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Abstract

Little is known about the physiology of a common fluid ingestion pattern—sequential swallowing. This study investigated
sequential swallowing biomechanics in healthy adults. Archival normative videofluoroscopic swallow studies were analyzed
for hyolaryngeal complex (HLC) patterning and biomechanical measures from the first 2 swallows of a 90-mL thin liquid
sequential swallow task. The effects of age, sex, HLC type, and swallow order were explored. Eighty-eight participants were
included in the primary analyses as they performed sequential swallows. HLC Type I (airway opens, epiglottis approaches
baseline) and Type II (airway remains closed, epiglottis remains inverted) most commonly occurred (47% each), followed
by Type III (mixed, 6%). Age was significantly associated with Type II and longer hypopharyngeal transit, total pharyngeal
transit (TPT), swallow reaction time (SRT), and duration to maximum hyoid elevation. Males demonstrated significantly
greater maximum hyoid displacement (Hmax) and longer duration of maximum hyoid displacement. Significantly larger
maximum hyoid-to-larynx approximation was linked to the first swallow, while the subsequent swallow had significantly
longer oropharyngeal transit, TPT, and SRT. Secondary analyses included an additional 91 participants who performed
a series of discrete swallows for the same swallow task. Type II had significantly greater Hmax than Type I and series of
discrete swallows. Sequential swallowing biomechanics differ from discrete swallows, and normal variance exists among
healthy adults. In vulnerable populations, sequential swallowing may challenge swallow coordination and airway protection.
Normative data allow comparison to dysphagic populations. Systematic efforts are needed to further standardize a definition
for sequential swallowing.
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Introduction

Sequential swallowing is a frequently used fluid ingestion
pattern that allows humans to consume liquids quickly and
efficiently [1-3]. Sequential swallows have been deemed
more challenging than discrete (single) swallows. This gen-
eralization is commonly applied in dysphagia practice and
research, with the idea of keeping the patient safe. Sequential
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swallowing is believed to place increased demands on
the swallowing motor complex primarily because it must
accommodate the coordination, magnitude, and quicker rate
of various structural movements in a continuous and cycli-
cal manner [4]. Compared to discrete swallows, sequential
swallowing is associated with varying uncontrolled ingested
volumes per swallow that is impacted by the motor response
of the hyolaryngeal complex (HLC) [5] and increased breath
drive that often results in changes to normal respiratory-
swallow patterning [3, 6]. Thus, tasks involving sequential
swallows have been mainly employed as a dysphagia screen-
ing tool to identify aspiration risk, such as the 3-oz (90 mL)
water swallow challenge [7-9].

Nevertheless, such high demands on the swallowing sys-
tem raise specific concerns for disordered or vulnerable pop-
ulations. For example, the common occurrence of inspira-
tion surrounding sequential swallows has been documented,
including before, during, and after a set of sequential swal-
lows [3, 6, 10]. Healthy adults may not experience adverse
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effects as a result of changes to respiratory-swallow pattern-
ing [6]. However, in patients with dysphagia, such as those
treated for oropharyngeal cancer or neurogenic conditions,
perturbation of respiratory-swallow patterning may lead
to an increased predisposition to penetration or aspiration
[11-13]. This may require these patients to develop better
respiratory-swallow coordination or control.

Given these perceived challenges, clinicians may unin-
tentionally favor the use of discrete rather than sequen-
tial swallow tasks during swallow assessments, providing
instructions, such as ‘take a sip.” This may be common when
there are concerns for airway invasion. Bennett et al. [14]
reported individuals who completed uninstructed and uncon-
trolled liquid drinking tasks had a higher mean sip volume
(19 mL) than those instructed to take discrete sips (6—7 mL).
Although controlling and standardizing the bolus (ingested
material) has merit for diagnostics and research, unregulated
volumes are necessary to evaluate variations in liquid swal-
lowing behavior and obtain a more comprehensive under-
standing of swallowing physiology [2, 14].

However, sequential swallowing physiology in healthy
adults remains poorly understood. With the few studies that
have investigated normal sequential swallowing, evidence
suggests that physiological differences exist between discrete
and sequential swallowing [1, 2, 4-6, 15, 16]. A primary
example is the taxonomy that has been used to characterize
the latter. Early research by Martin et al. [17] concluded
that sequential swallows were best characterized by a pattern
of sustained HLC excursion and prolonged apnea. Subse-
quent studies found greater variability in HLC patterning.
Chi-Fishman and Sonies [4, 15] reported HLC movement
predominately moves in a consistent ‘rise and partial fall’
pattern during sequential swallowing, where the laryngeal
vestibule remains closed or slightly opens (more prominent)
during partial laryngeal descent [4, 15]. This paradigm was
later supported by Susa et al. [18].

Daniels et al. [2, 15, 16] further extended the evidence,
specifying different HLC types judged between swallows,
which has been supported more recently by Tsushima et al.
[19]. Particularly, Daniels et al. [2, 5, 16] indicated HLC
Type I occurs when the HLC ‘lowers’ and epiglottis returns
to its ‘upright’ position, causing the laryngeal vestibule
to open. Type II occurs when the HLC remains ‘partially
elevated’ and epiglottis remains inverted, resulting in the
laryngeal vestibule remaining closed. Less common, but
also possible, are instances when both HLC types are used
interchangeably [2, 5]. In its current form, Type I’s descrip-
tion lacks clear parameters for understanding the extent of
HLC lowering, making it challenging to determine whether
the HLC and pharyngeal cavity returns to rest, which are
distinguishing features of discrete swallows [4].

