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ABSTRACT

Purpose: Amyotrophic lateral sclerosis (ALS) impacts bulbar and respiratory
musculature, which may contribute to impaired swallow function (dysphagia)
and respiratory—swallow coordination. The purpose of this pilot study was to
examine if respiratory—swallow coordination in individuals with ALS was per-
turbed compared to healthy controls. We further explored relationships between
measures of respiratory function and self-reported swallowing outcomes on
respiratory—swallow coordination.

Method: We employed a cross-sectional design with eight participants with ALS
and eight age- and sex-matched healthy participants. Respiratory inductance
plethysmography and a nasal cannula were used to capture respiratory—swallow
phase patterns during a standardized clinical swallow examination. The advanta-
geous respiratory—swallow phase pattern was defined if exhalation surrounded
the swallow (E-E). Spirometry was used to capture indices of respiratory function
(forced vital capacity % predicted, peak cough flow [PCF]). Validated question-
naires were used to collect information regarding ALS-related bulbar functional
status and swallowing-related concerns.

Results: Compared to the matched healthy cohort, individuals with ALS dem-
onstrated higher rates of non-E-E respiratory—swallow phase patterning and
worse bulbar/swallow dysfunction. Group (ALS), swallow tasks, and PCF were
significantly associated with respiratory—swallow phase pattern.

Conclusions: These preliminary findings support altered respiratory—swallow
phase patterning in ALS. Future work should employ an instrumental assess-
ment to quantify swallowing physiology and elucidate the relationship between
perturbed respiratory—swallow coordination and swallowing function.

In healthy humans, the swallow generally interrupts
the expiratory cycle of respiration, which is resumed after
swallow completion (Hopkins-Rossabi et al., 2019; Martin
et al., 1994; Martin-Harris et al., 2005; Nishino et al., 1985;
Paydarfar et al., 1995). Previous studies support the typical
respiratory—swallow coordination pattern in healthy adults
is exhale-swallow—exhale (E-E; Balasubramanium & Bhat,
2012; Boden et al., 2009; Martin-Harris et al., 2003;
McFarland et al., 2018; Preiksaitis et al., 1992; Valenzano
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et al., 2020). The E-E patterning may provide several phys-
iological advantages advantageous to swallow safety and
efficiency (Brodsky et al., 2009; McFarland et al., 2018).
Specifically, expiratory flow has been postulated to facili-
tate laryngeal elevation (i.e., laryngeal elevators are work-
ing against the least resistance during exhalation compared
to inhalation; Tran et al., 2018) and to facilitate laryngeal
closure since the vocal folds would be in a partially adducted
position (Martin-Harris, 2008; Martin-Harris et al., 2005;
Matsuo et al., 2008; Shaker et al., 1992). Mechanical trac-
tion resulting from laryngeal elevation can promote upper
esophageal opening to assist in bolus clearance (Martin-
Harris et al., 2017). Furthermore, expiratory flow after the
swallow can facilitate airway clearance of any aspirated
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material due to the buildup of subglottic pressure during
the swallow that is then released (Martin et al., 1994;
Martin-Harris et al., 2003; Nishino et al., 1985; Paydarfar
et al., 1995).

Perturbed respiratory—swallow coordination (i.e., more
frequent non-E-E patterning) has been reported in several
patient populations, such as those with Parkinson’s disease
(Curtis & Troche, 2020; Gross et al., 2008; Troche et al.,
2011), stroke (Leslie et al., 2002; Wang et al., 2017), head
and neck cancer (Brodsky et al., 2009; Martin-Harris et al.,
2015), chronic obstructive pulmonary disease (Gross et al.,
2009), and motor neuron disease (MND; Hadjikoutis et al.,
2000). Disrupted patterning may increase the risk of aspira-
tion, which can result in pulmonary complications (Brodsky
et al., 2009; Troche et al., 2011), such as aspiration pneumo-
nia, which is considered a primary contributor to early mor-
tality for persons with amyotrophic lateral sclerosis (ALS;
Corcia et al., 2008; Pisa et al., 2016; Wolf et al., 2017).

Deterioration of swallowing and breathing functions
in ALS results from destruction of motor neurons innervat-
ing bulbar and respiratory musculature (Lyall et al., 2001).
Growing evidence suggests such declines contribute to poor
swallow safety (entry of ingested material into the airway
and poor airway clearance) and efficiency (residue) in per-
sons with ALS (Bhattarai et al., 2016; Lyall et al., 2001;
Plowman, Watts, et al., 2016; Polkey et al., 1998; Tabor-
Gray et al., 2019), for example, impairments in timing and
coordination because of biomechanical impairments in lin-
gual and jaw functions (Kawai et al., 2003; Perry et al,,
2018, 2021). Furthermore, observations of aberrations in
afferent receptors of the upper aerodigestive tract can further
contribute to deleterious impacts on airway protection, air-
way clearance capacity (cough in response to airway inva-
sion that effectively clears the ingested material), and bolus
clearance (Robison et al., 2022; Tabor-Gray et al., 2021).

Yet, very little is known about respiratory—swallow
coordination in ALS. The aforementioned physiological
aberrations seen in ALS may distort the coordination of
respiratory and swallowing, resulting in perturbed respiratory—
swallow coordination (non-E-E patterning). One study
reported perturbed respiratory—swallow coordination in 14
of 32 (44%) patients with MND, which included a subset of
patients with ALS (Hadjikoutis et al., 2000). More recently,
Erdem et al. (2016) reported increased respiratory pause
durations during the swallow in persons with ALS and dys-
phagia compared to persons with ALS without dysphagia.
Unfortunately, their study did not specifically comment on
respiratory—swallow phase patterning.

