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Abstract

Oropharyngeal dysphagia is prevalent in age-related neurological disorders presenting with impaired efficacy and safety of
swallowing due to a loss of muscle force and sensory deficits. Stimulating the oropharynx with capsaicin that mediates
Substance P release is an emerging pharmacological treatment option which needs further scientific evidence. Our aim was to
comprehensively evaluate the effect of capsaicin on biochemical, neurophysiological, and biomechanical parameters of
swallowing function. In a randomized study on healthy individuals, the impact of orally administered capsaicinoids at different
dosages and application durations in comparison to non-carbonated water was evaluated. Time course and magnitude of salivary
Substance P increase were monitored. Magnetoencephalography was used to detect cortical swallowing network alterations.
Modifications in swallowing biomechanics were measured applying high-resolution pharyngeal manometry. Capsaicinoids at
10 umol/L improved swallowing efficacy as seen by a significant increase of pharyngeal contractile integral and upper esoph-
ageal sphincter activation and relaxation times in manometry. Significant improvement of precision in a challenging swallow task
accompanied by a reduction in swallowing-related submental electromyographic power was observed with capsaicinoids pre-
conditioning at 10 umol/L over 5 min, but not with continuous stimulation. The cortical activation pattern remained unchanged
after any intervention. A significant increase of salivary Substance P was not detected with 10 pmol/L but with 50 pmol/L and
lasted for 15 min after application. Capsaicinoids mediate dose-dependent Substance P release and positively alter swallowing
biomechanics in healthy subjects. The results provide supportive evidence for the value of natural capsaicinoids to improve
swallowing function.
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Introduction transport material from the mouth to the stomach while
protecting the airway. Oropharyngeal dysphagia (OD), the
Swallowing is an essential neuromuscular function of the re-  disturbance of this complex sensorimotor function, is a prev-

spiratory, oropharyngeal, and gastrointestinal structures to  alent comorbidity of various age-related neurological diseases
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and has recently been recognized as a geriatric syndrome [1].
It presents with impaired efficacy and safety of swallowing [2,
3] due to disturbed biomechanics caused by a loss of muscle
force and function, reduction of tissue elasticity, saliva pro-
duction, and gustatory function, impaired dental status, and
reduced swallowing processing efficiency of the aging brain
[4]. This is complemented by decreased oropharyngeal senso-
ry perception due to a reduction of myelinated nerve fibers of
the superior laryngeal nerve leading to delayed initiation of the
swallow response [5]. OD causes severe complications that
have a great impact on older peoples’ health and quality of
life: malnutrition, dehydration, and aspiration pneumonia con-
tribute to frailty and morbidity, lead to institutionalization,
complicate hospital stay, foster readmissions, and increase
mortality [2, 6].

In spite of the high prevalence and prognostic relevance of
OD, therapeutic options are still limited. Conventional strate-
gies mainly include compensatory maneuvers as well as
texture-modified diet and thickening of fluids, which reduce
the quality of life and are often limited by patient compliance
resulting in insufficient fluid and caloric intake [7, 8].
Moreover, while these measures may improve swallowing safe-
ty, they do neither modify swallowing biomechanics nor do
they promote swallowing recovery [9]. Accordingly, evidence
for the effectiveness of these interventions is low [8, 10, 11].

Sensory afferent information plays a crucial role in the
triggering and continuous adaptation of the motor swallow
response [12, 13] within the distributed cortical and brainstem
swallowing network [14, 15]. Therefore, a promising pharma-
cological strategy to treat OD is to enhance sensory input by
stimulating the oropharynx with natural capsaicin.
Capsaicinoids are acid amides with vanillylamide and C9-
C11 branched-chain fatty acid [16]. They are found most
abundantly in the genus Capsicum (family: Solanaceae).
Capsaicin is a specific agonist to TRPV1 (transient receptor
potential vanilloid subtype 1) [17], a polymodal sensory re-
ceptor expressed in the epithelial cells and sensory neurons of
the oropharynx [18]. It mediates local release of Substance P
(SP), a neuropeptide known to enhance the swallow and
cough reflex [19] and to play an important role in the modu-
lation of upper gastrointestinal motility [20, 21]. Dysphagia
and aspiration pneumonia due to reduced airway protective
mechanisms have been related to low SP concentration in
elderly patients [22], after stroke [23], and in Parkinson’s dis-
ease [24]. Oral capsaicin supplementation increased salivary
SP levels in a pilot study on geriatric OD [25] and changed
swallow physiology in a beneficial manner [9, 26-29]. A
neuromodulatory mechanism of action of capsaicin has been
postulated but has rarely been investigated so far. Tomsen
et al. found changes in the topography of the pharyngeal
event-related potential after application of a different TRPV1
agonist (cinnamaldehyde + zinc) [30] and following repeated
application of capsaicin over 10 days [31].