Poor consensus regarding the different HLC pat-
terns, in the already limited literature, precludes accurate
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quantification of sequential swallowing physiology. This
issue may be due to the lack of a standardized operational
definition for sequential swallowing and other methodologi-
cal differences between studies, such as small sample sizes
and varying instrumental assessment procedures and tools
used. An overview of the study design characteristics of the
normal sequential swallowing literature can be found in Sup-
plementary Table 1. Further, few studies have investigated
influential factors of sequential swallowing, which unfortu-
nately limits the ability to contextualize sequential swallow-
ing physiology. Preliminary data suggest that older adults
have been associated with Type II [2], longer swallow apnea
[10], increased total swallow duration and pharyngoesopha-
geal segment (PES) restriction [20], less frequent sips per
swallow [21], and longer caudally directed anterior tongue
movement duration [22]. In addition, sex-based influences
on sequential swallowing have been found. Females have
been linked to having longer durations of oral clearance,
maximum anterosuperior hyoid excursion (interval between
the start of hyoid movement toward maximum excursion
and this structure returning to rest), and PES opening (inter-
val between the first moment the PES opens and the first
moment it closes) [4]. Contrary, males have shown to display
greater submental maximal amplitudes, total distance, and
forward peak velocity during sequential swallows [15].

These are important foundational studies, but there is a
dearth of comprehensive, reproducible, and replicated evi-
dence for comparison. This makes clinical translation of
the evidence challenging. The aforementioned gaps in the
evidence necessitate further exploration of normal sequen-
tial swallowing. To address these gaps, we examined the
HLC types and biomechanics (temporal and kinematic) of
sequential swallowing in healthy adults using a validated and
standardized swallow assessment approach. Additionally, we
mapped the effects of age and sex on HLC patterning and
the influence of age, sex, HLC type, and swallow order on
sequential swallowing biomechanics. We hypothesized that
healthy adults would demonstrate variability in HLC pat-
terning and biomechanics, and they would be influenced by
the respective aforementioned variables, suggestive of hav-
ing flexibility in motor strategy.

Methods
Participants

Participant data were obtained from an archival normative
dataset from a study originally authorized by the Medical
University of South Carolina Institutional Review Board
(Protocol #: 00011566). This original dataset included 195
healthy adults (109 females, 86 males) between the ages of
21-89 years [M(SD)=47(17.4) years], all of whom provided
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signed informed consent. Inclusion characteristics were:
(a) >21 years, (b) normal cognition (determined by person-
nel from the original study or a score of > 26 on the Montreal
Cognitive Assessment [23]), (¢) no history or complaints
of dysphagia, and (d) able to consume unrestricted solids
and liquids. Participants who had a history of or presented
with these traits were excluded: (a) neurological disorder,
(b) respiratory disease, (c) head and neck cancer, (d) hiatal
hernia>?2 cm, (e) barium sulfate allergy, (f) pregnant or sus-
pected pregnancy, and (g) head and anterior neck surgery.

Modified Barium Swallow Study (MBSS) Procedures

Each MBSS from the original study was completed under
continuous fluoroscopy at 30 frames per second and recorded
digitally (Digital Swallow Workstation, Model 7100, Kay
Electronics Corp.; TIMS Medical). MBSS procedures were
standardized across participants, following the validated
Modified Barium Swallow Impairment Profile (MBSImP)
protocol [24, 25]. We extracted the thin liquid sequential
swallow task captured in the lateral plane. Varibar barium
sulfate (Bracco, E-Z-EM, Inc.) thin liquid (40% weight/vol-
ume [w/v], < 15 centipoises [cps], International Dysphagia
Diet Standardization Initiative level 0) was used. Partici-
pants were given approximately 90 mL of thin liquid by cup
and instructed, ‘Drink this in your usual manner until I tell
you to stop.” Therefore, the liquid volumes (uncontrolled
per swallow) were self-administered via cup sips to simulate
natural liquid ingestion.

Data Collection

HLC patterning and biomechanical sequential swallowing
events were analyzed on Swallowtail™ (Belldev Medical,
Arlington Heights, IL), an integrated and semi-automated
MBSS analysis software. The software uses the well-pub-
lished MBSS timing and displacement analysis method
developed by Leonard and Kendall [26-30]. These measures
are defined in Supplementary Table 2. Image calibration to
a 1.9 cm coin was applied. The second through fourth cervi-
cal vertebrae were measured semi-automatically to align the
image axes for certain displacement measures, such as maxi-
mum hyoid displacement, thereby increasing measurement
accuracy and accounting for head movement between frames.

We defined sequential swallowing a priori as demonstrat-
ing two or more consecutive swallows where the HLC did
not return to rest, and the pharynx lacked complete patency
between swallows. This definition was derived based on
the aforementioned compilation of potential HLC pattern-
ing characteristics found in the works of Chi-Fishman and
Sonies [4, 15] and Daniels et al. [2, 5, 16]. In addition,
these characteristics were appraised relative to distinguish-
ing characteristics of discrete swallows [4] to generate a

priori operational definitions for the HLC types used in our
study (modelled after Daniels et al. [2, 5, 16]), which are
detailed in Table 1 and captured in images (Figs. 1, 2, 3).
HLC types were identified and coded according to the fol-
lowing characteristics: HLC movement, epiglottic position,
and arytenoid-epiglottic closure integrity.

