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Abstract
Objectives: To identify and characterize subgroups of stroke patients with clinical signs of dysphagia, based on swallowing-related strength and
skill impairments of the submental muscle group.
Design: Prospective observational study.
Setting: Inpatient rehabilitation centers and community dwellings.
Participants: Individuals (NZ114), including stroke patients with dysphagia (nZ55) and 2 control groups including myopathic patients with
dysphagia (nZ19) and healthy volunteers (nZ40) were included in this study.
Interventions: Not applicable.
Main Outcome Measures: Novel clinical assessment of strength (force generation) and skill (spatial and temporal precision of muscle activation)
of the submental muscle group during swallowing and nonswallowing behaviors, using surface electromyography and dynamometry.
Results: Hierarchical cluster analysis revealed 4 clusters, which could be broadly characterized as cluster 1: intact strength and skill, cluster 2:
poor strength and poor nonswallowing skill, cluster 3: poor strength, and cluster 4: poor strength and poor swallowing skill. Membership in cluster
was significantly associated with medical diagnosis (P<.001). The majority of healthy and myopathic participants were assigned to clusters 1 and
3, respectively, whereas stroke patients were found in all 4 clusters. Skill outcome measures were more predictive of cluster assignment than
strength measures.
Conclusions: Although healthy and myopathic participants demonstrated predominantly homogeneous swallowing patterns of submental muscle
function within their etiology, several subgroups were identified within stroke, possibly reflecting different subtypes of swallowing function.
Future research should focus on the nature and rehabilitation needs of these subtypes. Assessment of skill in swallowing may be an important but
overlooked aspect of rehabilitation.
Archives of Physical Medicine and Rehabilitation 2021;102:895-904
ª 2020 by the American Congress of Rehabilitation Medicine

Presented to the European Society of Swallowing Disorders, Dublin, Ireland, September 2529, 2018.
Supported by the Commonwealth Scholarship and Fellowship Fund, a University of Canterbury Doctoral Scholarship, and a Post Graduate Publishing Bursary from the Canterbury Medical
Research Foundation.
Disclosures: The commercial software used in this study (Biofeedback in Strength and Skill
Training) was developed at the University of Canterbury Rose Centre for Stroke Recovery and
Research and is owned by the University of Canterbury.

Swallowing impairment, or dysphagia, is a common and serious
consequence of stroke, leading to increased risk of aspiration
pneumonia, dehydration, and malnutrition.1 Stroke patients with
dysphagia present with a diverse range of biomechanical impairments,2 commonly categorized based on the anatomic location of
presenting symptoms (eg, oral, pharyngeal, or esophageal
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dysphagia). Although swallowing biomechanics in dysphagia are
fairly well-defined, little is known about the pathophysiological
mechanisms underlying these impairments.
Evidence from limb and motor speech research indicates that
cortical and peripheral lesions result in distinct patterns of pathophysiological features.3-6 In the corticospinal system, damage at
the level of the muscle primarily causes weakness, and both
weakness and decreased skill are crucial factors contributing to
disability after cortical damage.7-9 Stroke patients have impaired
ankle motor coordination regardless of weakness, suggesting that
deficits in strength and skill should be evaluated separately.8 In the
corticobulbar system, stroke can be associated with multiple types
of motor speech disorders (eg, spastic, ataxic, or flaccid dysarthrias),5 that are produced by lesions across the neuraxis.3 Given
the heterogeneity of biomechanical impairments after stroke, it is
reasonable to surmise that there may be several subtypes of
dysphagia, similar to that in other corticobulbar behaviors.10,11
Few studies have investigated the relative contributions of
strength and skill to swallowing. Given the precise coordination
and timing needed for safe swallowing, and the substantial role of
the cortex in modulating the swallowing response,12 impairment
in centrally-mediated skill has been proposed as a factor that can
contribute to poststroke dysphagia.13-18 Skill is defined as the
ability to precisely modulate timing and amplitude of muscle
activity8,19 and has previously been measured using surface
electromyographic (sEMG) protocols.18,20-23 The spatial and
temporal aspects of muscle contraction are displayed on a screen,
providing the patient with augmented biofeedback of their performance. Participants control the timing and force of their
movement during swallowing-related behaviors to place their
response cursor in an on-screen target. In a case study involving a
brainstem stroke patient with dysphagia, performance accuracy
was significantly reduced compared with healthy controls.18
However, limited generalization can be made from the results of
a single patient. The study did not measure strength levels, leading
to the possibility that weakness confounded the results.
Because impaired hyoid movement may be associated with
greater risk of airway invasion and pharyngeal residual,24 submental muscle weakness may contribute toward dysphagia.17,25
Submental muscle contraction can be estimated using videofluorographic swallowing studies (VFSS). However, the underlying cause of swallowing impairment can only be inferred, not
directly measured, from visualization of biomechanical movement.26 For example, decreased hyoid displacement seen on VFSS
could be caused by weakness, but it could also reflect poor coordination or other neuromuscular deficits of motor control.10
Because many of the submental muscles that elevate the hyoid
are also involved in opening the jaw, a jaw-opening force test
using muscle dynamometry could provide a more direct measure
of isometric strength.27
The ability to classify strength and skill impairment patterns in
dysphagia would represent an important step toward improving
diagnostic specificity and developing treatments tailored to each
patient’s needs. In this study, we designed a novel clinical
assessment to assess strength and skill in the submental muscle

