
Vol.:(0123456789)1 3

Dysphagia (2022) 37:1633–1650 
https://doi.org/10.1007/s00455-022-10426-4

ORIGINAL ARTICLE

Electrophysiological Measures of Swallowing Functions: A Systematic 
Review

Ankita M. Bhutada1 · Tara M. Davis1 · Kendrea L. Garand1 

Received: 27 July 2021 / Accepted: 14 February 2022 / Published online: 26 February 2022 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract
The purpose of this systematic review was to examine the application of event-related potentials (ERPs) to investigate neural 
processes of swallowing functions in adults with and without dysphagia. Computerized literature searches were performed 
from three search engines. Studies were screened using Covidence (Cochrane tool) and followed the Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses statement standards (PRISMA-2009). A total of 759 studies were initially 
retrieved, of which 12 studies met inclusion criteria. Electrophysiological measures assessing swallowing functions were 
identified in two major ERP categories: (1) sensory potentials and (2) pre-motor potentials. Approximately 80% of eligible 
studies demonstrated strong methodological quality, although most employed a case series or case–control study design. 
Pharyngeal sensory-evoked potentials (PSEPs) were used to assess pharyngeal afferent cortical processing. The temporal 
sequence of the PSEP waveforms varied based on the sensory stimuli. PSEPs were delayed with localized scalp maps in 
patients with dysphagia as compared to healthy controls. The pre-motor ERPs assessed the cortical substrates involved in 
motor planning for swallowing, with the following major neural substrates identified: pre-motor cortex, supplementary motor 
area, and primary sensorimotor cortex. The pre-motor ERPs differed in amplitude for the swallow task (saliva versus liquid 
swallow), and the neural networks differed for cued versus non-cued task of swallowing suggesting differences in cognitive 
processes. This systematic review describes the application of electrophysiological measures to assess swallowing function 
and the promising application for furthering understanding of the neural substrates of swallowing. Standardization of pro-
tocols for use of electrophysiological measures to examine swallowing would allow for aggregation of study data to inform 
clinical practice for dysphagia rehabilitation.
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Introduction

Swallowing is a complex and dynamic sensorimotor process, 
which involves the timely integration of an estimated 30 
pairs of head and neck muscles innervated by five cranial 
nerves receiving information from various cortical and sub-
cortical structures. Dysphagia (disordered swallowing) is a 
highly prevalent symptom in various patient populations, 
including neurogenic conditions (e.g., stroke, Parkinson’s 
disease), cancers of the head and neck, and pulmonary con-
ditions (e.g., chronic obstructive pulmonary disease) [1–3]. 

Dysphagia can substantially impact the quality of life, often 
leading to health care burden due to hospitalizations result-
ing from aspiration pneumonia, malnutrition, and dehydra-
tion [4–6].

Over the past 20 years, research in swallowing assess-
ment and rehabilitation has increasingly employed func-
tional neuroimaging techniques to better understand the 
neural substrates of swallowing and neural reorganization 
[7–15]. Neuroimaging techniques include functional mag-
netic resonance imaging (fMRI), transcranial magnetic 
stimulation (TMS), positron emission tomography (PET), 
electroencephalography (EEG), and magnetoencephalogra-
phy (MEG). Limitations in using neuroimaging techniques 
to evaluate swallowing functions have been described in pre-
vious literature [7–9, 16]. For example, fMRI can be elicited 
only in a supine position, which is not reflective of what 
occurs during normal eating behaviors and is not considered 
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an optimal position because of alterations in swallowing bio-
mechanics and related pressures that impact swallow safety 
and efficiency [8]. Further, the limited temporal resolution 
eliminates monitoring of swallowing neural responses before 
and after swallow [14]. Although MEG provides high tem-
poral resolution, the myoelectric discharges affect swallow-
ing-related brain activity of interest [7].