Also defined a priori was the status of pharyngeal patency
relative to HLC descent between swallows compared to the
rest position. This criterion was intentionally used as a proxy
to differentiate sequential from discrete swallows as previous
evidence implies that a completely ‘off” or deactivated state
of the HLC and oropharyngeal valving is not representative
of the motor strategies likely to be used during sequential
swallowing [4]. In cases when participants drank consecu-
tively but where the HLC and pharynx completely returned
to their rest positions, the images were not considered ‘true’
sequential swallowing. This pattern more accurately rep-
resents the deactivation of structural movements and was
coded separately as ‘series of discrete swallows.’

Across all MBSS files, only the first 2 swallows were
analyzed. This decision was made for two reasons. First, the
MBSImP protocol considers a successful sequential swal-
low as having a minimum of two consecutive swallows but
does not specify to participants how many swallows they
must perform. Therefore, this swallow task often elicits a
variable number of swallows. Analyzing the first 2 swal-
lows promotes consistency. As such, the number of swallows
within each set of sequential swallows could be compared
equally, thereby reducing the potential confounding of indi-
viduals who had greater than two swallows that could skew
the effects of interest. Secondly, some individuals may natu-
rally perform only two swallows during this task.

Table 1 Defining characteristics of HLC types

Type Definition

I The HLC partially lowers, resulting in the epiglot-
tis returning to or approximating its baseline
position, opening of the laryngeal vestibule, and
incomplete pharyngeal patency

I The HLC remains relatively elevated (slight recoil
may occur), resulting in sustained epiglottic
inversion and laryngeal vestibule closure, and
incomplete pharyngeal patency

III Mixed characteristics of Types I and II are present

HLC patterning was determined between swallows. The interval
between swallows was defined from the first frame depicting phar-
yngoesophageal segment closure during the first swallow to the first
frame showing hyoid burst of the second swallow. The position of the
HLC at the end of the first swallow served as the referent for judg-
ing HLC position between swallows. Maximum pharyngeal patency
between swallows was compared to the rest position, where the hyoid
is completely lowered, the epiglottis is in its baseline position, the
laryngeal vestibule is completely open, and the pharynx is fully patent

HLC hyolaryngeal complex
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A

Fig. 1 Hyolaryngeal complex (HLC) Type I. Yellow marker=Trac-
ing of the hyoid/epiglottis. Blue arrow=Open laryngeal vestibule.
Red arrow=Closed laryngeal vestibule. Green marker="Tracing of
pharyngeal patency. A The rest position frame. B The frame of max-

Rater 1 (KRA), blinded to participant demographics
(age, sex), analyzed all images and reanalyzed 10% of the
images after 1 week to determine intra-rater reliability for
HLC types and biomechanical measures. Rater 2 (AMB)
independently examined the same set of swallows to verify
inter-rater reliability. Any major rating disputes beyond
three videofluoroscopic frames for B1 (bolus head passing
the posterior nasal spine) were addressed through consen-
sus. Both raters underwent a reliability training regimen,
including the completion of a standardized set of tuto-
rial videos and protocol handouts provided by one of the
senior authors (AM), who is highly trained and published
using the selected MBSS analysis method. Inter-judge
training sessions between raters were held to ensure con-
sistency and competency in the MBSS analysis method.
Any disputes were resolved by the senior authors.
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B

imum pharyngeal patency between swallows (less patent than A). C
The hyoid position frame during the end of the first swallow. D The
HLC is slightly lower than C, the epiglottis is returning to its baseline
position, and the laryngeal vestibule is open

Statistical Analyses
Primary Analyses

Frequencies for HLC types were identified. Descriptive
analysis, including means, standard deviations, medians,
ranges, and 95% confidence intervals (CI) were collected
for each biomechanical swallowing measure and distrib-
uted based on age, sex, HLC type, and swallow order. A
chi-square test for independence was employed during
the primary analyses to compare the differences between
HLC types, age, and sex. Cramer’s V was applied to iden-
tify the magnitude of effect for any significant differences
found with the chi-square test for independence. Primary
analyses of the biomechanical measures were conducted
using generalized estimating equations (GEE) to examine
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Fig.2 Hyolaryngeal complex (HLC) Type II. Yellow marker=Trac-
ing of the hyoid/epiglottis. Blue arrow=Open laryngeal vestibule.
Red arrow=Closed laryngeal vestibule. Green marker="Tracing of
pharyngeal patency. A The rest position frame. B The frame of maxi-

the effects of age, sex, HLC type, and swallow order. For
each GEE model, all variables were controlled among
each other. An exchangeable condition was applied for the
working correlation matrix for each GEE analysis. Sta-
tistical significance was determined by an alpha of 0.05.
Post hoc pairwise comparisons with Bonferroni correc-
tions were used to determine the simple effects. Kendall’s
tau was used to assess correlations between biomechani-
cal measures and age as a continuous variable.