List of abbreviations:
sEMG
TOMASS
TWST
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surface electromyography
Test of Masticating and Swallowing Solids
Timed Water Swallowing Test
videofluoroscopic swallowing study

group using sEMG and dynamometry. The aim of this research
was to identify and characterize subgroups of stroke patients with
dysphagia. To assist in characterization of subtypes, 2 control
groups (healthy controls and myopathic patients) were chosen
based on their underlying swallowing physiology. It was expected
that healthy participants would have relatively intact strength and
skill and that patients with peripheral lesions (myopathy) would
have submental function primarily characterized by weakness.28-30 Weakness in the submental muscles has been found to
be the main mechanism of dysphagia in patients with inflammatory myopathy.30 We further hypothesized that due to the heterogeneous nature of stroke, stroke patients with dysphagia could
be classified into several subgroups, some that overlap with control groups and some that are stroke-specific clusters.

Methods
Participants
Three groups of participants were recruited between November
2015 and September 2017: (1) stroke patients; (2) patients with
inflammatory myopathy (inclusion body myositis, myotonic dystrophy, or oculopharyngeal muscular dystrophy); and (3) healthy
controls without a history of dysphagia or any neurologic, structural, or muscular disorders that might affect swallowing. Participants were either self-selected from advertisements or were
referred from nursing homes and rehabilitation facilities. Stroke
and myopathic patients were included if they had dysphagic
presentation on a clinical swallowing evaluation conducted by the
primary researcher. (K.N.) Dysphagic presentation was defined as
meeting 2 of the following 3 criteria: (1) score of 3 or higher on
the 10-item Eating Assessment Tool (EAT-10)31; (2) deficits in the
structural integrity, symmetry, sensation, and movement on cranial
nerve examination; and (3) consistent overt signs during oral
intake trials such as coughing, throat clearing, vocal and respiratory changes immediately after swallowing, and multiple swallows. As the focus was not on defining the specific biomechanics
of swallowing, VFSS were not completed. Additional inclusion
criteria included age of 50 years or older (in order to reflect the
predominant age range for stroke)32 and ability to follow simple
verbal directions (assessed informally by primary researcher).
Participants were excluded if they had a history of temporomandibular joint disorders. The study was approved by the appropriate
regional Human Ethics Committee.
There are no established guidelines for calculating sample size
for cluster analyses.33 However, based on consultation with a
statistician, it was recommended that a sample of approximately
20 participants should be recruited for each cluster. Because
healthy controls and myopathic patients were expected to be
assigned into their own clusters, and stroke patients were expected
to be assigned to several clusters, recruitment of 20 healthy, 20
myopathic, and 60 stroke participants was targeted. Recruitment
of healthy participants was later increased to 40 to ensure a
normative sample with adequate age and sex representation.

