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Age-Related Functional Reserve Decline
Is Not Seen in Pharyngeal
Swallowing Pressures

Corinne A. Jones®”

Purpose: Functional reserve represents the difference
between an individual’s ability to produce a maximum output
function and the ability to perform a functional task. Several
studies have documented an age-related decrease in
functional reserve with oral tongue pressure generation.
Whether this pattern is seen in pharyngeal swallowing
pressures is unknown. The aim of this study was to investigate
pharyngeal functional reserve using high-resolution manometry
during normal-effort and effortful swallows.

Method: Pharyngeal high-resolution manometry was performed
on 38 younger healthy individuals (< 40 years) and 18 older
healthy individuals (> 60 years) during normal-effort and effortful
water swallows. Pressure metrics included maximum pressure
in the velopharynx, tongue base, and hypopharynx, as well
as pharyngeal contractile integral and minimum pressure in the
upper esophageal sphincter (UES). Repeated-measures analysis
of variance was used to determine the effects of swallow task,
age, and pharyngeal region on pressure generation.
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Results: Maximum pharyngeal pressures and pharyngeal
contractile integral were significantly increased during the
effortful swallows compared to normal-effort swallows (p <
.001), but there were no interactions between task and age in
pharyngeal pressures. In the UES, minimum pressures were
significantly elevated in older individuals during effortful swallows
compared to normal-effort swallows (p = .007) but did not
follow a pattern consistent with reduced functional reserve.
Conclusions: Healthy individuals increase pharyngeal driving
pressures during effortful swallows, without an age-related
reduction in the magnitude of pressure increase. Thus, this study
did not find evidence for an age-related reduction in pharyngeal
functional reserve. The preserved ability to increase pharyngeal
pressures during effortful swallowing in aging may support the
use of behavioral swallowing interventions in older individuals
without neuromuscular conditions.
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to increase its functioning from baseline activity

to maximum capacity. Functional reserve allows
the body to adjust to physiological stressors such as ill-
ness, injury, and toxicity, as well as respond to strain
from activities of daily living (Goldspink, 2005; Ronco
et al., 2017). Reduced functional reserve limits the body’s
ability to respond in times of increased demand. This can
lead to abnormal function or illness and be harmful to an
individual’s ability to cope with everyday stresses, severely
limiting or inhibiting instrumental activities of daily living

I ' unctional reserve represents the ability of a system
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(Goldspink, 2005; Hudson et al., 2000; Kanonidou &
Karystianou, 2007).

With oropharyngeal swallowing, functional reserve
might describe the difference between a maximal effort task
and a normal swallowing task, as depicted in Figure 1. As
individuals age, changes to anatomy, tissue structure, motor
output, sensation, and neurophysiology result in respec-
tive changes to swallowing physiology, or presbyphagia
(Humbert & Robbins, 2008; Nagai et al., 2008; Ney et al.,
2009; Wirth et al., 2016). These age-related changes are
believed to lead to declining functional reserve in older
adults. As a result, when challenged by physiological stressors,
older individuals face an increased risk for developing swal-
lowing impairments such as dysphagia (Cichero, 2018;
Humbert & Robbins, 2008; Ney et al., 2009).

Age-related decline in swallowing functional reserve
has best been described in oral tongue strength. Previous
work indicates that in older individuals, oral tongue to
hard palate pressure during swallowing does not change
with age, but maximal-effort isometric oral tongue to hard
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Figure 1. Example of pattern of reduced functional reserve. Baseline
output does not change with age, but there is a reduction in maximum
physiologic output. Functional reserve represents the difference
between maximum physiologic output and output needed for
baseline functioning.
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palate pressure decreases in older individuals, resulting in
a loss of functional reserve (Nagai et al., 2008; Robbins
et al., 2016; Todd et al., 2013). These findings suggest that
strengthening therapies may be beneficial to try to improve
maximal-effort isometric tongue pressure, restoring func-
tional reserve, and minimizing the risk of dysphagia and
dysphagia impairment (Connor et al., 2009; Robbins et al.,
2016; Rogus-Pulia et al., 2016).

While oral tongue functional reserve may decline
with age and affect swallowing at the oral stage, there has
been little exploration of a similar decline with age in the
pharyngeal stage of swallowing. Studies evaluating pres-
sure changes in pharyngeal swallowing have found that
healthy individuals show slight but statistically signifi-
cant increases in pharyngeal swallowing pressures with
age (McCulloch, 2015; Nativ-Zeltzer et al., 2016). These
pressure increases compared to younger healthy individuals
are found in pharyngeal driving pressures as well as upper
esophageal sphincter (UES) opening pressures, resulting in
a hypothesis that older individuals compensate for a less
compliant UES through increasing pharyngeal squeeze
(McCulloch, 2015). However, age effects on pharyngeal
functional reserve are unknown.