Thus, there remains a critical gap in the literature
regarding respiratory—swallow coordination in ALS and
its contributions to swallowing dysfunction commonly
observed in this patient population. Identifying the pattern
and frequency of respiratory—swallow coordination in the
ALS population could improve the understanding of the

pathophysiology of the presenting swallowing disorder.
The purpose of this current pilot study was to investigate
respiratory—swallow coordination in persons with ALS
compared to age- and sex-matched healthy controls. We
hypothesized that persons with ALS would present with
greater non-E-E respiratory—swallow phase patterns due
to the destruction of motor neurons affecting bulbar and
respiratory neural substrates and musculature.

In addition, we explored if any relationships existed
between respiratory—swallow coordination and frequently
used clinical measures of respiratory function and self-
report swallow-related tools. Such clinical measures are
often used as surrogates of ALS disease severity to track
disease progression and influence management (Paganoni
et al., 2014). We hypothesized that non-E-E patterns
would likely be more present in persons with poorer lung
function and higher self-ratings of swallow dysfunction.
Because of the pilot nature of the current study, we relied
on self-reported outcome measures related to swallowing
function as an instrumental assessment was not available
during this time. We also explored if swallow task influ-
enced patterning since previous evidence suggest bolus
characteristics, such as volume and viscosity, may influ-
ence patterning (Hiss et al., 2003; Hopkins-Rossabi et al.,
2019; Krishnan et al., 2020; Valenzano et al., 2020).

Method

This study was approved by the institutional review
board of human subject research at the University of South
Alabama (18-159/1231123). The Declaration of Helsinki was
adhered to, and each participant provided informed consent
before study procedures.

Study Design and Participants

A cross-sectional design was employed to include 10
participants with a diagnosis of ALS/MND and 10 age-
and sex-matched healthy controls. Volunteers with ALS
were recruited via the local ALS support group and local
neuromuscular clinics. Healthy controls were recruited via
flyer advertisements through the community and via
snowball sampling. Eligibility criteria for participants with
ALS included (a) diagnosis of ALS, (b) age of 18 years
and older, (c) ability to provide informed consent, and (d)
English speaking. Exclusion criteria were as follows: (a)
pulmonary disease, including chronic obstructive pulmo-
nary disease or lung cancer; (b) other neurological
disorders/diseases, such as stroke, dementia, or brain
tumor; (c) current smoker; (d) history of cardiothoracic or
anterior neck surgery; and/or (e) reliance on a feeding tube
for all nutrition and hydration (nothing by mouth). Eligi-
bility criteria for control participants included (a) age of
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18 years and older, (b) ability to provide informed con-
sent, and (c) English speaking. Exclusion criteria were as
follows: (a) pulmonary disease, (b) neurological disorder/
disease, (c) current smoker, (d) history of cardiothoracic
or anterior neck surgery, and (e) current or prior history
of dysphagia as confirmed through participant interview
related to their past/current eating habits and self-reported
difficulty of swallowing problems (e.g., frequent choking/
coughing during eating, swallowing difficulty).

Data Collection

All data collection for each participant was com-
pleted during a single study visit. Each participant was
interviewed by an experienced speech-language pathologist
(SLP) to obtain relevant demographic and clinical history.
For participants with ALS, bulbar function was ascer-
tained using the ALS Functional Rating Scale-Revised
(ALSFRS-R) bulbar subscale score (Cedarbaum et al., 1999).

Self-Reported Swallowing Measures

Each participant was asked to complete two self-report
swallowing measures: (a) Eating Assessment Tool (EAT-10;
Belafsky et al.,, 2008) and (b) Dysphagia Handicap Index
(DHLI Silbergleit et al., 2012). The EAT-10 is a validated 10-
item questionnaire to assess symptom-specific outcomes of
dysphagia (Belafsky et al., 2008). The EAT-10 was selected
for its high diagnostic accuracy to detect swallowing safety
and efficiency impairments specifically in ALS (Donohue
et al., 2022; Plowman, Tabor, et al., 2016). Each item on
the EAT-10 is scored on a Likert scale of 0-4, and a total
score > 3 is considered abnormal (Belafsky et al., 2008).
The DHI is a 25-item questionnaire that measures the
impact of dysphagia across emotional, physical, and func-
tional domains (Silbergleit et al, 2012). The DHI was
selected in addition to the EAT-10 as this is another com-
monly administered self-report tool that has been used to
classify severity of dysphagia; a score of 4 or above indicates
self-perceived dysphagia symptoms (Sobol et al., 2021).

Respiratory Function Assessment

Each participant was asked to complete two respira-
tory measures: (a) forced vital capacity (FVC) and (b) peak
cough flow (PCF) measured using ComPAS with Pneumo-
trac software system (Morgan Scientific Inc.). FVC is a com-
mon index of respiratory function as a clinically meaningful
predictor of disease progression and survival (Czaplinski
et al., 2006; Matsuda et al., 2019). PCF is a measure of vol-
untary cough strength, with reduced flow rates observed in
persons with ALS (Tabor-Gray et al., 2019), contributing to
increased risk for bolus airway invasion in this fragile patient
population (Plowman, Watts, et al., 2016).