Instrumentation
sEMG and biofeedback software
A triode surface electrode patcha with 2-cm interelectrode distance was attached to the prepared skin surface underneath the
www.archives-pmr.org
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chin to measure electrical activity of the submental muscle group.
The 2 recording electrodes were placed at midline, with the
ground electrode oriented laterally. sEMG signals were recorded
and the root-mean-square envelope of sEMG calculated by a
portable device.b A custom-developed software, Biofeedback in
Strength and Skill Training (BiSSkiT),c plotted a real-time
waveform on a computer screen, with time in seconds on the xaxis and amplitude in mV on the y-axis.

completed 5 trials, with a break of approximately 1 minute between trials.

Dynamometry
A compact dynamometerd was secured to the chin and head using
a custom-made strap (fig 1). A molded chin cup made of dental
putty was adhered to the dynamometer sensor plate. The band
encircling the head and vertical straps were adjustable and were
securely positioned on each participant so that the dynamometer
was held tightly under the chin to minimize jaw opening. A handheld monitor displayed the maximum force generated at each trial.

Swallowing skill
Using the Biofeedback in Strength and Skill Training software, the
y-axis on the screen was calibrated so that the maximum value
equaled the average sEMG amplitude of 5 effortful swallows. A
square target appeared in the center of the screen (fig 2); the height
of the target box was calculated as 30% of the y-axis height, with a
1:1 height-to-width ratio. The participant was instructed to
“swallow so that the peak of your waveform falls in the center of
the square.”

Experimental procedure
After receipt of written informed consent, all participants
completed 4 assessment tasks, as well as 2 tests of oral intake.
Because the dynamometer and sEMG electrodes could not be
secured under the chin at the same time, half of the participants
completed the jaw-opening strength task before the 3 counterbalanced sEMG tasks, and the other half completed the sEMG
tasks before using the dynamometer. All swallows were performed
with saliva, as the swallowing skill task involved submaximal
levels of muscle activation that could interfere with safe
bolus ingestion.
Jaw-opening strength
The dynamometer was calibrated to zero, and then secured under
the participant’s chin. Verbal instructions were: “Gradually increase your jaw-opening force over 1 second until reaching
maximum force. Hold for 2 seconds, and then relax.” Participants

Swallowing strength
Participants were instructed to perform 5 effortful swallows, given
the verbal directions “Swallow hard with all the muscles in your
mouth and throat,” followed by 5 regular effort swallows, at a rate
of approximately 1 every 30 seconds.

Jaw-opening skill
The y-axis was recalibrated to the mean peak sEMG amplitude
from 5 trials of maximum jaw-opening. As with the swallowing
precision task, a target appeared on screen. Participants were
instructed to “open your jaw so that the peak of the waveform falls
in the center of the square.” In both skill tasks, participants
completed 10 trials each with approximately 30 seconds between trials.
Tests of oral intake
Participants took part in the timed water swallowing test34
(TWST) and Test of Mastication and Swallowing Solids (TOMASS).35 Results from these tests were not included in the cluster analysis.

Outcome measures
Raw data were analyzed to produce 8 strength and skill outcome
measures for each participant (table 1).

Fig 1 A compact dynamometer secured under the chin and to the
head using custom-made, adjustable head straps was used for
measuring jaw-opening strength. Maximum force generated at each
trial was displayed on the monitor.
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Statistical analyses
Hierarchical cluster analysis using Ward’s method and Euclidean
distance was completed on the 8 strength and skill outcome
variables to partition participants into subtypes, by maximizing
similarities within groups and differences between groups.36
Twenty-six cluster validation indices, including the silhouette
statistic37 and gap statistic,38 were used to evaluate intracluster
compactness and intercluster separation, with the optimal number of clusters decided by the method of majority rule.39 Comparison of the association between cluster and diagnostic group
membership was analyzed using Fisher’s exact task. Cluster
profiles were described by examining each cluster’s mean scores
on outcome measures. External validity of cluster solution was
evaluated by comparing performance on TWST and TOMASS
between clusters using multivariate analysis of variance, followed by univariate analyses of variance on continuous variables
and generalized linear mixed effect models for binomial distributions with cluster as fixed effect and participant as random
effect for binary variables. The classification and regression tree
technique was used to identify which variables best predicted
cluster assignment and the threshold cutoff values used for decision making. Analyses were completed in RStudio,
version 1.1.442.e
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Fig 2

Screenshot of Biofeedback in Strength and Skill Training software during skill assessment.