Despite these promising preliminary results, the use of cap-
saicin is still far from being implemented into clinical routine
and needs further scientific evidence. The mechanism of ac-
tion, the neurophysiological correlate of swallowing function-
al gains, and the temporal dynamics of the effect are incom-
pletely understood. The aim of our study was therefore to
comprehensively investigate the effect of oral application of
a capsaicin-containing red pepper sauce suspension on the
biomechanics and neurophysiology of swallowing. We took
advantage of magnetoencephalography (MEG) as a functional
brain imaging technique that is capable of detecting distribut-
ed cortical swallowing network activation, and high-
resolution pharyngeal manometry (HRPM) as an objective,
direct measurement of pharyngeal biomechanics. To gather
further information on the feasibility of capsaicin treatment
for dysphagia potential desensitization due to overstimulation
was evaluated and the duration and intensity of the effect were
assessed by monitoring salivary SP level over time.

Methods
Study Outline

This study included three separate experimental parts to eval-
uate the effects of oral capsaicinoids application on distinct
aspects of swallowing function (Fig. 1): MEG was used to
detect potential effects on the neurophysiology of swallowing.
HRPM was applied to assess postulated changes in
swallowing biomechanics and SP level in saliva was deter-
mined to evaluate underlying pharmacological properties.

All study parts were conducted independently from each
other and designed in a placebo-controlled, randomized man-
ner with exception of the high-dose capsaicinoids test series in
the SP experiment, which was conducted thereafter (for details
see below). Within each experimental part, measurement ses-
sions were at least 1 week apart to avoid carryover effects. The
sequence of the measurement sessions was created using
computer-assisted randomization with Matlab (MathWorks
Inc., USA).

Subjects

Healthy adult volunteers were recruited for all parts of this
study. Subjects had to be free of any neurologic, psychiatric,
gastroenterologic, or ear-nose-throat disorder and did not take
any medication affecting the neuromuscular, central nervous,
or gastrointestinal system. They were instructed not to eat or
drink for at least 4 h prior to participation in an experiment.
The local ethics committee approved the protocol of the study.
Informed consent was obtained from each subject after the
nature of the study was explained in accordance with the prin-
ciples of the declaration of Helsinki.
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Fig. 1 Study outline
Capsaicinoids

As a source of natural capsaicinoids, red pepper sauce
(Tabasco, Mcllhenny Co, Avery Island, USA) was used.
Capsaicinoids concentrations in the sauce were determined
by high-performance liquid chromatography using the
AOAC official method 995.03 [32]. An overall capsaicinoid
concentration of 196 pg/g was determined (capsaicin: 130 pg/
g, dihydrocapsaicin: 60 pg/g, nordihydrocapsaicin 6 pg/g).
For the experiments, final concentrations were obtained by
dissolving the capsaicinoid-containig sauce in non-
carbonated water as required for each experiment. A natural
capsaicinoids sauce was used because it is an easily available
alimentary product and has proved to be safe and effective in
clinical pilot studies on elderly patients with swallowing dys-
function [9, 31].

Substance P

Ten participants (30.6 +9.2 years, six male, four female) were
recruited for this study part. The interventions in separate ex-
perimental sessions were oral application of a liquid which
was either pure non-carbonated water or water supplemented
with capsaicinoids (10 pmol/L). Participants were instructed
to drink 250 mL of the respective liquid in small sips over
5 min. To assess the effect on SP concentration, saliva probes
were taken before and 5, 10, 15, and 30 min after drinking the
liquid. Saliva samples were collected using a salivette
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(Sarstedt, Nuembrecht, Germany) and centrifuged immediate-
ly at 4000 rpm for 5 min. Supernatants were stored in a deep
freezer at —20 °C until further analysis. SP levels were
assessed by a competitive ELISA-type immunoassay param-
eter kit according to the manufacturer’s instructions
(Substance P Immunoassay, catalog no. KGE007; R&D
Systems, Minneapolis, USA).