Participants were seated in a chair in an upright posi-
tion supported by a backrest. Once the equipment was

calibrated, the examiner modeled the task before collecting
respiratory function measures to ensure participants under-
stood instructions and accurately completed the tasks to the
best of their ability. For FVC, the participants were
instructed to “take a deep breath and blow out air
completely, as hard and fast as possible.” For PCF, partici-
pants were instructed to “cough as hard as if something is
stuck in the throat.” Three trials of each task were consecu-
tively conducted, with a rest period between trials. At least
two of the three trials for FVC had to meet the standards
of the American Thoracic Society, that is, to be in 0.15 L
of each other (Miller, 2005). The largest FVC percent pre-
dicted (FVC % pre) and PCF were extracted for analysis.

Respiratory-Swallow Coordination Measurement
Data collection for respiratory—swallow coordination
followed the procedure previously described by Hopkins-
Rossabi et al. (2021). As shown in Figure 1, the signals of
the rib cage (RC) and abdomen (AB) movements were
recorded for each participant via respiratory inductance
plethysmography (Inductotrace System; Ambulatory Mon-
itoring, Inc.) connected to a data acquisition system
(Model MP150, BIOPAC Systems Inc.). Nasal airflow
pressure was recorded via a nasal cannula (BIOPAC Systems
Inc.; Model TSD160A, differential pressure of 2.5 cm H,0),
connected to a pressure transducer, and a data collection sys-
tem (Model MP150, BIOPAC Systems Inc.). Signals were
acquired at 2000 Hz and processed with AcqKnowledge
software (BIOPAC Systems, Inc.) for offline analysis. Each
participant was first instructed to complete three trials of
FVC, followed by three trials of completely filling a Spiro-
bag (Inductotrace System; Ambulatory Monitoring, Inc.)
with a fixed 800-ml volume of air, followed by completion of
three cycles of quiet (rest) breathing. Next, three trials each
of the following nine swallow tasks were conducted: (a)
water via teaspoon, (b) water via cup sip, (c) sequential swal-
lows of thin liquid, (d) nectar-thickened liquid via teaspoon
(Hormel Thick & Easy [International Dysphagia Diet Stan-
dardisation Initiative, or IDDSI, Level 2]), (e) nectar-
thickened liquid via cup sip, (f) sequential swallows of
nectar-thickened liquid, (g) honey-thickened liquid via tea-
spoon (Hormel Thick & Easy [IDDSI Level 3]), (h) pud-
ding via teaspoon (IDDSI Level 4 [Snack Pack pudding,
ConAgra Foods]), and (i) one fourth of a shortbread cookie
(Lorna Doone, Nabisco). Thus, each participant self-
administered a total of 27 swallowing trials, except for one
participant with ALS; the clinician administered all trials
because of motor impairments. For the teaspoon tasks, the
instruction was, “Swallow whenever you’re ready.” For cup
sip tasks, the liquid was poured into a 10-0z cup to almost
full, and the instruction was, “Please take a normal-sized
sip and swallow whenever you're ready.” For the sequential
swallow tasks administered after the cup sip task using the
same cup, participants were instructed, “Please drink two
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Figure 1. Experimental setup for collecting respiratory-swallow signals.
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swallows back-to-back like you were thirsty without putting
the cup down.”

An SLP (A.B.) with 8 years of dysphagia experience
annotated a swallow occurred when laryngeal movement
was perceptually judged to have occurred (visualization of
thyroid notch moving). A second graduate student clinician
observed and documented potential clinical signs, if present,
suggesting potential swallowing difficulty (e.g., throat clear-
ing, cough, multiple swallows), and recorded any symptom
reported by the participant also suggestive of potential swal-
lowing difficulty (e.g., increased perceived effort, feeling as
something is “stuck” in the throat). The predetermined cri-
teria to categorize respiratory—swallow phase patterning
were analyzing the nasal airflow signal and supporting the
nasal signals with the AB and RC signals.

One experienced SLP (A.B.) underwent extensive
training in respiratory—swallow analysis and demonstrated
excellent initial interrater reliability of 80% against
another expert (T.R.). The respiratory—swallow phase pat-
tern was identified using the average range of nasal pres-
sure and typical slope of the RC signal during the respira-
tory pause that accommodated the swallow for each par-
ticipant. Segments of nasal pressure and slope outside the
range of respiratory pause were identified as one of four
respiratory patterns: exhale-exhale (E-E), exhale—inhale
(E-I), inhale-exhale (I-E), and inhale-inhale (I-I). In
cases where the respiratory—swallow phase pattern could
not be clearly established, a consensus agreement based
on abovementioned predetermined operational definitions
and employing the participant as its own control was per-
formed across three raters (K.G., A.B., and T.R.).

Respiratory—swallow patterns of the 432 swallow tri-
als collected were analyzed across the 16 participants.

Each trial was analyzed for phase pattern before the swal-
low pause and after the swallow pause. Respiratory—
swallow patterns were further reclassified into E-E and
non-E-E patterns for analysis.

Statistical Analysis

Descriptive statistics were performed for all vari-
ables of interest. Data were expressed as counts and per-
centages for categorical variables such as respiratory—
swallow phase patterns and mean (standard deviation) for
continuous variables. Respiratory—swallow phase patterns
were categorized into binary patterns, namely, E-E and
non-E-E patterns. Because participants with ALS and
healthy participants were age- and sex- matched, age-sex
pairing was used as a matching or blocking factor in all
the analyses, resulting in eight blocks of two patients each,
one with ALS and one healthy. Therefore, a paired ¢ test
was used to assess group differences in the respiratory
functions (FVC % pre, PCF), self-reported swallow out-
come measures (EAT-10 and DHI), and total number of
E-E patterns. The Shapiro-Wilk test was used to check
assumptions of normality for parametric testing. Given
the known relationships between respiratory and swallow-
ing function deterioration in ALS, one-tailed hypothesis
testing was applied (Matsuda et al., 2019; Plowman,
Watts, et al., 2016). Effect sizes (Cohen’s d) were calcu-
lated to determine the magnitude of differences between
the ALS and control groups across the aforementioned
measures (Cohen, 1988). Since this was a pilot study, an a
priori power analysis was not conducted. However, a sen-
sitivity power analysis was performed using G*Power
3.1.9.7 (Faul et al., 2007). Results revealed that eight
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matched pairs would be sensitive enough to detect differ-
ences and achieve a Cohen’s d of 0.98 with 80% power
(o = .05, one-tailed).