Results
A total of 122 participants met the inclusion criteria and were
enrolled in the study. Eight stroke patients were unable to complete the study because of fatigue (nZ2), severity of dysphagia
(nZ4), and severity of cognitive impairments (nZ2). A total of
114 participants were included in the final analyses.

Demographics
Thirty-six participants had supratentorial stroke, 9 had infratentorial stroke, and 10 had unknown lesion location (table 2).
Table 1

The myopathic group comprised 12 participants with myotonic
dystrophy, 6 with inclusion body myositis, and 1 with oculopharyngeal muscular dystrophy. The age of the stroke patients
was greater than both healthy controls (P<.001) and myopathic
patients (P<.001), but there was no significant difference in age
between the healthy and myopathic groups. The stroke group
had a shorter dysphagia duration and lower (less severe) selfreported mean score on the EAT-10 than myopathic
participants. TWST and TOMASS scores were comparable
between the stroke and myopathic patient groups (P>.05 for
all TWST and TOMASS scores, except for number of
swallows; P<.01).

Strength and skill outcome measures

Task

Instrumentation Outcome Measures Definition

Jaw-opening strength Dynamometer
Swallowing strength sEMG
Swallowing skill

sEMG with
biofeedback

JF
Normalized ES
amplitude
SHR
STE
SAE

Jaw-opening skill

sEMG with
biofeedback

JHR
JTE
JAE

Unit

Mean JF
Mean peak amplitude (mV) of ES, divided by mean peak amplitude (mV)
of regular effort swallows
Frequency of hits divided by total number of trials and multiplied by
100
Mean time interval (s) between the center of the target and response
peak, divided by total screen width (30s) and multiplied by 100
Mean difference in amplitude (mV) between center of the target and
response peak, divided by screen height (mV) and multiplied by 100
Frequency of hits divided by number of trials and multiplied by 100
Mean time interval (s) between the center of the target and response
peak, divided by total screen width (30s) and multiplied by 100
Mean difference in amplitude (mV) between center of the target and
response peak, divided by screen height (mV) and multiplied by 100

Newtons
Ratio
%
%
%
%
%
%

NOTE. A “hit” was defined as the waveform peak falling inside the target. A smaller temporal or amplitude error represented increased accuracy.
Abbreviations: ES, effortful swallowing; JAE, jaw-opening amplitude error; JF, jaw-opening force; JHR, jaw-opening hit rate; JTE, jaw-opening temporal
error; SAE, swallowing amplitude error; SHR, swallowing hit rate; STE, swallowing temporal error.
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Participant demographics and swallowing characteristics

Characteristic
Age, y
Mean  SD
Range
Women, n (%)
Stroke lesion location, n (%)
Supratentorial, right
Supratentorial, left
Infratentorial
Unknown
Myopathy type, n (%)
Myotonic dystrophy
Inclusion body myositis
Oculopharyngeal muscular dystrophy
Dysphagia duration, n (%)y
<1 mo
1-3 mo
4-12 mo
>12 mo
Oral intake status, n (%)
Nonoral
Modified oral
Full oral
EAT-10 score, mean  SD
TWST score, mean  SD
Volume/swallow
Time/swallow
Volume/time
TOMASS score, mean  SD
Bites
Masticatory cycles
Swallows
Time

Stroke (nZ55)

Myopathy (nZ19)

Healthy (nZ40)

78.49.28
55-94
18 (33)

64.68.75
52-80
11 (58)

69.09.91
51-88
20 (50)

P Value
<.001*

.09*

19 (35)
17 (31)
9 (16)
10 (18)
12 (63)
6 (32)
1 (5)
<.001z
18 (33)
7 (13)
4 (7)
26 (47)

0 (0)
0 (0)
0 (0)
19 (100)
.03z

4 (7)
23 (42)
28 (51)
12.248.55

1 (5)
2 (11)
15 (79)
18.328.86

13.827.56
3.832.68
5.545.05

18.959.17
3.523.00
7.795.37

23.898.93
1.55.47
17.177.97

<.001*
<.001*
<.001*

3.681.94
101.1945.86
2.771.73
97.4744.34

4.191.64
93.7535.55
4.693.36
101.0533.16

2.901.08
52.0016.51
2.281.01
45.4915.93

.01*
<.001*
<.001*
<.001*

.01z

* Main effect of group.
y
Patient report of the duration of dysphagia symptoms.
z
Difference between stroke and myopathic groups