Secondary Analyses

Secondary analyses were employed to map the differences
between sequential swallowing and series of discrete
swallows. Identical statistical procedures as described
for the primary analyses were applied, except series of
discrete swallows were added to each model.

mum pharyngeal patency between swallows (less patent than A). C
The hyoid position frame during the end of the first swallow. D The
HLC remains relatively elevated with minor recoil than C, sustained
epiglottic inversion, and the laryngeal vestibule is closed

Reliability

For reliability, Cohen’s kappa was executed for HLC pat-
terning and interpreted as follows: <0.0 (no agreement),
0.01-0.20 (slight), 0.21-0.40 (fair), 0.41-0.60 (moder-
ate), 0.61-0.80 (substantial), and 0.81-1.0 (near perfect
or perfect) [31]. An intraclass correlation coefficient (ICC)
analysis was conducted for the biomechanical measures.
Two-way random-effect models were applied to generate a
single measure ICC and an average measure ICC for intra-
and inter-rater reliability, respectively. ICC ranges were
interpreted based on the following criteria: < 0.50 (poor),
0.50-0.75 (moderate), 0.75-0.90 (good), and > 0.90
(excellent) [32]. Statistical Package for the Social Science
(SPSS, version 28) was utilized for all statistical analyses.
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Fig.3 Hyolaryngeal complex (HLC) Type III. Yellow marker=Trac-
ing of the hyoid/epiglottis. Blue arrow=Open laryngeal vestibule.
Red arrow=Closed laryngeal vestibule. Green marker=Tracing of
pharyngeal patency. A The rest position frame. B The frame of maxi-

Results
Eligible Participants

Of the original sample, 179 participants were eligible for
statistical analyses as 16 participants were excluded due
to poor MBSS video quality. The 88 participants who
performed sequential swallows and were included in the
primary analyses consisted of 45 females and 43 males
between 21 and 82 years [M(SD)=46(17.3) years]. This
meant a total of 176 swallows (88 sets of sequential swal-
lows) that were analyzed for the primary analyses. Demo-
graphics for these participants are presented below based
on three age groups, well aligned with those used by Chi-
Fishman and Sonies [14]:

e 21-39 years (younger adults), N=35, 18 males, 17
females, M(SD)=28(4) years,
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mum pharyngeal patency between swallows (less patent than A). C
The hyoid position frame during the end of the first swallow. D The
HLC is slightly lower than C, sustained epiglottic inversion, and the
laryngeal vestibule is open

e 40-59 years (middle-aged adults), N=27, 16 males, 11
females, M(SD)=47.7(6) years, and

e >060 years (older adults), N=26, 17 females, 9 males,
M(SD)=67.4(6.4) years.

The remaining 91 participants who performed a series
of discrete swallows comprised of 55 females and 36 males
between 22 and 89 years [M(SD)=48.6(17.6) years]. There-
fore, a total of 182 swallows (91 sets of sequential swallows)
were included in the secondary analyses. These participants
were also stratified into the same age groups:

e Younger adults, N=30, 16 females, 14 males,
M(SD)=28.6(4.7) years,

e Middle-aged adults, N=35, 20 females, 15 males,
M(SD)=50(6.1) years, and

e QOlder adults, N =26,
M(SD)=69.9(9.4) years.

19 females, 7 males,
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Reliability

Intra-rater reliability was perfect for determining HLC pat-
terning [x=1.0, p<0.001, 95% CI(1.0, 1.0)] and excellent
for biomechanical measures [ICC=0.97, p<0.001, 95%
CI(0.93, 0.99)]. Similarly, near perfect inter-rater reliabil-
ity was found for HLC patterning [x=0.92, p <0.001, 95%
CI(0.77, 1.1)] and excellent for biomechanical measures
[ICC=0.93, p<0.001, 95% CI(0.88, 0.97)].

Primary Analyses of HLC Patterning

All three HLC types were present. Types I and II were most
frequently observed (N=41 each), followed by Type III
(N=6). Frequencies for HLC type can be found in Table 2.
HLC type significantly differed between age groups, y>
(4, N=88)=10.8, p=0.029. Specifically, Type I and III
were most common in the youngest group (N=19 and 5,
respectively), while the oldest group primarily used Type II

Table 2 Frequency of HLC types for sequential swallowing

Variable Type I (N=41) Type Il (N=41) Type IIl (N=6)
Age group

(years)

21-39 19 (46) 11 (27) 5(83)

40-59 14 (34) 13 (32) 0

>60 8 (20) 17 (41) 1(17)
Sex

Female 25 (61) 18 (44) 2(33)

Male 16 (39) 23 (56) 4(67)

Data are presented as frequency (percent) unless otherwise noted
HLC hyolaryngeal complex

(N=17). However, a small effect size was noted, ¢,=0.029.
HLC type did not differ by sex, * (2, N=88)=3.2, p=0.20.

Primary Analyses of Biomechanical Measures

A descriptive overview of the aggregate normative reference
values for temporal and kinematic sequential swallowing
data is displayed in Table 3 and further categorized by age,
sex, age and sex, HLC type, and swallow order (Supple-
mentary Tables 3-7). Associations between biomechanical
measures and the aforementioned influential factors are pre-
sented subsequently. Table 4 summarizes the main effects
found for each biomechanical measure relative to each pre-
dictor variable. All temporal values are listed in seconds (s),
and kinematic measures are noted in cm.