A nominal logistic regression model was used to predict
the effects of swallow tasks (nine volume—viscosity combina-
tions) and group (ALS vs. healthy) on respiratory—swallow
phase patterns (E-E or non—E-E) outcome with age—sex pair-
ing as a blocking factor. Given the asymmetry of the design
in terms of volume and viscosity across swallow tasks (e.g.,
cookie size was not controlled), a combined volume-viscosity
variable for the model was employed. The most frequent
(mode) respiratory—swallow pattern across the three trials for
each swallow task was selected for the nominal logistic
regression model. A separate nominal logistic regression
model was used to assess the effects of respiratory functions
(FVC % pre, PCF) and a self-reported swallow outcome
measure (EAT-10) on the respiratory—swallow phase pat-
terns. Only EAT-10 was chosen as a predictor in the model
because of multicollinearity between EAT-10 and DHI scores
(r =78, p < .001) and greater clinical significance of EAT-10,
as reported in prior studies (Donohue et al., 2022; Plowman,
Tabor, et al., 2016). Odds ratios (ORs) were used to compare
odds of E-E phase pattern for different levels of factors
under consideration. The significance and effectiveness of
the model were judged using a y* test and area under the
receiver operating characteristic curve (AUC-ROC).

Cohen’s kappa (k) was used to assess the test-retest
reliability and interreliability of the respiratory—swallow
phase patterning (Cohen, 1960). Intrarater reliability was
completed at two different time points approximately
2 months apart for 100% of the swallow trials (rater
A.B.). For interrater reliability, 10% of randomly selected
signals were analyzed by an experienced second rater
(T.R.). The x scores were interpreted as follows: < .0 as
“poor agreement,” .0—.2 as “slight agreement,” .21-.4 as
“fair agreement,” .41-.6 as “moderate agreement,” .61-.8
as “substantial agreement,” and .81-1.0 as “almost perfect
agreement” (Landis & Koch, 1977). Statistical analysis
was conducted using JMP PRO v. 15.2.0 (a product of
SAS Inc.). A significance level of p < .05 was used for
determining the statistical significance of results, unless
otherwise specified. A Benjamini—-Hochberg procedure was
employed to avoid Type I error and control false discov-
ery rate due to multiple testing using a more conservative
alpha setting of < .01 (Benjamini & Hochberg, 1995).

Results
Study Participants
Descriptive details of study participants are pre-

sented in Table 1. Human subject research restrictions
resulting from the COVID-19 pandemic precluded

reaching the target control sample size of 10. Thus, only
eight pairs of matched participants (ALS and healthy)
completed the protocol. Mean age for healthy participants
was 61.4 years (SD = 9.3), and that for the ALS group
was 61.3 years (SD = 10), with age ranges of 45-73 years
and 47-73 years, respectively. Each study group consisted
of five men and three women. Because participants were
matched for age and sex, there were no significant differences
between study groups for age and sex (all p values > .05).
The mean for ALSFRS-R bulbar subscale scores for partici-
pants with ALS was 8.8 (SD = 3.2), ranging from 3 to 12.

Reliability

Cohen’s kappa indicated an almost perfect agree-
ment (x = .90, p < .001; 95% CI [0.86, 0.94]; Cohen, 1960;
Landis & Koch, 1977) for intrarater reliability. The inter-
rater reliability also indicated an almost perfect agreement
(k = .95, p < .001; 95% CI [0.86, 1.04]).

Respiratory—Swallow Phase Patterning

Three swallow trials from the ALS group were
excluded due to artifact, resulting in a total of 429 trials
included in the analysis (see Table 2). The frequency dis-
tribution across non-E-E respiratory—swallow patterns is
represented in Table 2. Overall, the ALS group demon-
strated considerably fewer E-E respiratory—swallow phase
patterns (59%) compared to the healthy controls (80%). A
significant difference was found between total E-E pat-
terns (based out of 27 trials) between participants with
ALS and healthy participants, with a large effect size
observed, d = 1.96 (see Table 3).

Respiratory Function

The mean FVC % pre was significantly lower in
the ALS group (61.5, SD = 22.0) compared to the
healthy control group (98.4, SD = 12.8), with a large
effect size demonstrated, #7) = 4.64, p = .001, d = 2.05
(see Table 3). Furthermore, the mean PCF was also sig-
nificantly lower in the ALS group (5.6, SD = 1.4) relative
to the healthy control group (9.8, SD = 2.0), #«(7) = 4.92,
p < .001, also demonstrating a large effect size (d = 1.74;
see Table 3).

Self-Reported Swallow Function

Compared to the healthy controls, participants with
ALS had significantly higher mean scores for both the
EAT-10 (6.3 vs. 1.0), #(7) = 2.11, p = .04, d = 0.75, and
DHI (20.8 vs. 4.5), #(7) = =2.25, p = .03, d = 0.79. Five
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Table 1. Summary of respiratory, self-reported outcome measures, clinical signs, and E-E respiratory—swallow pattern.