As we could not detect the expected increase of SP level
with capsaicinoids at 10 pmol/L (see results) another test se-
ries was afterwards conducted with a higher capsaicinoid dose
of 50 umol/L to further investigate a possible dose-dependent
response.

Magnetoencephalography

Magnetoencephalographic recordings of cortical brain activa-
tion during swallowing were performed in ten participants
(25.7+4.5 years, four male, six female) in three separate
sessions.

Prior to any measurement, subjects had to drink 150 mL of
a liquid in small sips over 5 min as preconditioning. During
the following MEG measurements, a liquid was continuously
infused into the oral cavity via a plastic tube attached to a
reservoir bag with a flow rate of 10 mL/min to facilitate
swallowing.

The three different study interventions were (a) precondi-
tioning and continuous oral infusion with non-carbonated wa-
ter, (b) preconditioning with water supplemented with
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capsaicinoids 10 wmol/L and continuous oral infusion of non-
carbonated water during the measurement (“‘capsaicionid pre-
conditioning only”), or (c) preconditioning and continuous
infusion both with capsaicinoids-supplemented water at
10 umol/L. The latter was performed to capture eventual de-
sensitization effects due to overstimulation.

MEQG data acquisition, preprocessing and statistical analy-
sis was performed as established by our group in several pre-
vious studies [33-36]. The MEG system consisted of a 275-
channel sensor array (Omega 275, CTF Systems Inc.). Onset
and duration of swallows were identified by surface electro-
myographic (EMG) recording placed on submental muscles.
Visual stimuli and feedback were delivered using Presentation
software (NeuroBehavioral Systems, Inc., USA). Stimulus
event markers and EMG were both coregistered with the
MEG data for event-related analysis.

Subjects were measured in a sitting position looking at a
screen approximately 80 cm in front of them. The tip of the
infusion tube was placed in the mouth and fixed. During the
first 15 min of the measurement, participants were instructed
to swallow the infused liquid without external cueing. This
was followed by a more demanding “challenged swallow”
task as previously published [34]. In brief, participants had
to swallow after a visual cue within a 150 ms target time
interval. The task consisted of 40 trials and took roughly
10 min. After each swallow visual feedback (icons for “hit,”
“early,” “late,” or “error” in case no swallow was identified)
was given to the subject according to EMG swallowing activ-
ity in relation to the stimulus event markers defining the target
time interval.

Subsequent MEG data processing and statistical analysis
were carried out with custom-made Matlab scripts based on
FieldTrip (http://www.ru.nl/fcdonders/fieldtrip) [37] as
previously described in detail elsewhere [34-36]. In brief,
MEG data were filtered within theta (4-8 Hz), alpha (8—
13 Hz), beta (13-30 Hz), low gamma, (30—60 Hz), and high
gamma (60-80 Hz) frequency bands. Source localization of
each subject’s swallowing-associated cortical activation was
done by applying a beamformer as this method is capable of
analyzing induced brain activity such as the event-related
desynchronization (ERD) of cortical rhythms which occurs
during sensorimotor tasks [38]. Each subjects’ volumetric
source estimates were spatially normalized to a template
MNI brain (T1, Montreal Neurological Institute, Canada)
using SPMS8 (http://www.fil.ion.ucl.ac.uk/spm).
Grandaverages of normalized and realigned source
activation maps were computed across subjects. To identify
significant (p <0.05) brain activation changes induced by
capsaicinoids, source grandaverages of the “capsaicinoids
preconditioning,” and the “continuous capsaicinoids”
conditions were both compared to the water condition
applying a cluster-based nonparametric randomization ap-
proach built into FieldTrip. Significance values were

Bonferroni-corrected. As tongue movement during
swallowing is known to produce a strong source reconstruc-
tion artifact at the base of the brain and the inferior temporal
lobes, statistical analysis was restricted to a region of interest
consisting of the frontal and parietal lobe, and the insula,
thereby including those brain regions that have consistently
been found to be associated with swallowing in prior neuro-
imaging studies and can reliably be localized with MEG [36].