Age

When age was analyzed as a continuous variable, correla-
tions were found between age and hypopharyngeal transit
(HPT), total pharyngeal transit (TPT), swallow reaction time
(SRT), duration to maximum hyoid elevation (Hdur), dura-
tion of maximum hyoid displacement (Hm), airway closure
duration (AEdur), PES opening duration (PESdur), and max-
imum PES opening (PESmax). Table 5 provides an overview
of the statistical output and relationship strength associated
with the correlations identified. Comparisons between age
groups revealed significant main effects for HPT, TPT, SRT,
and Hdur. Longer HPT was found for the oldest group than
the youngest group, Wald y? (2, N=176)=21.64, mean
difference (MD)=0.15, p<0.001. Middle-aged adults
also had the same trend in HPT compared to the youngest
group, MD =0.086, p=0.041. The oldest group exhibited

Table 3 Summary of aggregate

° . Measure Mean + SD Median Range (min, max) 95% CI (lower, upper)

biomechanical measures for

sequential swallowing OPT 0.42+0.24 0.37 0.03,1.27 0.38, 0.45
HPT 0.67+0.17 0.67 0.40, 1.60 0.65, 0.70
TPT 1.09+0.30 1.07 0.57,2.20 1.05,1.13
SRT 0.44+0.27 0.40 —0.20, 1.50 0.40, 0.48
Hdur 0.31+0.14 0.30 0.07,0.93 0.29, 0.33
Hm 0.14+0.14 0.10 0.00, 1.07 0.12,0.16
AEcl 0.43+0.27 0.40 —0.70, 1.60 0.38, 0.48
AEdur 0.40+0.26 0.37 -0.97,1.37 0.35, 0.46
BP1-AEcl 0.15+0.23 0.13 —0.87,1.47 0.11,0.19
PESdur 0.47+0.12 0.47 0.23,0.87 0.45, 0.49
Hmax 2.03+1.06 1.83 0.14,5.68 1.87,2.18
HL 0.94+0.49 0.85 —0.04,2.69 0.86, 1.01
PESmax 0.73+0.30 0.69 0.26,2.20 0.68, 0.77

Referent definitions for each abbreviated measure are provided in Supplementary Table 2. TPT, SRT, Hdur,
Hm, AEcl, AEdur, BP1-AEcl, and PESdur are reported in seconds. Hmax, HL, and PESmax are reported

in centimeters
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Table 4 Influential factors of biomechanics by predictor variable

Variable OPT HPT TPT SRT Hdur Hm AEcl AEdur BPI-AEcl PESdur Hmax HL PESmax
Age group 0.069 <0.001* <0.001* 0.006* 0.002* 0.28 0.34  0.060 0.26 0.096 0.51 041 1.0

Sex 0.87 0.63 0.87 0.90 0.072 0.040* 0.87 0.72 0.88 0.35 0.009* 0.068 0.28
HLC Type 0.52 0.30 0.68 0.72 0.14 0.78 093 048 0.32 0.30 0.030* 0.83 0.21
Swallow order  <0.001%* 0.62 <0.001* <0.001* 0.17 0.073  0.054 0.67 0.36 0.11 0.052  0.006* 0.27

Referent definitions for each abbreviated measure are provided in Supplementary Table 2. Numbers indicate p values

HLC hyolaryngeal complex
*p<0.05

longer TPT compared to the youngest group, Wald y?
(2, N=176)=21.4, MD=0.25, p<0.001. Middle-aged
adults also presented with longer TPT than the youngest
group, MD =0.16, p=0.022. The oldest group compared
to the youngest group displayed longer SRT, Wald > (2,
N=176)=10.2, MD =0.14, p=0.022. Hdur was longer for
the oldest group compared to the youngest group, Wald y*
(2, N=176)=12.9, MD =0.089, p=0.002.

Sex

Significant main effects were found between sex and Hm
and maximum hyoid displacement (Hmax). For Hm,
males displayed longer intervals than females, Wald »* (1,
N=176)=4.2, MD=0.045, p=0.040. Males also exhib-
ited greater Hmax than females, Wald ;(2 (I, N=176)=6.9,
MD=0.48, p=0.009.

HLC Type

A significant main effect was observed between HLC type
and Hmax, Wald »? (2, N=176)=17.0, p=0.030. However,
post hoc analysis revealed no significant simple effects.

Swallow Order

Significant main effects were found between swallow order
and oropharyngeal transit (OPT), TPT, SRT, and maximum
hyoid-to-larynx approximation (HL). Swallow two presented
with longer OPT [Wald)(2 (1, N=176)=25.75,MD =0.13,
p<0.001], TPT [Wald 4* (1, N=176)=23.7, MD=0.14,
p<0.001], and SRT [Wald »? (1, N=176)=64.7,
MD=0.22, p <0.001] than swallow one. Conversely, HL
was larger for the first swallow than the second swallow,
Wald 4? (1, N=176)=7.6, MD =0.066, p=0.006.

Secondary Analyses of HLC Patterning

Table 6 shows the frequencies of HLC type associated with
age and sex. HLC type did not differ by age group, »* (6,
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N=179)=12.4, p=0.053, and sex, y* (3, N=179)=4.58,
p=0.185.

Secondary Analyses of Biomechanical Measures

Significant differences were found between Types I and
III, series of discrete swallows, and Hmax, Wald ;(2 (3,
N=358)=11.5, p=0.009. Specifically, Type II resulted in
more extensive Hmax than Type I, MD=0.62, p=0.015,
and series of discrete swallows, MD =0.47, p=0.045. Sup-
plementary Table 8 provides an overview of the descriptive
statistics and main effects associated with series of discrete
swallows relative to each biomechanical measure.