ALS Healthy

Clinical Clinical

Age, E-E signs for E-E signs for

Study years FVC ALSFRS-R pattern non-E-E = Age FVC pattern Clinical non-E-E
ID (sex) % pre PCF DHI EAT-10 bulbar n (%) Clinical signs  pattern (sex) % pre PCF DHI EAT-10 n (%) signs pattern

1 67 (F) 70 4.75 18 2 10 13 (50) - - 70 (F) 124 6.78 0
2 69 (F) 94 7.49 30 3 11 17 (63) - - 66 (F) 89 7.85 0 22 (81) -
3 49 (M) 28 3.46 22 4 3 10 (37) * Anterior loss - 66 (M) 99 11.26 2 16 (59) e Delayed -
of bolus throat
* Multiple clear for
swallows cookie
across trials 1 trial
¢ Difficulty
of transfer
of bolus ?
4 66 (M) 63 6.5 30 16 9 21 (78) e Delayed + 73 (M) 94  9.32 0 0 14 (52) - -
cough on
Pudding and
Cookie Trial 1
* Immediate
throat clear
on sequential
liquid and
pudding trials
e Cup down for
sequential liquids
5 73 (M) 47 5.23 34 9 9 7 (28) ¢ Double swallow + 51 (M) 93 11.25 0 0 26 (96.3) - -
for cup and
sequential thin
and nectar trials
e Cup down for
sequential
6 64 (M) 78 6.85 2 0 12 10 (37) e Cup down for + 55 (M) 84 11.75 0 0 27 (100) - -
sequential trials
7 57 (M) 73 6.66 26 15 5 21 (78) e Double/multiple - 47 (F) 110 8.36 2 0 25 (92.6) - -
swallows
across trials
* Increased time
for mastication
and oral bolus
transit for solids
8 45(F) 39 420 4 1 11 27 (100) e+ Audible - 63 (M) 94 11.73 30 6 27 (100) e Immediate
swallows cough for
Pudding
Trial 3

15 (56) - -

NN O

Note. ALS = amyotrophic lateral sclerosis; FVC % pre = forced vital capacity % predicted; PCF = peak cough flow; DHI = Dysphagia Handicap Index; EAT-10 = Eating Assessment
Tool; ALSFRS-R = ALS Functional Rating Scale—Revised; E-E = exhale—swallow—exhale; F = female; M = male.

@Difficulty with bolus transport was clinically judged through visualization of oral residue after the swallow in a patient with profound lingual involvement (almost no visible
volitional movement).
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Table 2. Summary of respiratory—swallow patterns across 27 swal-
low trials for each of the eight study participants within each

group.

Non-E-E patterns

E-E
pattern E-l I-E -l Total
Group n (%) n (%) n (%) n (%) N
Healthy 173 (80.1) 2 (0.9) 36 (16.6) 5 (2.3) 216
ALS 126 (59.2) 33 (15.4) 43 (20.1) 11 (5.1) 213
Note. E-E = exhale-swallow—exhale; E-I = exhale—swallow—
inhale; I-E = inhale—swallow—exhale; |-I = inhale—swallow—-inhale

participants with ALS were observed to have abnormal
EAT-10 scores (> 3; see Table 3).

Effects of Group and Swallow Tasks on
Respiratory—Swallow Phase Patterning

The logistic fit for possible E-E/non-E-E patterning
outcomes with group and swallow task (volume-viscosity
combination) as predictors and age-sex match as a block-
ing factor was significant, ¥*(16) = 65.94, p < .001, AUC-
ROC = 0.88. The results suggested that group was a sig-
nificant predictor for predicting the likelihood of respira-
tory swallow patterning (p = .001). The detailed results of
likelihood ratio tests are represented in Table 4. Based on
the model, individuals with ALS were 5 times more likely
to demonstrate non-E-E patterning compared to healthy
individuals (OR [95% CI] = 4.91 [1.76, 13.72], p = .002).
The age-sex match blocking factor was also significant
(p < .001). Furthermore, younger female participants were
more likely to demonstrate with E-E patterning compared
to older female or male participants (ORs ranged from
11.34 to 217.54 for the different age-sex combinations).
Swallow task (volume-viscosity combinations) was also a
significant factor in predicting the respiratory swallow pat-
terning (p < .001). Specifically, sequential thin liquid and

Table 4. Effects of likelihood ratio tests for respiratory—swallow
pattern.

Factors df 2 p

Age and sex match 7 32.50 .001
Group 1 10.56 < .001
Swallow task 8 35.69 < .001

sequential nectar-thickened liquid tasks were significantly
associated with respiratory phase patterning (all p values < .01).
For example, the odds of teaspoon thin liquids were 27
times higher to obtain an E-E pattern than sequential thin
liquids, 95% CI [3.42, 213.61], and 12 times higher than
sequential nectar-thickened liquids, 95% CI [1.70, 88.35]
(see Table 5). Likewise, the teaspoon nectar-thickened lig-
uid odds were 12 times higher than sequential nectar-
thickened liquids, 95% CI [1.70, 88.35], but this failed to
reach significance after Benjamini-Hochberg procedures
were employed (see Table 5). The pairwise comparisons
for all swallow tasks are provided in Table 5.

