individu-
als with PSP. Participants were able to quickly modulate and 
upregulate their cough motor output across relatively few 
repetitions during a novel task, with the majority showing 

Fig. 3  Variability of peak expir-
atory flow (PEFR) and cough 
expired volume (CEV) across 
initial and final smTAP trials. 
Note: Dashed lines indicate 
reduced variability; triangles 
indicate improvements in both 
cough effectiveness and vari-
ability. Data points represent 
individual participants
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improvements of more than 10% in PEFR. Given that healthy 
adults show relatively consistent PEFR across repetitions 
[39, 40], this increase could be attributed to motor learning 
and not merely variability across the task. However, this 
requires further study. Results also showed that individuals 
with PSP significantly increased the volume of inspired air 
(IV) and duration of glottic closure (CPD) across smTAP 
trials. In this manner, participants not only showed improve-
ments in cough effectiveness, but also the underlying airflow 
components which facilitate expiratory airflow. However, 
it should be noted that effect sizes were small to moderate, 
potentially due to the limitation of a single session. Overall, 
results suggest that individuals with PSP have the ability to 
complete the upregulation task central to this treatment para-
digm, similar to healthy young adults, healthy older adults, 
and people with Parkinson’s disease [16, 17].

Variability is an important aspect of motor learning, 
reflecting changes in the central organization of motor sys-
tems to produce voluntary movements [41]. As a skill is 
acquired, variability in achieving the target goal gradually 
decreases with practice [42]. Clinically, consistently per-
forming an effective cough (i.e., reduced variability) may 
be advantageous to repeatedly expel aspirate and promote 
airway clearance. Persons with PSP demonstrated elevated 
variability of cough airflow, specifically PEFR and CEV var-
iability, during the initial trials of smTAP. This is likely due 
to both the novelty of smTAP, as well as characteristic neu-
rodegenerative changes to structures implicated in sensory 
integration and neuromotor control, such as the basal gan-
glia, cerebellum, and brainstem [1]. Variability significantly 
decreased across smTAP trials, suggesting that participants 
improved the consistency of motor output. Moreover, the 
majority of participants improved both the consistency and 
effectiveness of their cough. Given that a robust and consist-
ent cough response is required to expel material from the 
airways, it is promising that persons with PSP were able to 
consistently upregulate cough motor output with training. 
Future cough rehabilitation paradigms should continue to 
examine variability to better understand motor control strate-
gies underlying learning and task generalization.

There are several limitations that warrant discussion. A 
post-mortem neuropathological examination is required for 
a definitive diagnosis of PSP; however, our diagnoses were 
performed based on the most recent clinical diagnostic crite-
ria from the Movement Disorders Society [23]. Additionally, 
our sample was predominantly comprised of the Richard-
son’s syndrome subtype of PSP, so the immediate effects of 
the treatment paradigm might not be generalizable across all 
subtypes of PSP. However, participants with predominant 
Parkinsonism and frontal presentation, in addition to Rich-
ardson’s syndrome, also showed improvements, suggesting 
that this treatment is feasible with these subtypes. Though 
smTAP may not be appropriate for all patients, the treatment 

can potentially be modified for individuals who are unable to 
cough on command or exhibit hypersensitivity to capsaicin. 
For example, an increased dosage of capsaicin may be used 
in cases where individuals have difficulty initiating a vol-
untary cough. Notably, the participants in the present study 
who were unable to perform a voluntary cough were able 
to execute a cough when the background capsaicin stimuli 
were provided during smTAP. In cases where individuals 
exhibit hypersensitivity to capsaicin, the background cap-
saicin stimulus can be eliminated and potentially voluntary 
cough skill training with biofeedback can be used to target 
cough upregulation [43]. Additionally, the length of time 
between participants’ baseline evaluation and smTAP was 
not standardized and could have impacted our findings. It 
is also plausible that repeated exposure to capsaicin may 
have introduced a habituation effect in our cohort. However, 
capsaicin has demonstrated adequate reproducibility within 
one doubling concentration for reflex cough sensitivity [24] 
and consistent responses have been observed across multiple 
patient populations (e.g., [19, 38, 44]). Notably, it is also 
promising that the present study’s results showed improve-
ments despite this potential confound, though future research 
will be necessary to determine whether a habituation effect 
exists and to better understand the relative effects of sensory 
and motor components of this treatment paradigm. Finally, 
the present study was limited to one smTAP session, did 
not include a control group, and did not examine potential 
effects on swallowing function or individual predictors of 
treatment success. Given that this study was designed to 
assess feasibility and ability to complete the smTAP task 
over a single session, changes in swallowing were not exam-
ined nor expected. Future studies will be needed to test the 
impact of multiple sessions and a longer duration of smTAP 
on cough, swallowing, and associated health outcomes, as 
well as individual predictors of patient success within this 
treatment paradigm.