Discussion

We investigated sequential swallowing biomechanics in a
large cohort of healthy adults. Various influential factors
were explored, including age, sex, HLC type, and swallow
order, giving greater context to this common swallowing
behavior.

HLC Patterning

Types I-1II were present, meaning airway opening and clo-
sure were normal variants of the motor strategy used during
sequential swallowing in healthy adults. Types I and II were
most common and equally distributed. Our findings appear
to corroborate the trends found by Daniels et al. [2], despite
the differences in swallow tasks employed. However, the
extent of HLC lowering and pharyngeal deactivation for
Type I as described by Daniels et al. [2] remains equivocal.
Notably, it is unclear whether these components returned to
rest, which would better be defined as a series of discrete
swallows.

Other studies reported a Type I predominance [5, 6, 18,
19] but were mainly comprised of younger and middle-aged
adults and were limited in power due to small sample sizes
(N=15, [5]; N=21, [18]; N=12, [19]). Dozier et al. [6]
had the only comparably sized cohort (N =70) to our study.
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5] o« However, they did not appear to separate Type I users from
§ S § - those who performed a series of discrete swallows in their
a1 3= % analysis, despite observing the latter frequently. We elected
g to control for this behavior by excluding it from the pri-
~ 8 . . :
L5 e g mary analyses as it may better represent a drinking behavior
Tl s 1|2 instead of a sequential swallowing pattern. Nonetheless, the
E high cases of participants who demonstrated this behavior
g § in both studies may be due to the overlapping swallow task
é 33 % instructions. Participants were asked to drink in their typi-
ki cal manner, except our study also informed participants to
- % :'g continue drinking until told to stop. The former may be
§ > § 8 interpreted more loosely than the latter. Perhaps, another
Bl Ve é consideration is sequential swallows and series of discrete
B swallows are both common responses to successive drink-
3 "é ing tasks.
<= >
(<€ |
/M I o | =1
g Biomechanical Measures
5138 2 There is a scarcity of prior studies exploring normal sequen-
<|s<s = g,) tial swallowing biomechanics. Chi-Fishman and Sonies [4]
g documented pharyngeal transit clearance, or the interval
2 g q 3 between bolus head arrival at the jaw angle, to bolus clear-
<lfe s 1| 8 ance into the PES, which is similarly defined to the term
g we used (TPT). The authors recorded this interval across
— éro é two 150 mL sequential, thin liquid swallow cup drinking
% S Sk % conditions [head neutral (HN) and head tilt-back (HT) posi-
é tions], which yielded similar biomechanical measures [4].
¥, o The mean TPT for the HN position in our study, however,
5|5 § é wgs longer (MD = 0.38s) than'the values presented by Chi-
| s v S t Fishman and Sonies [4]. In their subsequent work [14], they
3 documented lower mean Hmax amplitudes than our study
% E (MD for 1st swallow =0.04 and 2nd swallow =0.81 cm).
E E § = *é Nevertheless, comparable results were found for PESdur
A despite the head position conditions applied by Chi-Fishman
s . -_E and Sonies [4] (MD for HN=0.06 and HT =0.08 s). Meth-
E é = odological differences likely account for these conflicting
g E 5 v = g results, such as different operational definitions, employing
g 2 a rapid ingestion rate component, and administering boluses
g . ° via a cup with the rim cut off [4, 15].
g . é % Inspection of our aggregate data revealed wide ranges in
2 | & § v " E sequential swallowing biomechanics and that healthy adults
9 fﬂé accommodate their swallowing motor strategy to increased
;0 © % task demands. This further demonstrates the functional vari-
s E g g | % 2 ability within the swallowing system. However, this may be
§ S g impaired in those with dysphagia. Thus, sequential swal-
E o | = E % lowing tasks may be clinically useful for challenging the
é % 2 £| 2 5 system. Given most evidence has assessed the application of
EE|E 5 S 'Qg’ sequential swallowing as a screening tool to detect patients
% “% E z % § at risk of aspiration, our data extend the clinical utility of
: § % . % ; b 3 this task beyond a screening tool toward more quantitative,
2 % %’ é 'LE’ % g S co.m.pr.ehenswe, and sensitive assessrpent. Using these data,
Clald adl g v & clinicians could also further quantify components of the
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Table 6 Frequency of HLC

Type I (N=41)

Series of discrete
swallows (N=91)

Type Il (N=41) Type Il (N=6)

. . . Variable
types including series of
discrete swallows
Age group (years)
21-39 19 (46)
40-59 14 (34)
>60 8 (20)
Sex
Female 25 (61)
Male 16 (39)

11 (27) 5(83) 30(33)
13 (32) 0 35 (38)
17 (41) 1(17) 26 (29)
18 (44) 2 (33) 55 (60)
23 (56) 4(67) 36 (40)

Data are presented as frequency (percent) unless otherwise noted

HLC hyolaryngeal complex

MBSImP, which is widely utilized by clinicians globally
[24, 25, 33, 34].