Hierarchical cluster analysis
Results of the cluster analysis are displayed graphically (fig 3). A
3-cluster solution was recommended by 5 cluster validation
indices, a 4-cluster solution was recommended by 9 indices, a 5cluster solution was recommended by 2 indices, and a 6-cluster
solution recommended by 3 indices. A 4-cluster solution was
chosen because this was the most frequently recommended cluster
arrangement, based on multiple validation indices. Examination of
the performance profiles also suggested that a 4-cluster solution
was optimal compared with 3 clusters, as it divided up a cluster of
stroke patients into 2 separate clusters (clusters 2 and 4) with
different patterns of submental skill performance.
Each cluster had different proportions of stroke, myopathic, and
healthy participants (table 3) and also demonstrated different patterns of performance (fig 4). Membership in a diagnostic group and
cluster was significantly associated (P<.001). Clusters were characterized as follows: cluster 1 consisted mainly of healthy participants, with relatively good performance on all strength and skill
tasks; cluster 2 comprised predominantly stroke patients and was
characterized by deficits in all strength and skill measures, except
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for relatively intact swallowing amplitude error; cluster 3 comprised
stroke, myopathy, and healthy participants and was characterized by
below-average scores in strength tasks but relatively intact precision; and cluster 4 consisted entirely of stroke patients and had
deficits in all strength and precision measures, but relatively intact
jaw-opening hit rate and jaw-opening amplitude error.
External validity of cluster solution
External validity was measured by comparing clusters on outcomes (TWST and TOMASS) that were not used in the cluster
analysis. Due to severity of dysphagia, 7% (4 of 55) of stroke and
5% (1 o f19) of myopathic patients did not complete the TWST,
24% (13 of 55) of stroke and 11% (2 of 19) of myopathic patients
did not complete the TOMASS, and 24% (13 of 55) of stroke and
5% (1 of 19) of myopathic patients did not complete either test.
There was missing TWST data for 1 healthy participant, and
another healthy participant declined to consume the cracker for
the TOMASS due to gluten allergy. Of those who completed the
oral intake tests, performance was significantly different between
clusters for both TWST (Pillai’s traceZ.30, F1,90Z12.64;
P<.001) and TOMASS (Pillai’s traceZ.51, F3,81Z4.05; P<.001).
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Cluster
1
2
3
4

20

0

40
62
115
49
77
42
133
86
126
71
121
97
131
105
106
95
103
107
119
59
123
8
24
114
3
51
4
21
127
19
55
10
45
1
75
85
22
120
63
84
79
66
39
80
16
13
29
38
90
78
98
34
93
6
31
18
26
53
35
2
72
36
20
32
82
30
132
23
28
116
56
96
68
61
102
27
54
129
65
69
101
14
64
130
12
125
44
88
52
83
89
91
67
111
70
76
81
11
74
25
58
118
100
112
87
124
94
110
92
128
43
57
37
50

Distance

40

Participant
Fig 3 Hierarchical cluster analysis of all participants, visually displayed as a dendrogram. Starting at the bottom, each participant is initially
considered to be an individual cluster. Clusters are progressively combined based on their similarity, and this step is repeated until all participants
are members of 1 cluster. The height of the vertical lines reflect the dissimilarity at which clusters of participants were merged. Clusters merged
together with a short vertical line are similar to each other, whereas clusters connected with a tall vertical line have greater differences. Cutting of
the dendrogram branches at the dashed line resulted in 4 clusters, as calculated using cluster validation indices. The optimal number of 4 clusters
was calculated using 26 different methods to determine the most frequently proposed number of clusters.