Besides its influence on cortical brain activation, effects of
the intervention on performance in the challenged swallow
task, i.e. the proportion of hits, and on swallowing muscle
EMG parameters, i.e. power (root mean square (RMS) value)
and maximum peak-to-peak amplitude, were assessed. Head
movement during the measurement and swallow count were
documented to ensure similar performance.

High-Resolution Pharyngeal Manometry

Twenty subjects (29.0 £ 6.4 years, twelve male, eight female)
participated in the HRPM as an objective, direct measurement
of pharyngeal biomechanics. As study intervention, the liquid
that was given as preconditioning and to facilitate swallowing
during HRPM was either pure non-carbonated water or water
supplemented with capsaicinoids (10 pmol/L).

For examination, the ManoScan™ workstation and
ManoScan™ ESO Z catheter (Medtronic, Sunnyvale, CA,
USA) containing 36 circumferential pressure sensors spaced
1 cm apart and 18 impedance channels at a 4.2-mm diameter
were used. Prior to every measurement, the catheter was cal-
ibrated according to the manufacturer’s specifications. Then,
it was inserted transnasally and introduced into the esophagus
while the subject performed sequential swallows. Correct
placement of the catheter was confirmed by mapping of the
typical pharyngeal pressure topography plot which had to
span the velopharynx and the upper esophageal sphincter
(UES). Afterwards, participants had at least 5 min time to
get accustomed to the catheter. As preconditioning prior to
the measurement, they were given capsaicinoid-
supplemented water or tap water, respectively, at a rate of
5 mL/min for 5 min. The examination was performed in a
supine position starting with a 30 s baseline pressure recording
followed by a series of ten cued 5-mL swallows of liquid at
room temperature administered via syringe with one swallow
every 30 s.

Data analysis was performed using ManoView™ ESO 3.3
software (Medtronic, Sunnyvale, CA, USA). To examine the
influence of capsaicinoids on the dynamic swallowing behav-
ior of the velopharynx, base of tongue, and upper esophageal
sphincter (UES) the following parameters were assessed,
which have been described in detail elsewhere [39—43]: lumen
contractile peak pressures at the velum and tongue base, du-
ration of velopharyngeal and tongue base contraction (from
initial pressure increase until return to baseline), UES
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maximum occlusive pressures pre- and postrelaxation, UES
mean basal pressure (within 5 s prior to a swallow), UES
relaxation nadir pressure, UES activation time (interval be-
tween maximum pressures pre- and postrelaxation), and
UES relaxation time (starting at a 10% sphincter pressure drop
and ending with return to the same value when the pharyngeal
contraction wave arrives) [39]. In addition, the Pharyngeal
Contractile Integral (PhCI), which defines pressure over space
and time (pharyngeal pressure amplitude x length of the phar-
ynx x duration of contraction) in mmHg cm s was used as a
recommended measure of the “vigor” of the entire pharyngeal
swallowing [42].

Statistical Analysis

Apart from MEG data analysis statistical computations were
carried out using SPSS Statistics 25.0 (IBM Corporation,
Armonk, USA). Prior to any comparison normality testing
was performed using the Kolmogorov-Smirnov test. In case
of a normal distribution, intervention effects (water vs contin-
uous capsaicinoids vs capsaicinoids preconditioning) on MEG
task performance were assessed by repeated measures
ANOVA, otherwise Friedman test was applied as a nonpara-
metric counterpart. For every ANOVA Mauchly’s test evalu-
ated the sphericity assumption and Greenhouse—Geisser cor-
rection was applied in case of violation. In case the ANOVA
turned significant, intervention effects were analyzed post hoc
applying paired sample ¢ tests with Bonferroni correction. In
case Friedman’s test turned significant, a post hoc Wilcoxon
test was used with multiple comparison correction,
respectively.

To account for the high interindividual variability and
for day-related intraindividual variations, saliva SP values
were normalized through division by the respective base-
line values. To evaluate the effect of water vs low-dose
capsaicinoids, or high-dose capsaicinoids on saliva SP
levels over time, repeated measures ANOVA including
factors (intervention x time) were performed as described
above.