Influential Factors
Age

Our findings appear to replicate those found by Daniels et al.
[2], revealing a significant, albeit small, age effect on HLC
patterning. This may suggest normal protective changes in
HLC movement as people age. However, having a cohort
composed of only healthy adults may have attenuated this
effect, given the dipropionate cluster of Type I and II users
compared to the far fewer Type III users. The motor control
literature may provide further insight, particularly the notion
that older adults may have a poorer ability to modulate
timely cessation of muscle activity due to decreased regu-
lation of cortical inhibition [35]. Additionally, functional
compensation to increased task demands due to an overac-
tivation of cortical recruitment is a normal observation in
older adults [36]. Aging muscles also tend to display longer
burst activity than in younger adults as muscle movement
times increase for fast velocity movements [37]. Thus, older
adults may be more prone to maintaining airway closure
during sequential swallows.

Aging influenced several biomechanical measures. PES-
max was negatively correlated with aging, suggesting older
adults were more likely to have decreased PESmax values.
These results are consistent with those found by Cock et al.
[20], who identified more reduced PES opening in older
adults during a rapid 150 mL sequential, thin liquid swal-
lowing task via cup. HPT, TPT, SRT, Hdur, Hm, AEdur, and
PESdur were positively correlated with age. Thus, as age
increased, these values also increased. We further explored
these interactions through GEE modeling, which revealed
apparent between-group differences in biomechanical meas-
ures across the youngest group and oldest group, particularly
for temporal measures (i.e., HPT, TPT, SRT, and Hdur).
Comparisons to previous study findings can only be made

@ Springer

for Hdur as this measure is equivalently defined to ‘start-to-
max duration’ which trended toward a significant increase
with age. Similar to prior evidence [38], our findings support
the natural decline of oropharyngeal sensory function given
only temporal measures were influenced by age. However,
age-related changes may also be linked to sarcopenia, in
which motoric oropharyngeal response, strength, force, and
endurance decrease due to a natural loss of skeletal mus-
cle mass [39]. Although several age-related anatomical and
physiological changes in swallowing have been documented
in studies utilizing discrete swallow tasks [40], growing evi-
dence, including in our study, suggests there are functional
and robust variations in motor swallowing response as peo-
ple age.

Sex

While most biomechanical measures were not impacted by
sex, males displayed greater Hmax and Hm than females.
The findings related to Hmax corroborate prior evidence, but
the directionality of results for Hm differed between sexes
[4]. The aforementioned procedural differences between
studies may explain the conflicting results. Further, we rec-
ognize that we did not use an anatomic scalar, which has
recently shown to neutralize significant anatomical sex-
based differences in displacement measures during discrete
swallows [41]. However, ultrasound has captured greater
Hmax in males compared to females during sequential swal-
lowing [15]. We also wanted to maintain the integrity of
the selected MBSS analysis method, which applies an abso-
lute reference. This allows for equal comparison across the
aggregate MBSS images and accounts for head movement
across frames, which is commonly observed during sequen-
tial swallowing (e.g., HT position). Further, understanding
an anatomic scalar’s sensitivity to capturing the effects
of age and other conditions (i.e., sequential swallowing),
arguably more clinically meaningful predictors of change in
swallowing function, remains equivocal. For instance, there
is inconsistent evidence related to age effects on Hmax when
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comparing results found by Brates et al. [42] and Mancopes
et al. [43], who both used an anatomic scalar. To date, we
are unaware of other studies that have used this approach
to assess age effects on normal swallowing and none for
sequential swallowing. Ultimately, until further large-scale
studies can prove otherwise, there is value in both analysis
methods.

HLC Type

Our study may be the first of its kind to probe associations
between HLC patterning and biomechanical measures.
Results from the primary analyses suggest the only signifi-
cant difference between HLC types was in Hmax; however, a
confident conclusion cannot be drawn as the post hoc analy-
sis failed to show significant differences. As such, healthy
adults’ physiological motor response to increased swallow-
ing task demand appears flexible and robust despite many
individuals who open their airways between swallows. Akin
to a prior study of the same cohort suggests that Penetration-
Aspiration Scale (PAS) scores are predictably benign during
sequential swallowing in healthy adults, despite airway inva-
sion is more common for sequential than discrete swallows
[44]. Still, the small number of participants exhibiting Type
III (N=6) as compared to Types I and I (N=41 each) and
the conservative multiple comparison tests could have con-
tributed to the nonsignificant post hoc.

Secondary analyses also showed that Hmax was the
only biomechanical measure significantly different between
sequential swallows and series of discrete swallows, with
Type II yielding larger Hmax than Type I and series of dis-
crete swallows. Although bolus volume was uncontrolled,
sequential swallowing is often associated with larger vol-
umes ingested per swallow and in total, particularly for
Type II than Type I [5]. Characteristics of Type I and series
of discrete swallows are similar, except the HLC partially
returns to rest in the former, whereas it returns completely
in the latter. This may explain why Hmax had a similar trend
across these behaviors. Several studies have also reported
that hyoid displacement is sensitive to bolus volume, with
larger amounts resulting in increased movement [29, 45-47].
Perhaps, the increased Hmax seen with Type I was related
to the presumed larger boluses ingested during sequen-
tial swallowing versus series of discrete swallows. These
findings indicate that healthy adults generate greater HLC
displacement during sequential swallowing, likely contrib-
uting to more complete airway closure throughout the set
of sequential swallows. Clinicians assessing patients with
difficulty managing smaller boluses should consider trial-
ing sequential swallow tasks as it may yield a more robust
HLC response, and it may serve as a stress test for airway
protection.