To evaluate pharyngeal functional reserve, a normal
effort swallowing task can be used to define the lower
bound and an effortful swallowing task can be used to
define the upper bound, as a nonswallowing task to elicit
maximal isometric contraction has not yet been identified.
Effortful swallows are often recommended as a strengthen-
ing therapy and involve instructing the individual to swal-
low while squeezing hard with all of the muscles in the
mouth and throat, thereby increasing oral and pharyn-
geal constriction (Hind et al., 2001; Hoffman et al., 2012;
Huckabee et al., 2005). Understanding the amount of pha-
ryngeal pressure change and determining the effect that
age could have on this change can help to set therapeutic
goals (Hoffman et al., 2010, 2012; Huckabee et al., 2005;
Takasaki et al., 2011).

The purpose of this study was to investigate age-
related changes in pharyngeal functional reserve in healthy
individuals using pharyngeal high-resolution manometry
(HRM) during normal effort and effortful swallowing tasks.
We hypothesized that (a) pharyngeal swallowing pressures
would increase during effortful swallows in agreement with
previous findings and (b) older individuals would generate
less robust pressure increases with effortful swallowing than
younger individuals, reflecting a reduced functional reserve.

Method
Participants

Participants included 56 healthy adults (29 males)
with no self-reported history of swallowing, neurologic,
respiratory, or gastrointestinal disorders. Participants ranged
in age from 19 to 81 years years, with a mean of 39.9 +
20.2 years. Participants were grouped into younger individ-
uals (< 40 years; M = 24.9 + 5.7 years; n = 38) and older
individuals (> 60 years; M = 68.33 + 5.6 years; n = 18).
All participants provided informed consent under re-
search protocols that were approved by the University of
Wisconsin—-Madison Institutional Review Board, and
de-identified data were shared with The University of Texas
at Austin under an approved data use agreement.

Procedure

Participants underwent a standard pharyngeal HRM
procedure with the ManoScan ESO system (Medtronic). Fol-
lowing application of a small amount (< 1 ml) of 2% viscous
lidocaine, a 2.75-mm diameter catheter with 36 circumferen-
tial sensors spaced 1 cm apart was placed through the nares
and into the pharynx and cervical esophagus. This system is
calibrated to measure pressures from —20 to 300 mmHg with
a pressure resolution of 2 mmHg and a sampling rate of
50 Hz. Once the catheter was in place, participants rested
for approximately 5 min prior to data collection.

Data in this study represent a secondary analysis of
data collected as part of multiple research protocols. None-
theless, all participants swallowed boluses of either 5 ml or
10 ml of water (International Dysphagia Diet Standardiza-
tion Initiative Level 0) via syringe with the head in a neutral
position and instructed to swallow on cue. Thirty-four par-
ticipants swallowed boluses of 5 ml, 13 participants swal-
lowed boluses of 10 ml, and nine participants swallowed
both 5 ml and 10 ml boluses during both normal-effort
and effortful swallows. Bolus volumes for normal-effort
and effortful swallows were matched, so that a 5-ml normal-
effort swallow was compared to a 5 ml effortful swallow
and the same for 10 ml. Cues for normal-effort swallows
were to swallow as you normally would, and cues for effort-
ful swallows were to swallow while squeezing hard with all
of the muscles in the mouth and throat. In all research pro-
tocols, the order of swallowing trials was randomized in
blocks by both task and volume. Data from three repeti-
tions of normal-effort swallows and effortful swallows each
were averaged for analysis.
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Data Analysis

Pharyngeal pressures were analyzed using specialized
software designed for pharyngeal HRM analysis (Geng
et al., 2013), which has shown to have good to excellent
inter- and intrarater reliability (Jones et al., 2014). Maximum
pressures were captured from the velopharynx, tongue base,
and hypopharynx regions, as well as minimum opening
pressures from the rostral UES. The pharyngeal contractile
integral was also calculated, representing the sum of area
under the pressure curves on all pharyngeal sensors (Geng
et al., 2013). See Figure 2 for examples of HRM spatio-
temporal plots.