Conclusion

Cough has been identified as an important and clinically 
relevant therapeutic target in multiple patient populations 
who are at elevated risk for pulmonary compromise due to 
deficits in airway protection [19, 31–34, 44]. This prospec-
tive study demonstrated reduced voluntary cough function 
and improvements in cough effectiveness and consistency 
in a cohort of individuals with PSP after a single session 
of smTAP. These findings are promising in that they high-
light the feasibility of people with PSP to participate in 
smTAP and highlight their potential to improve sensorimo-
tor cough function in a short period of time.



J.C. Borders et al.: Immediate Effects of Sensorimotor Training in Airway Protection

1 3

Supplementary Information The online version contains supplemen-
tary material available at https ://doi.org/10.1007/s0045 5-021-10251 -1.

Acknowledgements Portions of this manuscript were presented at the 
Dysphagia Research Society Meeting, May 2020.

Funding This work was funded by the Cure PSP Foundation (Grant # 
644-2016-11 to Dr. Troche).

Compliance with Ethical Standards 

Conflict of interest All authors declare that they have no conflicts of 
interest.

Ethical Approval All procedures performed were in accordance with 
the ethical standards of the institutional research committee and with 
the 1964 Helsinki declaration and its later amendments or comparable 
ethical standards.

Informed Consent Informed consent was obtained from all participants 
prior to enrollment in this research study.

References

 1. Dickson DW, Ahmed Z, Algom AA, Tsuboi Y, Josephs KA. Neu-
ropathology of variants of progressive supranuclear palsy. Curr 
Opin Neurol. 2010;23(4):394–400.

 2. Giagkou N, Höglinger GU, Stamelou M. Progressive supranuclear 
palsy. In: International review of neurobiology. Amsterdam: Else-
vier; 2019. p. 49–86.

 3. dell’Aquila C, Zoccolella S, Cardinali V, de Mari M, Iliceto G, 
Tartaglione B, et al. Predictors of survival in a series of clinically 
diagnosed progressive supranuclear palsy patients. Parkinsonism 
Relat Disord. 2013;19(11):980–5.

 4. Mehanna R, Jankovic J. Respiratory problems in neurologic move-
ment disorders. Parkinsonism Relat Disord. 2010;16(10):628–38.

 5. Warnecke T, Oelenberg S, Teismann I, Hamacher C, Lohmann 
H, Ringelstein EB, et al. Endoscopic characteristics and levodopa 
responsiveness of swallowing function in progressive supranu-
clear palsy. Mov Disord. 2010;25(9):1239–45.

 6. Johnston BT, Castell JA, Stumacher S, Colcher A, Gideon 
RM, Li Q, et al. Comparison of swallowing function in Parkin-
son’s disease and progressive supranuclear palsy. Mov Disord. 
1997;12(3):322–7.

 7. Clark HM, Stierwalt JAG, Tosakulwong N, Botha H, Ali F, Whit-
well JL, et al. Dysphagia in progressive supranuclear palsy. Dys-
phagia. 2019;35(4):667–76.

 8. Goetz CG, Leurgans S, Lang AE, Litvan I. Progression of gait, 
speech and swallowing deficits in progressive supranuclear palsy. 
Neurology. 2003;60(6):917–22.

 9. Litvan I, Sastry N, Sonies BC. Characterizing swallowing 
abnormalities in progressive supranuclear palsy. Neurology. 
1997;48(6):1654–62.

 10. Matsuo K, Palmer JB. Coordination of mastication, swallowing 
and breathing. Jpn Dent Sci Rev. 2009;45(1):31–40.

 11. Leopold NA, Kagel MC. Dysphagia in progressive supranuclear 
palsy: radiologic features. Dysphagia. 1997;12(3):140–3.

 12. Glasmacher SA, Leigh PN, Saha RA. Predictors of survival in 
progressive supranuclear palsy and multiple system atrophy: a sys-
tematic review and meta-analysis. J Neurol Neurosurg Psychiatry. 
2017;88(5):402–11.