Effects of Respiratory, Self-Reported
Swallow Function on Respiratory—Swallow
Phase Patterning

The logistic fit for possible E-E/non-E-E patterning
outcomes with FVC % pre, PCF, and EAT-10 as predictors
and age-sex match as a blocking factor was significant,
x*(10) = 44.01, p < .001, AUC-ROC = 0.83. The results
indicated that FVC % pre was not significantly associated
with E-E patterning, OR [95% CI] = 0.97 [0.93, 1.02], p = .22
(see Table 6), in the presence of PCF. In contrast, PCF was
significantly associated with E-E patterning, OR [95% CI] =
2.14 [1.34, 3.42], p < .001 (see Table 6). Thus, with every
single-point increase in PCF, the odds of likelihood for
increased E-E patterning were 2 times higher. Also, regard-
less of the use or nonuse of PCF as a predictor, EAT-10
scores were not significant predictors for respiratory—swallow

Table 3. Summary of spirometry and patient-reported outcome measures.

Mean difference

Healthy ALS (healthy — ALS)
n=8 n=8 Md (SE)
Factors M (SD) M (SD) n = 8 pairs t(7; one sided) p (one sided) Cohen’s d
Total E-E pattern (n = 27)? 21.5 (5.6) 15.7 (6.9) 5.7 (2.9) 1.96 .04 1.96
FVC % pre (n = 8)? 98.4 (12.8) 61.5 (22.0) 36.9 (7.9) 4.64 .001 1.64
PCF (n = 82)3 9.8 (2.0) 5.6 (1.4) 4.2 (0.8) 4.92 < .001 1.74
DHI (n = 8) 4.5 (104 20.8 (12.0) -16.3 (7.2) -2.25 .03 0.79
EAT-10 (n = 8)° 1.0 2.1) 6.3 (6.3) -5.3 (2.5) -2.11 .04 0.75

Note. Bold values indicate p < .05. ALS = amyotrophic lateral sclerosis; SE = standard error; E-E = exhale—swallow—exhale; FVC % pre =
forced vital capacity % predicted; PCF = peak cough flow; DHI = Dysphagia Handicap Index; EAT-10 = Eating Assessment Tool.

aTesting if Mdn > 0. PTesting if Mdn < 0.
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Table 5. Pairwise comparison across swallow tasks with odds ratio [95% CI] (o values).

Swallow Thin liquid Nectar thick liquid
task Cup Sequential Teaspoon Nectar cup Sequential sip Honey Pudding Solids
Thin liquid
Teaspoon  5.72[0.81,40.34] 27.02 [3.42, 213.61] 1[0.12, 8.20] 2.63 [0.37, 18.85] 12.25 [1.70, 88.35] 0.51 [0.05, 5.07]  0.51 [0.05, 5.07]  0.51 [0.05, 5.07]
(.08) (.002) (1.00) (-34) (0.01) (.57) (.57) (.57)
Cup 4.72 [0.78-28.43] 0.17 [0.02-1.23]  0.46 [0.08, 2.69] 2.14 [0.39, 11.90] 0.09 [0.01, 0.79]  0.09 [0.01, 0.79]  0.09 [0.01, 0.79]
(.09) (.08) (-39 (.38) (.03) (.03) (.03)
Sequential 0.04 [0.0, 0.29] 0.10 [0.01, 0.63] 0.45 [0.08, 2.65] 0.02 [0.0, 0.19] 0.02 [0.0, 0.19] 0.02 [0.0, 0.19]
(.002) (-01) (.38) (.001) (.001) (.001)

Nectar thick liquid

Teaspoon 2.63 [0.37, 18.85] 12.25 [1.70, 88.35] 0.51 [0.05, 5.07] 0.51 [0.05, 5.07] 0.51 [0.05, 5.07]
(-34) (.01) (.005) (.005) (.005)
Cup 4.65 [0.78, 27.65] 0.2 [0.02, 1.72] 0.2 [0.02, 1.72] 0.2 [0.02, 1.72]
(.09) (.14) (.14) (.14)
Sequential 0.04 [0.0, 0.38] 0.04 [0.0, 0.38] 0.04 [0.0, 0.38]
(.005) (.005) (.005)
Honey 1[0.09, 11.58] 1[0.09, 11.58]
) (1)
Pudding 1[0.08, 11.58]
)
Note. Bold values indicate p < .01.
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Table 6. Effects of likelihood ratio tests for respiratory—swallow
pattern.

2

Factors df X p
Age and sex match 7 31.35 < .001
FVC % pre 1 1.55 .21
PCF 1 14.22 < .001
EAT-10 1 2.58 1

Note. Bold values indicate p < .001. FVC % pre = forced vital
capacity % predicted; PCF = peak cough flow; EAT-10 = Eating
Assessment Tool.

patterning, OR [95% CI] = 1.14 [0.97, 1.36], p = .10 (see
Table 6).

Discussion

To our knowledge, this pilot study is the first inves-
tigation to explore respiratory—swallow coordination in
persons with ALS compared to a healthy control sample,
as well as potential relationships between respiratory—
swallow coordination against measures of respiratory
function and self-reported swallowing outcomes. Overall,
these findings support our hypothesis and suggest that per-
sons with ALS are more likely to have perturbed
respiratory—swallow coordination compared to healthy
adults. Furthermore, we observed that swallowing task
(sequential thin liquids, sequential nectar-thickened lig-
uids), group (ALS), age-sex match, and PCF were signifi-
cant predictors for E-E patterning.