Swallow Order

Swallow order effects were identified for OPT, TPT, SRT,
and HL. More prolonged temporal measures (OPT, TPT,
SRT) were noted for the second swallow than the first swal-
low, possibly due to a refractory period between the first
and subsequent swallows during sequential swallowing.
This phenomenon has been observed in esophageal peri-
stalsis when performing successive swallows, during which
any subsequent muscle contractions may exhibit a poorer
response to ongoing excitatory stimuli due to neural and
peripheral inhibition [48, 49]. Conversely, kinematics (HL)
may appear more prominent for the first swallow, which
could be explained by the HLC traveling a greater distance
needed to achieve maximum displacement for the first swal-
low, whereas the HL.C does not return to rest for subsequent
swallows and only partial displacement must be achieved.
Only Chi-Fishman and Sonies [15] previously explored
swallow order, indicating significantly larger Hmax for sub-
sequent swallows compared to the first swallows. In contrast,
we found no difference. However, the comparisons made
in the prior study [15] were based on unbalanced swallow
groups within each set of sequential swallows, precisely 53
first swallows and 265 subsequent swallows. The authors
also applied an arbitrary between-swallow cycle cutoff rate
to define sequential swallowing [4, 15].

It is beneficial to understand potential inter-swallow bio-
mechanical differences that may explain the complexity of
sequential swallowing, especially when applying this task to
vulnerable patients who have difficulty closing their airways.
Differences in biomechanical measures between swallows
may be problematic for persons with dysphagia. Depending
on the type of biomechanical measure impacted, they may
experience more significant motor response burden at differ-
ent points during a set of sequential swallows. Additionally,
motor control relevant to swallow order may be distinct from
one another, where the first swallow (voluntary) appears
to be mediated by the cortex while subcortical brainstem
involvement predominates during the subsequent swallows
(involuntary) [50].

Limitations

First, only a single swallow trial was performed. This fac-
tor restricts the overall picture of the swallowing mecha-
nism within each individual, and by extension, the cohort’s
performance. Thus, individual variation in sequential
swallowing may have been missed and should be consid-
ered for future studies. Similar to all other previous studies
reviewed, an inherent limitation is that volume per swallow
was uncontrolled, but this may more accurately reflect natu-
ral sequential swallowing. Measuring volume on an MBSS
may result in inaccurate results since images are captured
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two-dimensionally, whereas volume is a three-dimensional
measure. Also, only cup sips were assessed, which has been
associated with larger total volume ingested in a shorter
period compared to straw sips [51]. Another consideration
is the MBSImP does not explicitly instruct individuals to
ingest the bolus using sequential swallows, so participants
may have interpreted the instructions differently. If the inten-
tion is to elicit sequential swallowing, future studies should
carefully consider the instructions provided to participants.
Potentially using the instructions from the Yale Swallow
Protocol [8] but excluding the component regarding the rate
of ingestion may be advantageous as this validated tool spec-
ifies consuming 3-oz of water using sequential swallows.
Further, only the first 2 swallows of each set of sequential
swallows were analyzed. This does not account for the aver-
age total number of swallows in a set of sequential swallows
in healthy adults, possibly impacting how the oropharyngeal
musculature responds from swallow initiation to termina-
tion. Lastly, age groups were unbalanced, with more par-
ticipants in the youngest group than the two older groups.

Conclusions

Limited research currently exists regarding sequential swal-
lowing in healthy adults. We contribute a sizeable normative
dataset for a standardized sequential, thin liquid swallowing
task. There was variability in HLC patterning and sequential
swallowing biomechanics. Thus, shying away from using
sequential swallows in assessments may yield an incom-
plete understanding of the patient’s swallowing mechanism.
Therefore, clinicians should consider using this swallow task
to test the complex motor coordination of the swallowing
system. Comparison of patient data to the established norms
could improve diagnostic accuracy and the development of
targeted treatment plans. Further, several factors influenced
sequential swallowing, including age (HLC type, HPT, TPT,
SRT, Hdur), sex (Hmax, Hm), HLC patterning (Hmax, only
when controlling for series of discrete swallows), and swal-
low order (OPT, TPT, SRT, HL). These factors help to con-
textualize the normative data.

Future Considerations

A microanalysis of sequential swallowing characteris-
tics is challenging without a clearly defined operational
definition, which is lacking in the literature. Our work
intends to begin the discussion about developing a robust
and standardized definition for sequential swallowing.
Based on our study, we recommend focusing on the physi-
ological response of the pharynx during liquid ingestion
instead of the drinking behavior (e.g., drinking rapidly).
Researchers and clinicians are encouraged to consider the
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proposed characteristics that distinguish sequential from
a series of discrete swallows: the former should involve at
least two successive swallows, the HLC does not return
to rest between swallows, and the pharynx lacks complete
patency between swallows. Subsequent swallows per-
formed to clear pharyngeal residue represent an alterna-
tive compensatory motor strategy and should also be dis-
cerned from ‘true’ sequential swallowing. Future research
should consider applying a patient cohort for comparison
to normative data. Building the normative database for
sequential swallowing would also benefit from including
all components of each set of sequential swallows. Lastly,
the effects of volume, viscosity, and other sequential swal-
lowing ingestion conditions should be considered and may
generate new insights that further inform the clinical util-
ity of this swallow task.
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