Fig 4 Standardized mean scores and 95% confidence intervals for strength and skill variables. Scores for SAE, STE, JAE, and JTE have been
reversed for ease of interpretation, so that a score below zero reflects greater impairment. Abbreviations: ES, effortful swallowing; JAE, jawopening amplitude error; JF, jaw-opening force; JHR, jaw-opening hit rate; JTE, jaw-opening temporal error; SAE, swallowing amplitude error;
SHR, swallowing hit rate; STE, swallowing temporal error.
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Diagnostic membership and assessment performance of the 4 clusters
Cluster

Characteristic
Diagnostic group, n (%)
Healthy
Stroke
Myopathy
Strength variables, mean  SD
ES (ratio)
JF (Newtons)
Skill variables, mean  SD
SHR (%)
STE (%)
SAE (%)
JHR (%)
JTE (%)
JAE (%)

1 (nZ45)

2 (nZ15)

3 (nZ45)

4 (nZ9)

34 (85)
9 (16)
2 (11)

0 (0)
14 (25)
1 (5)

6 (15)
23 (42)
16 (84)

0 (0)
9 (16)
0 (0)

3.01.7
97.125.6

1.40.6
64.020.0

1.90.7
60.320.0

1.50.7
65.011.1

49.419.9
2.41.5
17.16.0
71.914.6
1.40.5
11.93.3

20.715.3
14.25.7
16.75.5
15.313.0
6.13.2
25.97.3

51.623.4
4.94.33
13.75.4
55.914.0
2.41.0
14.93.8

5.610.1
11.25.0
30.16.0
57.813.0
4.81.7
12.63.0

Abbreviations: ES, effortful swallowing; JAE, jaw-opening amplitude error; JF, jaw-opening force; JHR, jaw-opening hit rate; JTE, jaw-opening temporal
error; SAE, swallowing amplitude error; SHR, swallowing hit rate; STE, swallowing temporal error.

On the TWST, cluster 1 ingested a greater volume per swallow
than cluster 2 (P<.05) and had a shorter swallowing time and
larger swallowing capacity than clusters 2, 3, and 4 (P<.01). On
the TOMASS, cluster 1 required fewer bites than cluster 2 (P<.05)
and fewer masticatory cycles and less time to finish the cracker
than clusters 2, 3, and 4 (P<.01).
Classification and regression tree
The classification tree in figure 5 demonstrates that the most
predictive variables (and cutoff values) for clustering participants
were jaw-opening temporal error of 1.7% or 0.5 seconds, jawopening hit rate of 35% accuracy, and swallowing hit rate of
15% accuracy.

Discussion
Cluster analysis methods were used to explore underlying, previously undefined patterns in submental strength and skill among
participants with and without dysphagia, irrespective of diagnosis.
Results from the study identified the presence of 4 subgroups in
stroke patients, with skill impairment being a key factor in
determining cluster assignment. Previous research has used cluster
analysis to identify subtypes of limb movement impairment after
stroke.40-42 Our findings reinforce that the heterogeneous nature of
stroke can also be seen in swallowing function43,44 and are
consistent with neurophysiological studies identifying several
types of underlying mechanisms in neurogenic dysphagia.11
Previous research suggests that the underlying cause of
dysphagia is different depending on lesion location (central vs
peripheral).11,17 The 3 diagnostic groups were expected to have
different patterns of submental muscle functioning due to differences in underlying swallowing physiology. Results show that this
expectation was met. Membership in diagnostic group and cluster
was significantly associated. The majority (85%) of healthy participants were assigned to the “intact” cluster, whereas the majority (84%) of the patients with damage at the level of the muscle
(myopathy) were assigned to the “weak” cluster. Patients with
central damage (stroke) demonstrated heterogeneous deficits in
www.archives-pmr.org

submental skill and strength, and were spread out across all 4
clusters. This provides preliminary internal validation of the
cluster solution and confirms that the outcome variables chosen in
this study were sensitive to pathophysiological differences expected between participants.
The classification tree demonstrated that skill measures of hit
rate and spatiotemporal error were more accurately able to predict
cluster assignment than strength. This is likely due to greater
differences in skill scores between clusters than strength scores,
resulting in skill tasks being better able to discriminate between
clusters. In addition, none of the healthy participants were
assigned to clusters 2 and 4 (clusters with relatively poor skill).
This suggests that the clinical assessment had specificity for
measures of skill, in that participants with intact precision were
not incorrectly assigned. The clusters differed significantly on
measures that were derived from clinical tests of functional
ingestion (TWST and TOMASS) and were not used in the cluster
analysis, providing initial support for the external validity of the
cluster solution.