Statistical Analysis

To determine whether the magnitude of pressure
change between normal effort and effortful swallows differed
between 5-ml and 10-ml bolus swallows, a paired  test
was performed on percent pressure change for a subset

of participants (n = 9; seven males; M,,. = 42 * 21 years,
range: 21-69) who participated in research protocols where
normal and effortful swallows were performed on both 5-ml
and 10-ml boluses. These participants were of similar propor-
tions in the younger and older age group as those in the full
data set. The criterion for significance was set at o« < 0.05.
To determine whether the swallowing task (normal-
effort vs. effortful swallows) was impacted by age or pha-
ryngeal region, repeated-measures analyses of variance
(ANOVAs) were performed. For velopharyngeal, tongue
base, and hypopharyngeal maximum pressures, a repeated-
measures ANOVA was performed investigating the effects
of Task x Age x Pharyngeal Region. For pharyngeal con-
tractile integral and UES minimum pressures, separate re-
peated measures ANOVAs were performed to investigate
the effects and interactions of Task x Age. If there is a
change in functional reserve with age, we would expect to
see an interaction of Task x Age, with a decrease in task
effect in the older participant group. Greenhouse—Geisser
corrections were made if the assumption of sphericity was

Figure 2. Sample spatiotemporal plots from a normal-effort 10-ml swallow (A, C) and effortful 10-ml swallow (B, D) from a 24-year-old female
(A, B) and an 81-year-old male (C, D). UES = upper esophageal sphincter. HRM = high-resolution manometry.

A. Younger—Normal Effort

150

© N O

Velopharynx

Tongue Base -

-
=

@
Q9
£
21 Hypopharynx
s ypophary
» 15
c
$ 17
s 50
& 19
s 5
21
23 i
25
0 1 2 3 4 Pressure
Time (s) (mmHg)

C. Older—Normal Effort

6 150
8
100
50
0

- A
& N O

HRM Sensor Number
> o>

20
22
24
26
0 1 2 3 4 Pressure
Time (s) (mmHg)

B. Younger —Effortful

5 150
7
9
100
3
50
9
21
23
0
25
0

1 2 3 4 Pressure
Time (s) (mmHg)

RS 3
s

-
]

HRM Sensor Number
© o

D. Older —Effortful

6 150
8
10
12 100

-
£

HRM Sensor Number
>

18 50
20
22
24
n“ 0
26
0 1 2 3 4 Pressure
Time (s) (mmHg)

3736 Journal of Speech, Language, and Hearing Research e Vol. 64 ¢ 3734-3741 « October 2021



not met. Post hoc testing was completed using Fisher’s least
significant difference. Partial n> was calculated to describe
effect size, with values of .14 and greater representing a
large effect (Cohen, 1988). The criterion for significance
was set at a < .05.

Results

Nine individuals participated in protocols with normal
effort and effortful swallowing with both 5-ml and 10-ml
boluses. In those participants, there were no significant dif-
ferences in the percent increase of pressure from normal
to effortful swallows in 5-ml swallows compared to 10-ml
swallows (p > .14). See Table 1 for descriptive and com-
parative statistics. Given the lack of statistically signifi-
cant difference in pressure change with bolus volume, we
combined data sets of 5-ml and 10-ml normal-effort and
effortful swallows for the following analyses.

Velopharyngeal, tongue base, and hypopharyngeal max-
imum pressures are displayed in Figure 3A—C. There was a
significant main effect of swallowing task, F(1, 54) = 18.48;
p < .001; partial n> = 0.26, where pressures were significantly
greater during effortful versus normal-effort swallows. There
was also a significant interaction effect of Age X Pharyngeal
Region, F(2, 108) = 3.91; p = .02; partial n* = 0.68. Post
hoc testing revealed that (a) in younger adults, velopharyn-
geal and hypopharyngeal maximum pressures were signifi-
cantly greater than tongue base maximum pressures (p =
.034 and p = .009, respectively), irrespective of effort; and
(b) in older adults, velopharyngeal maximum pressures were
significantly greater than tongue base maximum pressures
(p < .001). There were no other significant main or interac-
tion effects (p > .05; full set of descriptive and comparative
statistics in Supplemental Materials S1 and S2).

Pharyngeal contractile integral findings are displayed
in Figure 3D. There was a significant main effect of swallow

task, F(1, 54) = 30.34; p < .001; partial n> = 0.36, where
the integral was significantly greater during effortful ver-
sus normal-effort swallows. There was no interaction be-
tween Task x Age, F(1, 54) = 1.94; p = .17; partial n* =
0.04. Descriptive and comparative statistics can be found
in Supplemental Materials S1 and S3.

UES minimum pressures are displayed in Figure 3E.
There was a significant interaction effect of Swallow Task x
Age, F(1, 54) = 5.14; p = .03; partial n> = 0.09. Post hoc
testing revealed that (a) UES minimum pressure was signif-
icantly greater in the effortful swallowing task (p = .007)
in older individuals only and (b) UES minimum pressures
during effortful swallows were significantly greater in older
versus younger individuals (p = .004). The full set of de-
scriptive and comparative statistics can be found in Sup-
plemental Materials S1 and S4.