For comparison of HRPM parameters between the water vs
capsaicinoids condition a paired sample 7 test was completed,
or the Wilcoxon test was used if data failed normality testing.
Significance was accepted as p value <0.05.

Results

Substance P

The time course of baseline-normalized SP concentration in
saliva in the three test series is shown in Fig. 2. No significant

changes in SP levels were induced in the initial test series with
capsaicinoids at 10 umol/L. At a higher concentration of
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50 wmol/L, a significant intervention effect was found
[F(1,10)=6.153, p =0.033]. Post hoc comparison demon-
strated relevant SP increase with high-dose capsaicinoids
compared to water at five (26.3%, p =0.025) and 15 min
(17.7%, p =0.015).

High-Resolution Pharyngeal Manometry

There were no complaints of any relevant discomfort re-
lated to HRPM and all measurements were successfully
completed. HRPM results are summarized in Table 1.
Capsaicinoids significantly prolonged UES activation
time by 60 ms and UES relaxation time by 30 ms.
Moreover, capsaicinoid administration induced a more
vigorous pharyngeal swallow: the Pharyngeal Contractile
Integral was significantly increased by 33.1 mmHg cm s
in mean. As the length of the pharynx is assumed to be
constant in each individuum, the change is caused by an
increase of the pharyngeal pressure amplitude and/or con-
traction duration.

Magnetoencephalography

Comparable subject performance in the MEG over the differ-
ent sessions was confirmed by similar swallow count and head
movement (Table 2). Consistent EMG recording technique
was confirmed by similar EMG amplitude, indicating similar
skin resistance and electrode positioning in all sessions (see
also Table 2).

Swallowing resulted in ERD of oscillatory brain activity
visible from the theta to the low gamma range with no task-
related activation changes in high gamma. Voluntary
swallowing activation centered in the “motor” beta frequency
band and was localized in the bilateral pericentral cortex cor-
responding to primary and secondary sensorimotor areas
(Fig. 3). With the visually cued challenged swallow task, the
parieto-occipital visual cortex was also found to be activated
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Fig. 2 Time course of saliva Substance P levels according to the study
intervention (baseline-normalized mean values; vertical bars indicate
standard deviations; the asterisk indicates statistical significance)
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Table 1 High-resolution pharyngeal manometry results

Pure water Capsaicinoids p value
Max. velopharyngeal closing pressure, mmHg 148.3 +39.3 146.6 + 37.8 0.850
Duration of velopharyngeal contraction, s 0.71 £0.08 0.74 £ 0.07 0.079
Max. tongue base pressure, mmHg 242.0 £ 104.7 263.9 £132.2 0.279
Duration of tongue base contraction, s 0.70 £ 0.08 0.72 £ 0.09 0.138
UEST max. pressures predeglutition, mmHg 100.6 = 42.3 109.7 £44.3 0.298
UEST max. pressures postdeglutition, mmHg 2403 £ 76.4 253.7 +89.9 0.189
UES' resting pressure, mmHg 304+ 114 329 +10.2 0.224
UES' relaxation nadir pressure, mmHg —-83+4.6 —98+54 0.090
UES relaxation time, s 0.69 = 0.07 0.72 = 0.06 0.028*
UES' activation time, s 0.87 +£0.11 0.93 £0.07 0.004*
Pharyngeal contractile integral, mmHg cm s 252.6 + 148.6 285.7 £ 1479 0.019*

Data are given as mean + standard deviation
*Indicates statistical significance
TUpper esophageal sphincter

in the “visual” alpha band and less strongly in the beta range
(Fig. 4). Significant effects of the capsaicinoids application on
the cortical activation pattern compared to pure water were
neither found in the “capsaicinoids preconditioning” nor in
the “continuous capsaicinoids” condition in any swallowing
task. However, swallowing performance in the challenged
task was significantly improved by capsaicinoids precondi-
tioning (Table 2). Percentage of hits was increased by more
than 20% (post hoc ¢ tests, Bonferroni-corrected: capsaicinoid
preconditioning vs pure water: p <0.0015, capsaicinoid pre-
conditioning vs continuous capsaicinoids: p <0.0015; pure
water vs continuous capsaicinoids: p =0.681). Moreover,
EMG power (Table 2) was significantly lower with
capsaicinoid preconditioning than in the other two conditions
during volitional swallowing (post hoc Wilcoxon test,