Fig 5 Classification tree showing variables and cutoff scores that
best predict cluster assignment. Participants who matched the splitting rule at the top of each split were assigned to the left branch.
Numbers under the clusters indicate probability that participants
matching the splitting rule are correctly classed in that cluster. Abbreviations: JHR, jaw-opening hit rate; JTE, jaw-opening temporal
error; SHR, swallowing hit rate.
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This study highlights the differential contribution of strength
and skill impairments to dysphagia. The skill assessment target
was calibrated to each participant’s maximum muscle activation
during swallowing and jaw-opening, so that precision of muscle
contraction could be measured without potential confound of
weakness. The results reinforce the notion that dysphagia may be
associated with both weakness and deficits in precise
coordination.10,17,18,22,45 The majority of stroke patients in this
sample had submental muscle weakness, but demonstrated
differing levels of skill impairment, providing support to the idea
that strength and skill impairments are independent and separate
contributors to functioning after stroke.6,8,19,46
Our findings have potential implications on dysphagia rehabilitation. Approximately one-fifth of the stroke patients were
assigned to the “intact” cluster. Another two-fifths were assigned
to the “weak” cluster. The final two-fifths of the stroke patients
were assigned to clusters 2 and 4, with deficits in both strength and
skill. Interestingly, there was no evidence of a cluster characterized by decreased skill only. One explanation for this absence
could be that, even though both strength and skill contribute to
swallowing, the ability to move precisely precedes the ability to
generate maximum force. This may mean that for certain patients
with both strength and skill impairments, skill training (ie,
improving accuracy in timing and execution of swallowing
behavior)18,22,23,47,48 may need to be initiated before working on
strengthening exercises. Prescribing only strength training when a
patient has skill deficits may cause unintended adverse consequences.49,50 This preliminary evidence of skill impairment in
dysphagic individuals suggests that accurate and specific diagnosis of swallowing pathophysiology is fundamental to the
effective management of dysphagia.

K.B. Ng et al
Finally, there were demographic differences between the 3
diagnostic groups. Stroke patients were older, had more recent
onset of dysphagia, and were more likely to be on a modified diet.
Despite this, TOMASS and TWST scores demonstrated that
functional swallowing ability was better in the healthy group and
was not significantly different between the dysphagia groups.
Differences in dysphagia duration are to be expected given the
development of dysphagia in an acute lesion such as stroke,54
compared to the chronic, progressive nature of myopathy.55,56

Conclusions
Four clusters of stroke patients were identified based on clinical
measures of submental muscle force and skill during swallowingrelated behaviors. The results suggest that both strength and skill
impairments might be present, and may occur independently in
stroke patients with dysphagia. Measures of skill appeared to be
more predictive of cluster assignment than strength measures,
suggesting that assessment of muscle-activation precision in
swallowing may be an important but overlooked aspect of
dysphagia rehabilitation.
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Study limitations
There were several limitations in this exploratory study. For the
healthy controls, normal swallowing function was confirmed
only via self-report. For the dysphagic patients, we used a
clinical swallowing evaluation and not an instrumental assessment to determine presence of dysphagia as part of the inclusion criteria, and some patients may have been excluded from
the sample. However, compared with VFSS, clinical swallowing evaluations underdiagnose dysphagia,51 and therefore the
patients in this study likely had dysphagia and met the inclusion criteria.
Submental sEMG amplitude was used as a proxy measure of
swallowing strength, although the relationship between strength
and sEMG amplitude remains unclear.52 The participant subtypes
in this study were based on the functioning of only 1 muscle
group, the submental muscles. Whether these subtypes are reflected in other muscles used for swallowing is unknown and requires further investigation.
In addition, 13% of stroke patients were unable to participate
in the clinical assessment, resulting in a stroke sample that may be
biased toward those with mild-moderate impairments. Further
research is warranted before applying these results to a more
severely dysphagic population. There was also a lack of detailed
information about stroke lesion location. Lesion location is associated with incidence and severity of swallowing impairment.53
However, the relationship between lesion location and strength
and skill patterns is unknown. This should be explored in
future studies.
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