 13. Litvan I, Mangone CA, McKee A, Verny M, Parsa A, Jellinger K, 
et al. Natural history of progressive supranuclear palsy (Steele-
Richardson-Olszewski syndrome) and clinical predictors of sur-
vival: a clinicopathological study. J Neurol Neurosurg Psychiatry. 
1996;60(6):615–20.

 14. Mazzone SB, Farrell MJ. Heterogeneity of cough neurobiology: 
clinical implications. Pulm Pharmacol Ther. 2019;55:62–6.

 15. Eccles R. Central mechanisms IV: conscious control of cough 
and the placebo effect. In: Chung KF, Widdicombe J, editors. 
Pharmacology and therapeutics of cough. Berlin: Springer; 2009. 
p. 241–62. https ://doi.org/10.1007/978-3-540-79842 -2_12.

 16. Hegland KW, Bolser DC, Davenport PW. Volitional control of 
reflex cough. J Appl Physiol (1985). 2012;113(1):39–46.

 17. Brandimore AE, Hegland KW, Okun MS, Davenport PW, Troche 
MS. Voluntary upregulation of reflex cough is possible in healthy 
older adults and Parkinson’s disease. J Appl Physiol (1985). 
2017;123(1):19–26.

 18. Davenport PW. Clinical cough I: the urge-to-cough: a respiratory 
sensation. In: Chung KF, Widdicombe J, editors. Pharmacology 
and therapeutics of cough [Internet]. Berlin, Heidelberg: Springer; 
2009 [cited 2020 Jan 22]. p. 263–76. (Handbook of experimental 
pharmacology). Available from: https ://doi.org/10.1007/978-3-
540-79842 -2_13.

 19. Troche MS, Brandimore AE, Okun MS, Davenport PW, Hegland 
KW. Decreased cough sensitivity and aspiration in Parkinson dis-
ease. Chest. 2014;146(5):1294–9.

 20. Troche MS, Schumann B, Brandimore AE, Okun MS, Heg-
land KW. Reflex cough and disease duration as predictors of 
swallowing dysfunction in Parkinson’s disease. Dysphagia. 
2016;31(6):757–64.

 21. Kolb B, Cioe J. Neuronal organization and change after neuronal 
injury. In: Ponsford J, editor. Cognitive and behavioral rehabili-
tation. From neurobiology to clinical practice. New York: The 
Guilford Press; 2004.

 22. Elbert T, Rockstroh B. Reorganization of human cerebral cortex: 
the range of changes following use and injury. Neuroscientist. 
2004;10(2):129–41.

 23. Höglinger GU, Respondek G, Stamelou M, Kurz C, Josephs KA, 
Lang AE, et al. Clinical diagnosis of progressive supranuclear 
palsy: the movement disorder society criteria: MDS Clinical Diag-
nostic Criteria for PSP. Mov Disord. 2017;32(6):853–64.

 24. Dicpinigaitis PV. Short- and long-term reproducibility of capsai-
cin cough challenge testingq. Pulm Pharmacol. 2003;16(1):61–5.

 25. Mancopes R, Smaoui S, Steele CM. Effects of expiratory muscle 
strength training on videofluoroscopic measures of swallowing: a 
systematic review. Am J Speech Lang Pathol. 2020;29(1):335–56.

 26. Chung KF, Widdicombe J, Belvisi MG. Pharmacology and thera-
peutics of cough. In: Handbook of experimental pharmacology. 
Berlin: Springer; 2009. 375 p.

 27. Rosenbek JC, Robbins JA, Roecker EB, Coyle JL, Wood JL. A 
penetration-aspiration scale. Dysphagia. 1996;11:93–8.

 28. Koo TK, Li MY. A guideline of selecting and reporting intraclass 
correlation coefficients for reliability research. J Chiropr Med. 
2016;15(2):155–63.

 29. Landis JR, Koch GG. The measurement of observer agreement 
for categorical data. Biometrics. 1977;33(1):159–74.

 30. Cohen J. Statistical power analysis for the behavioral sciences. 
2nd ed. Hillsdale, NJ: L. Erlbaum Associates; 1988. p. 567.

 31. Plowman EK, Watts SA, Robison R, Tabor L, Dion C, Gazi-
ano J, et al. Voluntary cough airflow differentiates safe versus 
unsafe swallowing in amyotrophic lateral sclerosis. Dysphagia. 
2016;31(3):383–90.