Table2 MEQG task performance data

Bonferroni-corrected: capsaicinoids preconditioning vs con-
tinuous capsaicinoids: p = 0.015; capsaicinoids precondition-
ing vs pure water: p =0.021; pure water vs continuous
capsaicinoids: p = 1.0), and at least lower compared to contin-
uous capsaicinoids in the challenged swallow task (post hoc
Wilcoxon test, Bonferroni-corrected: capsaicinoids precondi-
tioning vs continuous capsaicinoids: p = 0.015; capsaicinoids
preconditioning vs pure water: p =0.141; pure water vs con-
tinuous capsaicinoids: p =0.999).

Discussion

The administration of capsaicin-containing red pepper sauce
suspension to healthy individuals significantly modified

Pure water Capsaicinoid preconditioning Continuous capsaicinoids p value

Head movement (mm), mean + SD

Volitional swallowing 0.35+0.23 0.46 + 0.39 037 +0.21 1.000

Challenged swallow task 022 +0.12 023 +£0.14 0.35+0.34 0.905
Swallow count, n = SD

Volitional swallowing 72 £18 75 £30 71 £13 0.905
Hits in challenged swallow, % + SD 432 +£11.5 67.1 £159 462 +9.1 <0.0005*
EMG' power (iLV), mean = SD

Volitional swallowing 161.9 + 178.9 550+ 153 107.1 £ 49.6 0.002%*

Challenged swallow task 95.8 £41.2 632+ 123 122.4 £ 749 0.014*
EMGT amplitude (11V), mean + SD

Volitional swallowing 659.4 +440.5 463.4 + 140.1 597.8 £ 1974 0.273

Challenged swallow task 5192 £ 1455 548.2 +150.1 604.1 + 322.6 0.584

*Indicates statistical significance in analysis of variance (ANOVA) or Friedman’s test

T Electromyographic
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Fig. 3 Source distribution of
group-average task-related corti-
cal activation during voluntary
swallowing. Data are displayed
for all three conditions and per
frequency band. The color bar
with negative values indicates
event-related desynchronization
of oscillatory activity relative to
the resting stage

Continuous Pure
Capsaicinoids Water

Capsaicinoids
Preconditioning

swallowing as seen by greater vigor of the pharyngeal swal-
low and longer UES relaxation duration in HRPM and by
increased precision in the MEG challenged swallow task.
This effect was not found to be related to alterations in cortical
swallowing processing but a dose-dependent rise of saliva SP
level for at least 15 min after application was observed as an
indicator of effective sensory afferent stimulation. No adverse
reactions occurred to capsaicinoids application.

Fig. 4 Source distribution of
group-average task-related corti-
cal activation during the chal-
lenged swallow. Data are
displayed for all three conditions
and per frequency band. The color
bar with negative values indicates
event-related desynchronization
of oscillatory activity relative to
the resting stage

Pure
Capsaicinoids Water

Continuous

Capsaicinoids
Preconditioning
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Pharmacology

As far as we know there is only one recent study to show
salivary SP increase after oral capsaicin administration [25].
While a dose-dependent acceleration of swallow reflex trig-
gering [44, 45] has been demonstrated and a dose-dependency
of salivary SP increase could therefore be postulated our study
is the first to prove this concept: although we found significant
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effects on swallowing function with 10 pumol/L, a relevant
increase of SP could only be measured at a 5-fold higher dose.
Slight increases in SP level with 10 pmol/L may have been
missed due to dilution effects in saliva. The optimal concen-
tration and pharyngeal mucosa contact time of capsaicin are
still unknown. Dosage forms in previous studies vary from a
liquid suspension [5] via tablets [26] or thin films [25] to
natural capsaicin-containing foods [27]. As a consequence
final concentrations when dissolving in the mouth are hard
to infer rendering profound conclusions difficult. While some
authors found significant effects on swallowing kinematics at
low doses up to 1 pmol/L [26, 44, 45] others preferred higher
concentrations around 150 wmol/L, also with good results [9,
29, 46]. However, the pungency at this concentration was
reported to be a problem [9, 31]. Moreover, high concentra-
tions or chronic application have been shown to desensitize
the release of SP [17]. In vitro desensitization effects in sen-
sory neurons have even been observed with concentrations as
low as 10 umol/L [47], whereas clinical effects in patients
remained stable over the treatment period with 10 pmol/L
[5] and 150 pwmol/L [9].