Discussion

The findings of this study do not follow the pattern
of behavior as seen in the oral tongue related to functional
reserve decline with age. Although there were task effects
showing increased pharyngeal driving pressures during ef-
fortful swallowing, there were no Task x Age effects sug-
gesting a reduction in the ability to increase pressures with
age. Thus, our first hypothesis that pharyngeal pressures
would increase with effortful swallowing was satisfied, but
our second hypothesis that older individuals would gener-
ate a less robust pressure increase compared to younger in-
dividuals was not.

Similar to previous research findings, we observed in-
creased pharyngeal pressures and an increased pharyngeal
contractile integral during effortful swallowing (Bahia &
Lowell, 2020; Doeltgen et al., 2017; Takasaki et al., 2011).
Maximum pharyngeal pressures and the pharyngeal con-
tractile integral are often used to evaluate muscle strength

Table 1. Descriptive and comparative statistics for 5-ml and 10-ml normal-effort and effortful swallows (n = 9).

Normal effort Effortful % change Paired t test

Metric M = SEM M = SEM M = SEM statistics
Velopharynx maximum pressure (mmHg)

5ml 163 + 19 194 + 18 25+7 t(8) = -1.00

10 ml 168 + 18 214 £ 20 33+8 p=.34
Tongue base maximum pressure (mmHg)

5ml 141 £ 18 179 + 31 25+10 t(8) = 1.63

10 ml 143 +19 158 + 22 10+3 p=.14
Hypopharynx maximum pressure (mmHg)

5 ml 183 + 41 226 + 43 33+15 t(8) = 1.65

10 ml 186 + 38 198 + 41 5+6 p=.14
Pharyngeal contractile integral (mmHg*sec)

5ml 257 + 35 440 + 81 67 + 20 t(8) =1.05

10 ml 314 £ 53 449 + 81 45 +17 p=.33
Upper esophageal sphincter minimum pressure (mmHg)

5ml 4+2 4+2 11 + 46 t8) = -1.05

10 ml 6+2 6+2 107 + 86 p=.32
Note. Maximum and minimum pressures are represented in mmHg and the pharyngeal contractile integral is represented in mmHg x s.

Percent change from normal effort to effortful swallows was compared using paired t tests. SEM = standard error of the mean.
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Figure 3. Pressure data for normal effort and effortful swallows in younger and older healthy adults. (A) Velopharyngeal maximum pressures,
(B) tongue base maximum pressures, (C) hypopharyngeal maximum pressures, (D) pharyngeal contractile integral, and (E) upper esophageal

sphincter (UES) minimum pressures.
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and vigor; thus, our findings support the idea that effortful
swallowing elicits greater contractility of the pharyngeal
musculature compared to normal effort swallows.

Earlier studies have shown that maximal effort iso-
metric tongue pressure declines with healthy aging (Robbins
et al., 2016; Todd et al., 2013). This has been attributed to
an age-related loss of muscle mass and has resulted in re-
duced swallowing functional reserve (Suzuki et al., 2020;
Utanohara et al., 2008). In this study, we observed no re-
duction in the ability to voluntarily increase pharyngeal
pressures during an effortful swallowing task. The influence
of age on swallowing pressure seems to follow a different
pattern between the tongue and the pharynx. Individuals
over the age of 60 years demonstrate no age-related changes
in tongue pressures during saliva or bolus swallows (Robbins
et al., 2016; Todd et al., 2013), older individuals in a similar
age group demonstrate increases in pharyngeal driving pres-
sures (McCulloch, 2015; Nativ-Zeltzer et al., 2016). Age
is a continuous variable, and future studies would bene-
fit from including individuals throughout the age range,
including those greater than age 85 years (Jardine et al.,
2020) and use of statistical approaches that do not treat
age as a categorical variable. Nonetheless, older individuals
in this study were able to volitionally modulate pharyn-
geal driving pressures to a similar extent as their younger
healthy counterparts. The preserved ability to increase
pharyngeal pressure during effortful swallowing may
support the use of the effortful swallow exercise in older
adults with dysphagia, as indicated. Care should be taken
to assess physiologic changes between normal-effort and
effortful swallowing for each individual patient to ensure
appropriateness of the effortful swallow exercise, with par-
ticular attention paid to the potential to increase UES
opening pressures.