 32. Pitts T, Troche M, Mann G, Rosenbek J, Okun MS, Sapienza C. 
Using voluntary cough to detect penetration and aspiration dur-
ing oropharyngeal swallowing in patients with parkinson disease. 
Chest. 2010;138(6):1426–31.

https://doi.org/10.1007/s00455-021-10251-1
https://doi.org/10.1007/978-3-540-79842-2_12
https://doi.org/10.1007/978-3-540-79842-2_13
https://doi.org/10.1007/978-3-540-79842-2_13


 J.C. Borders et al.: Immediate Effects of Sensorimotor Training in Airway Protection

1 3

 33. Silverman EP, Carnaby G, Singletary F, Hoffman-Ruddy B, 
Yeager J, Sapienza C. Measurement of voluntary cough produc-
tion and airway protection in Parkinson disease. Arch Phys Med 
Rehabil. 2016;97(3):413–20.

 34. Ebihara S, Saito H, Kanda A, Nakajoh M, Takahashi H, Arai 
H, et al. Impaired efficacy of cough in patients with Parkinson 
disease. Chest. 2003;124(3):1009–15.

 35. Bianchi C, Baiardi P, Khirani S, Cantarella G. Cough peak flow 
as a predictor of pulmonary morbidity in patients with dysphagia. 
Am J Phys Med Rehabil. 2012;91(9):783–8.

 36. Lasserson D. Differences in motor activation of voluntary and 
reflex cough in humans. Thorax. 2006;61(8):699–705.

 37. Brandimore AE, Troche MS, Huber JE, Hegland KW. Respiratory 
kinematic and airflow differences between reflex and voluntary 
cough in healthy young adults. Front Physiol. 2015;6:1–10.

 38. Tabor-Gray L, Vasilopoulos T, Wheeler-Hegland K, Wymer J, 
Plowman EK. Reflexive airway sensorimotor responses in indi-
viduals with amyotrophic lateral sclerosis. Dysphagia. 2020. https 
://doi.org/10.1007/s0045 5-020-10171 -6.

 39. Setaka Y, Takao T, Kawamura K, Watanabe K, Yoshida R, Ohse 
H, et al. Reliability of voluntary cough assessments using respira-
tory flow waveform. J Phys Ther Sci. 2020;32(7):454–8.

 40. Borders JC, Brandimore AE, Troche MS. Variability of voluntary 
cough airflow in healthy adults and Parkinson’s disease. Dyspha-
gia. 2020. https ://doi.org/10.1007/s0045 5-020-10190 -3.

 41. Sternad D. It’s not (only) the mean that matters: variability, 
noise and exploration in skill learning. Curr Opin Behav Sci. 
2018;20:183–95.

 42. Dhawale AK, Smith MA, Ölveczky BP. The role of variability in 
motor learning. Annu Rev Neurosci. 2017;40(1):479–98.

 43. Curtis JA, Dakin AE, Troche MS. Respiratory-swallow coordina-
tion training and voluntary cough skill training: a single-subject 
treatment study in a person with Parkinson’s disease. J Speech 
Lang Hear Res. 2020;63(2):472–86.

 44. Vovk A, Bolser DC, Hey JA, Danzig M, Vickroy T, Berry R, 
et al. Capsaicin exposure elicits complex airway defensive motor 
patterns in normal humans in a concentration-dependent manner. 
Pulm Pharmacol Ther. 2007;20(4):423–32.

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

James C. Borders MS, CCC-SLP

James A. Curtis PhD, CCC-SLP, BCS-S

Jordanna S. Sevitz MS, CCC-SLP

Nora Vanegas‑Arroyave MD

Michelle S. Troche PhD, CCC-SLP

https://doi.org/10.1007/s00455-020-10171-6
https://doi.org/10.1007/s00455-020-10171-6
https://doi.org/10.1007/s00455-020-10190-3

	Immediate Effects of Sensorimotor Training in Airway Protection (smTAP) on Cough Outcomes in Progressive Supranuclear Palsy: A Feasibility Study
	Abstract
	Introduction
	Methods
	Participants
	Baseline Reflex and Voluntary Cough Evaluations
	smTAP Procedure
	Data Analysis
	Statistical Analysis

	Results
	Discussion
	Conclusion
	Acknowledgements 
	References