Overview of Respiratory—Swallow Phase
Patterning

Our findings suggest that persons with ALS have
reduced E-E respiratory—swallow phase patterning rates
compared to healthy controls. These findings of perturbed
patterning are consistent with previous reports that have
investigated both healthy and other patient populations
(Hopkins-Rossabi et al., 2019, 2021; Troche et al., 2011).
The shared interlink between the respiratory and swallow
central pattern generators in the brainstem (Barlow, 2009;
Doty & Bosma, 1956; Jean & Dallaporta, 2006) and the
reciprocal involvement of respiratory and swallowing mus-
culature are well established (Hao et al., 2021; Martin-
Harris, 2006). Motor neuron degeneration in ALS causes
weakness of respiratory (inspiratory and expiratory) and
bulbar musculature (Hillel & Miller, 1989; Watts &
Vanryckeghem, 2001), giving rise to impaired respiratory
and swallowing functions. Although details of the impair-
ments resulting from the degeneration of these motor
pathways are abundant in the literature for each system
alone (respiratory impairments and swallow impairments;

Lyall et al., 2001; Polkey et al., 1998; Robison et al.,
2022; Tabor-Gray et al., 2019; Waito et al., 2020), the
cross-system (respiratory—swallow impairments) explora-
tion remains largely unexplored but may be a viable treat-
ment option to target resulting in cross-system advantages.
These pilot findings foster an understanding of such cross-
system interactions in the ALS population. It is interesting
to note that, in a subset of participants with ALS, clinical
signs suggesting swallowing difficulty were paired with
non-E-E respiratory—swallow phase patterning (see Table 1).
However, we could not definitely define the swallowing
impairment as the current study did not employ instrumenta-
tion to detail swallowing physiology. Although non-E-E
respiratory—swallow phase patterning was observed in the
healthy group, signs/symptoms potentially indicating swal-
low difficulty were not found (see Table 1). Thus, clinical
signs observed and symptoms reported during a clinical
examination may be a potential indicator of non-E-E
respiratory—swallow patterning, although further research is
required to fully elucidate this phenomenon.

Respiratory Function

As anticipated due to the nature of ALS, partici-
pants with ALS demonstrated significantly reduced respi-
ratory measures (FVC % pre and PCF) compared to
healthy controls (Matsuda et al., 2019; Plowman, Watts,
et al., 2016; Tabor-Gray et al., 2019). FVC is considered
a robust measure to predict survival rate in ALS
(Baumann et al., 2010; Czaplinski et al., 2006; Pinto & de
Carvalho, 2019). Reduced expiratory force generation and
decreased cough strength in ALS have been previously
reported (Lyall et al., 2001; Polkey et al., 1998; Tabor-
Gray et al., 2019).

Self-Report of Swallow Function

Significant differences were observed in self-report
swallow measures between the ALS and healthy control
groups. Five (62.5%) participants with ALS had an abnor-
mal score (> 3) on the EAT-10 compared to only one
(12.5%) healthy participant. These findings are congruous
with the previous studies reporting higher scores (> 3) by
participants with ALS on self-reported swallow function
(Plowman, Tabor, et al., 2016; Printza et al., 2021). How-
ever, the true prevalence of dysphagia is likely higher since
evidence supports impaired upper airway sensitivity in
ALS (Ruoppolo et al., 2016). Therefore, a self-report tool
may not capture impairments if sensory dysfunction is
present.

Abnormal EAT-10 scores in healthy adults have
also been previously reported (Garand et al., 2020).
Interestingly, in the current study, the healthy participant
with an abnormal EAT-10 score was observed to have
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an E-E respiratory-swallow phase patterns across all tri-
als, although this was not observed for the ALS partici-
pants with abnormal EAT-10 scores. Similarly, DHI
scores were significantly higher in participants with ALS
compared to healthy participants. Although the average
DHI scores for healthy participants was slightly higher
than the average cutoff normative value of 2.5 (Sobol
et al., 2021), a previous study comparing healthy partici-
pants and patients with chronic obstructive pulmonary
disease also found higher DHI scores in that cohort of
healthy participants (Garand et al., 2018). Although we
found significant differences between the ALS and
healthy groups, the effect sizes are less than the sensitiv-
ity power analysis (d = 0.98) to detect 80% power. There-
fore, these findings necessitate careful interpretation;
however, we highly suspect this can be attributed to an
outlier in the healthy group.

Exploration of Factors on Respiratory—
Swallow Coordination

Impact of Swallow Task

Previous studies have demonstrated bolus (volume,
viscosity) effects on the respiratory—swallow phase pattern-
ing (Hopkins-Rossabi et al., 2019; Lederle et al., 2012). In
agreement with previous studies, we observed an effect of
bolus volume on respiratory—swallow phase patterning,
with decreased frequency of E-E patterning observed for
sequential liquid tasks (thin and nectar-thickened liquid)
compared to the cup and teaspoon liquid tasks (Dozier
et al., 2006; Hopkins-Rossabi et al., 2019; Wheeler
Hegland et al., 2011). Furthermore, there was a decreased
frequency of E-E patterning for sequential thin liquid task
in the ALS group compared to the healthy group. One
probable explanation is the overall complexity of the
sequential swallow task and the known impaired biome-
chanics of lingual, jaw, and pharyngeal muscles observed
in persons with ALS that can influence task performance
(Perry et al., 2021; Waito et al., 2020). Another possible
explanation is the plausibility of “air hunger” (urge to
breathe), which may explain the increased occurrences of
inhalation after the swallow for this particular task as
duration of the respiratory pause is likely longer to com-
plete the swallow sequence (Dozier et al., 2006; Lederle
et al., 2012).