One potential reason for the different findings between
this study and previous reports of oral tongue pressures
may be due to differences in muscle properties between the
oral tongue and the velum, tongue base, and pharyngeal
muscles. The anterior oral tongue is characterized by a pre-
dominance of fast-twitch muscle fibers that are capable of
generating powerful contractions (Cullins & Connor, 2017;
Kent, 2004), with evidence that muscle fiber types shift
toward more slow-twitch phenotypes with healthy aging
(Cullins & Connor, 2017). Palatal elevator muscles, partially
responsible for velopharyngeal closure, have a predominance
of slow-twitch muscle fibers, and pharyngeal constrictors
have a less pronounced predominance of fast-twitch fibers
compared to the tongue (Kent, 2010). To the authors’
knowledge, there are no accounts of how muscle fiber
types shift with age in pharyngeal or palatal musculature.

Another reason for differences in findings may be
due to the difference in task. As humans have precise vol-
untary control over the oral tongue (Corfield et al., 1999),
individuals may be able to generate a greater pressure change
between a swallow and a maximal isometric hold. In previ-
ous reports, healthy individuals are able to increase the
pressure generation at the anterior tongue from normal
effort swallowing to a maximal isometric hold by 43%—
300% (Robbins et al., 2016; Todd et al., 2013), considerably
larger than the maximum pharyngeal pressure increases re-
ported from normal effort to effortful swallowing in this
study and others, around 13%-33% (Hoffman et al., 2012;
Huckabee et al., 2005; Huckabee & Steele, 2006). There is
also evidence that simple movements of the tongue have
different patterns of neural activation than swallowing
(Malandraki et al., 2009). Furthermore, the effortful swal-
low task has been shown to alter the normal pattern of
swallowing physiology (Bahia & Lowell, 2020; Bulow
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et al., 1999; Doeltgen et al., 2017; Hiss & Huckabee, 2005;
Molfenter et al., 2018), thus potentially not eliciting the
maximum contractility of the pharyngeal musculature.

Interestingly, Task x Age effects were only observed
for UES minimum pressure. However, this did not behave
in a pattern that is suggestive of age-related functional re-
serve decline with effortful swallowing. We found that ef-
fortful swallowing elicited a significantly greater minimum
UES pressure in older individuals compared to younger in-
dividuals. In previous studies, intrabolus pressure has been
found to increase in elderly individuals. This is a result of
reduced UES sphincter opening, which requires increased
intrabolus pressure to overcome increased resistance (Jiao
et al., 2016; Kern et al., 1999; Shaw et al., 1995). This reduc-
tion observed in UES opening with age has been attributed
to decreased muscle compliance. With increased intrabolus
pressure, UES relaxation pressure has also been found
to increase, which may explain the findings in this study
(Jiao et al., 2016; Kern et al., 1999; Shaw et al., 1995;
van Herwaarden et al., 2003). Thus, age-related differences
in UES effortful pressures may result from increased intra-
bolus pressure due to decreased muscular compliance in the
UES. This should be confirmed with future testing using
impedance manometry to better evaluate pressure changes
during bolus passage in older individuals.

This study has some limitations, chiefly being the
secondary analysis of previously collected data. We showed
that there was not a significant difference between pressure
increase with effortful swallows of both 5-ml and 10-ml bo-
luses, so we combined the data sets for analysis. There are
demonstrated differences in pharyngeal pressure generation
to accommodate for increases in bolus volumes in healthy
individuals, particularly in pharyngeal driving pressure,
intrabolus pressure, and UES opening pressures (reviewed
in Omari et al., 2020). However, closer inspection of pres-
sure amplitude findings reveal that most of the statistical
differences attributed to volume exist between smaller bolus
volumes (1-10 ml) and larger bolus volumes (20 ml), but
not between bolus volumes of 5 and 10 ml (Cock et al.,
2017; Ferris et al., 2021; Hoffman et al., 2010; Lin et al.,
2014). This, along with our subset analysis of individuals
who performed normal-effort and effortful swallows of
both 5-ml and 10-ml boluses, supports our combination of
data sets for this preliminary investigation. Future prospec-
tive research should further investigate effects of pressure
generation depending on bolus volume and consistency. Fur-
thermore, we used an effortful swallowing cue on which our
group has previously published (Hoffman et al., 2012). Other
instructions, particularly with an emphasis on oral tongue to
hard palate pressure, may have resulted in further increases
in pharyngeal pressure generation (Huckabee & Steele, 2000).

Conclusions

This investigation into pharyngeal functional reserve
using normal-effort and effortful swallowing tasks with
pharyngeal HRM revealed no significant decline in functional
reserve with healthy aging. These findings differ from

previously published findings in the oral tongue and warrant
further investigation of pharyngeal motor control and age-
related physiology changes within the pharynx.
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