Based on the available evidence we initially chose a
medium concentration of 10 wmol/L which we assumed
to be effective and at the same time acceptable even if
administered continuously during a measurement.
Capsaicinoids preconditioning time was 5 min in all three
study parts because this time span proved to be sufficient-
ly long to induce a sensitization [9, 20, 26, 46] but short
enough to prevent desensitization. According to our SP
results, we indeed did not observe any signs of desensiti-
zation. There was no early SP level peak with consecutive
drop due to emptying of TRPV1 receptors at 10 pmol/L.
SP increase was rather detected with a five-fold higher
concentration and was still above baseline at 30 min.
Our study was also the first to directly measure the time
course of salivary SP increase after stimulation. Results
are within the range reported by Grossi et al. [48] who
detected a return to baseline in the manometric esophageal
motility pattern as an indirect parameter of SP release 15
to 25 min after intraluminal administration of capsaicin.
In terms of clinical applicability, the increase of SP seems
to last long enough to complete a meal.

Biomechanics

It is well-established with esophageal manometry that
capsaicin exerts a prokinetic effect on esophageal motility
by increasing the contractile amplitude, duration, and ve-
locity of esophageal body peristalsis [20, 21, 48]. In anal-
ogy, we applied pharyngeal manometry, a relatively new
manometric application [40], to assess the effect of cap-
saicin on oropharyngeal swallowing biomechanics. The
pressure forces that are measurable by HRPM are

influenced by the strength and sequencing of the
swallowing muscles which are modulated by peripheral
sensory and cortical inputs to the swallowing central pat-
tern generator in the brainstem [40]. As capsaicin likely
stimulates these afferent sensory nerves in the pharyngeal
plexus [26] we postulated an increase in pharyngeal con-
tractility. Indeed, the baseline value of the PhCI was with-
in the normal range reported in healthy individuals [49]
and increased significantly after capsaicinoids application.

Whereas a more vigorous contractility in the pharynx
was observed in healthy older individuals and is regarded
a physiological compensatory response for other age-
related changes in swallowing function [49], geriatric
OD or “presbyphagia” typically presents with weak pha-
ryngeal muscular contraction. The PhCI, representing the
“vigor” of the swallow, was therefore established as a
useful indicator of pharyngeal swallowing impairment
[43, 50]. Reduced UES relaxation duration is another hall-
mark of sarcopenic OD [50, 51]. Capsaicin was able to
positively influence both of these parameters in our study
indicating that capsaicin treatment may be especially use-
ful to improve swallowing efficacy in elderly people. In
line with that, TRPV1 stimulation with capsaicinoids re-
duced pharyngeal residue by 80% in a previous
videofluoroscopy study [45].

The findings that were most consistently reported from
EMG and videofluoroscopy studies after capsaicinoid ad-
ministration are a shortening of swallow response time
and the time to laryngeal vestibule closure [9, 26, 27,
44, 45, 52]. Unfortunately, these measures cannot easily
be investigated with HRPM because they have no salient
manometric correlate [53]. However, better performance
in the MEG challenged swallow task, for which precise
timing of laryngeal elevation was of special importance
[34], is in line with videofluoroscopic results.

It might be surprising that submental EMG power de-
creased in the MEG volitional swallowing task after
capsaicinoids preconditioning while—according to the
HRPM results—one could have expected an increase in
muscle contractility in all swallow-relevant muscle
groups. Hoffman et al. [53] observed disordered hyoid
excursion, which is generated by submental muscles, de-
spite regular pharyngoesophageal segment opening in a
study on OD, indicating that the two muscle groups work
independently and may also be modulated differently. It
may be that capsaicinoids preconditioning led to a more
efficient pharyngoesophageal passage as reflected in
HRPM results requiring less submental muscle effort to
perform precise swallowing in the MEG. Contrary, con-
tinuous capsaicinoids application over 30 min caused nei-
ther changes in the EMG nor in the challenged swallow
task indicating potential desensitization due to
overstimulation.
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Neurophysiology

The swallowing-associated cortical activation pattern was
consistent with former MEG studies in healthy subjects:
swallowing is coordinated bilaterally in a distributed yet focal
network involving among others the primary and secondary
sensorimotor areas, the insula, and anterior cingulate [34, 35,
54, 55].