In the current study, the combined effects of bolus
volume/viscosity were explored, but it remains unknown if
factors affecting respiratory phase patterning are because
of volume alone, viscosity alone, or the combined effects.
Furthermore, the cup and sequential swallow trials were
natural sips, and unfortunately, this means the exact vol-
ume consumed was not collected. In addition, variability
of patterning across the three repetitions for each swallow
task was more common in the ALS group compared to

the healthy group (data not shown), which are comparable
to other diseased populations such as those with Parkinson’s
(Curtis et al., 2022). For example, in the current study, vari-
ability in patterning across trials for each swallow task
ranged from 25% to 63% in the ALS group, with over half
of the tasks (n = 6, 67%) demonstrating at least 50% variabil-
ity among the eight participants. In contrast, variability
ranged from 0% to 50% in the healthy group, with only one
task demonstrating 50% variability among the participants.

Impact of Respiratory Function

In this study, we did not find a significant associa-
tion between FVC and respiratory—swallow phase pattern-
ing. FVC is commonly used to document ALS severity
and rate of disease progression but known to primarily
provide information related to inspiratory muscle strength
(Czaplinski et al., 2006). The relationship between FVC
and respiratory—swallow patterning warrants further atten-
tion to support or refute current study findings and to fur-
ther elaborate the relationship between the two.

In contrast, a significant association was found
between PCF and E-E phase patterning. These findings
are clinically meaningful since PCF is a surrogate measure
of expiratory muscle strength and airway clearance capac-
ity (i.e., cough; King et al., 1985; Suarez et al., 2002). The
shared neuroanatomical locations of the central pattern
generators for swallowing, respiration, and cough are well
established (Pitts et al., 2013; Troche et al., 2014). Due to
the degeneration of motor neurons in ALS across bodily
systems, this can influence airway safety (e.g., laryngeal
vestibular closure) and airway clearance. These co-
occurring central and peripheral disturbances may increase
the occurrence of non-E-E patterns as revealed in the cur-
rent ALS group. Current results suggest that PCF, which is
a routinely collected measure during standard clinical care,
may provide cursory information related to respiratory—
swallow coordination, and future work is recommended.

Currently, data illustrating the role of respiratory
measures as potential mediators for respiratory—swallow
phase patterning remain ambiguous. Even though FVC
and PCF are known to be impaired in ALS, the impact on
respiratory—swallow coordination is not yet fully under-
stood. Future investigations would benefit from exploring
factors influencing respiratory—swallow phase patterning.

Impact of Self-Report Swallowing Function

We failed to observe any significant association
between self-reported swallowing function scores and abil-
ity to predict respiratory—swallow phase patterning. These
findings need further investigation and careful consideration
by employing an instrumental assessment to further con-
firm (or refute) current study findings. In the current study,
self-reported swallowing scores were used as surrogate mea-
sures based on available evidence of high diagnostic
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accuracy of the EAT-10 to detect swallow safety and effi-
ciency impairments (Donohue et al., 2022; Plowman,
Tabor, et al., 2016).

Limitations

Limitations of this study include convenience sam-
pling. The study relied on manual annotation of signals
by visually observing the laryngeal movement during swal-
low onset and analyzing the nasal signals and confirma-
tion using the RC and AB signals to determine respiratory
phase patterning. The abovementioned method may have
some questionable reliability when compared to auto-
mated methods. However, we believe this method provides
valuable information given the excellent reliability scores.

Furthermore, we did not employ instrumental mea-
sures such as a videofluoroscopic examination/fiberoptic
endoscopic evaluation of swallowing function/surface elec-
tromyography, to determine and quantify swallow impair-
ment (if present). Future work should employ an instrumen-
tal evaluation in a larger sample to explore the relationship
between perturbed respiratory—swallow coordination and its
impact on safety and efficiency. Additional ventilatory mea-
sures, such as lung volume at swallow initiation, were not
ascertained for the purposes of this exploratory study but
may be useful to further detail the impact of respiratory—
swallow coordination on swallow safety and efficiency
because it may help to expose the effects of lung volume on
airway closure and bolus flow (Hopkins-Rossabi et al., 2019;
McFarland et al., 2016; Paydarfar et al., 1995). Finally, both
study groups (ALS, healthy controls) had variability in their
respiratory—swallow phase patterning, consistent with previ-
ous reports in both disordered and healthy populations
(Hopkins-Rossabi et al., 2019). For example, a recent meta-
analysis by Hopkins-Rossabi et al. (2019) revealed a 77%
average E-E respiratory—swallow phase patterning for thin
liquid swallows (teaspoon and cup sip trials) in healthy
adults (Hopkins-Rossabi et al., 2019). In this study, approxi-
mately 88% (n = 7) participants with ALS and 25% (n = 2)
healthy participants were beyond the normative threshold
for an E-E respiratory-swallow phase pattern (see Table 1).
Despite these limitations, current study findings have impor-
tant clinical implications as perturbed respiratory—swallow
coordination may alter swallowing biomechanics contribut-
ing to an unsafe and inefficient swallow in the ALS popula-
tion (Hopkins-Rossabi et al., 2021).

Conclusions

Perturbed respiratory—swallow coordination may be
observed in persons with ALS. Previous evidence supports
physiological and biomechanical advantages of E-E respi-
ratory—swallow phase patterning. Perturbed patterning,

therefore, may be a contributor to the impaired swallow
safety and efficiency frequently observed in the ALS pop-
ulation. Future work should employ larger sample sizes
and include an instrumental swallow examination to quan-
tify swallowing physiology to further elucidate relation-
ships between perturbed respiratory—swallow coordination
and swallowing function. Additional respiratory measures
could also be ascertained to further elucidate this relation-
ship, such as lung volume at swallow onset and respira-
tory pause duration. This foundation could contribute to
the development of targeted interventions to optimize
respiratory—swallow coordination in the ALS populations
with advantageous effects on swallowing function.
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