Pharyngeal electrical stimulation (PES), a
neuromodulation technique which also operates via local pha-
ryngeal SP release [56, 57] has been shown to induce reorga-
nization of neural connections within the cortical swallowing
network thereby improving swallowing function [35, 58, 59].
In analogy, SP-releasing pharmacological TRPV1 agonists
have been postulated to increase the sensory input to the
brainstem and cortical areas, facilitating deglutition. With
the experimental setup applied here, however, we were not
able to prove this concept. There are several reasons why we
may have missed underlying neurophysiological changes de-
spite clear effects on swallowing function in the MEG chal-
lenged swallow task: First, the effect size of a single applica-
tion in healthy subjects is probably small and might not be
detected with our relatively low number of participants.
Second, MEG is mostly sensitive to cortical neuronal activity.
Changes in subcortical and brainstem circuits, where the
swallowing pattern generator is located, may have been
missed. Tomsen et al. [31] observed increased cortical
event-related potentials in the cingulate gyrus and the medial
frontal gyrus, two areas involved in stimulus perception and
swallowing preparation, after longer-term capsaicinoids stim-
ulation over 10 days, but not after one-time intervention. The
most plausible explanation for the lack of cortical changes
after single application is a potential dual effect of capsaicin
on swallowing function [27, 29]: On the one hand, it has a
direct short-term facilitatory effect on sensory neurons that
immediately improves afferent input from the pharynx, pro-
moting the pharyngeal phase of swallowing. Secondly, it
probably induces an indirect neuromodulatory long-term ef-
fect through repetitive stimulation to the cortex. This would
explain beneficial behavioral effects after a single stimulation
episode but no immediate effects in brain imaging, only after
repetitive stimulation [31].

Clinical Implications

Given that the pathophysiology of OD in seniors is substan-
tially based on impaired swallowing biomechanics and de-
creased oropharyngeal sensitivity [46], the dual, motor and
sensory effect of capsaicinoids demonstrated in our study
makes it a suitable treatment option in geriatric care. A con-
centration of 10 pmol/L was well-tolerated by our participants
and seems to be safe and acceptable also for older patients
with oropharyngeal dysphagia [5, 31]. Supplementing the

@ Springer

food with capsaicin would be a widely available, easy to ad-
minister, and low-cost strategy to improve swallowing func-
tion in elderly persons with presbyphagia who are still on an
oral diet. Based on our results and previous clinical studies
[20, 26, 46] it seems enough to administer capsaicin over a
few minutes prior to a meal to get an effect that lasts long
enough to complete this meal. Daily stimulation is probably
beneficial to build up and maintain a neuromodulatory long-
term effect [27, 29, 31].

Limitations

This study was designed as a proof-of-principle investiga-
tion and therefore conducted in a low number of healthy
participants. Future studies should aim to replicate the
findings in the population of elderly subjects. Further clin-
ical trials are also needed to determine the optimal way of
application, treatment interval, and minimal effective dose
of capsaicin to avoid desensitization and reduce pungency.
Given the capsaicin effect on swallowing biomechanics at
a concentration of 10 umol/l in the absence of a detectable
substance P increase, we cannot rule out that other stimulus
effects of capsaicin may (additionally) have impacted on
the behavioral results.

The HRPM method applied here is relatively new and
despite a body of published evidence and a critical mass of
investigators in the field, there is a lack of consensus sur-
rounding what biomechanical phenomena to measure [41].
We decided on evaluating parameters that are particularly
relevant in the context of geriatric OD. The more conven-
tional method of videofluoroscopy was not applicable in
our healthy volunteers because of the exposure to X-ray.
Fiberoptic endoscopic evaluation of swallowing as an al-
ternative method was not chosen because it gives semi-
quantitative results only and was suspected to potentially
miss slight intervention effects that occur when investigat-
ing healthy participants.

Conclusion

In summary, our results in healthy subjects provide supportive
evidence for the value of natural capsaicinoids to treat OD.
Findings may contribute towards moving on dysphagia ther-
apy from sole compensation to true recovery of swallowing
function.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s13311-020-00996-2.
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