EEG is a non-invasive and relatively inexpensive elec-
trophysiological technique that uses scalp electrodes to 
measure the underlying brain electrical activity that reflects 
post-synaptic potentials generated from neurons that have a 
similar radial orientation with the scalp [17]. Event-related 
potentials (ERPs), which are digitally extracted from the 
EEG, measure time-locked neural activity in response to 
sensory, motor, or cognitive events [18]. The evoked poten-
tial recordings measure the current from cortical dipoles 
generated with the activation of specific regions of cortical 
neurons [19, 20]. ERPs provide excellent temporal synchro-
nization in response to the neural conduction and integration 
of the cortical changes related to both motor (efferent) and/or 
sensory (afferent) behavioral changes [21–32]. Accordingly, 
ERPs provide the ability to measure the dynamic swallow-
ing mechanism with millisecond precision. Therefore, ERPs 
afford the enhanced ability to study the cortical neural pro-
cessing for motor planning, motor, and sensory pathways of 
swallowing compared to other aforementioned techniques 
[21–32].

Over the past two decades (Fig.  1), the swallowing 
literature has employed ERPs to assess cortical neural 
substrates involved in swallowing behaviors and assess 
dysphagia treatment-induced cerebral reorganization 
[19–30]. Although the conceptualization of ERPs com-
menced with employing sensory ERPs in the early 1990s, 
the studies between 2003 and 2009 assessed pre-motor 
ERPs, more specifically, the neural substrates for motor-
readiness potentials [20–23]. Pre-motor ERPs assess the 
cortical neural substrates involved in the motor planning 
and initiation of swallowing prior to the regulation of the 
motor plan by the central pattern generators [16]. The pre-
motor ERPs used included the movement-related cortical 

potential (MRCP)/Bereitschafts potential (BP) and contin-
gent negative variation (CNV) (Table 1) [22–25]. MRCP 
and BP are motor-readiness potentials that were used to 
evaluate the neural substrates in the planning/preparatory 
phase of swallow, while CNV assessed differences in the 
cognitive processes (attention) during cued versus non-
cued tasks.

Since 2011, however, there has been a transition towards 
exploring the cortical processing of the afferent pathways 
of swallowing by measuring sensory ERPs. These studies 
have employed sensory ERPs to measure cortical process-
ing of oropharyngeal afferent information during stimula-
tion of oropharyngeal structures via different stimulations 
(mechanical, electrical, chemo-sensory) (Table 1). One type 
of sensory ERP, the pharyngeal sensory-evoked potentials 
(PSEPs), has been specifically used in swallowing research.

A 2015 review by Jestrovic et al. [16] highlighted EEG 
analysis techniques and summarized the utility of various 
EEG components to investigate various swallowing func-
tions limited to neurotypical adults. Unfortunately, this 
review did not appraise eligible studies for study quality. 
Further, since that review was published, several studies 
have employed ERPs to evaluate swallowing functions, par-
ticularly in neurogenic dysphagia populations, to understand 
treatment-induced neuroplastic changes by employing sev-
eral swallowing-related kinematic and timing measures as 
observed on videofluoroscopy (i.e., videofluoroscopic swal-
low study or VFSS). The current study aimed to examine the 
application of ERPs in assessing neural processes of swal-
lowing function in adults with and without dysphagia, and 
to summarize and critically appraise the research employing 
ERPs in the swallowing literature.

Method

For reporting, the guidelines of Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses were followed 
[39].

Fig. 1  Timeline of the ERPs in 
swallowing literature
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Search Strategy

A search strategy was developed and implemented in three 
electronic bibliographic databases (PubMed, Scopus, and 
CINAHL). Next, the search strategy results were imported 
to an online platform (Covidence: www. covid ence. org, 
Melbourne, VIC, Australia) for independent review. All 
parameters of interest were extracted using a spreadsheet. 
We reviewed all studies retrieved from the selected database 
from inception until September 2020 based on eligibility. 
The key search terms used in this review were “Degluti-
tion” OR “Swallowing” OR “Deglutition disorders” OR 
“Oropharyngeal dysphagia” AND “EEG” OR “Electroen-
cephalography” OR “Evoked Potentials” OR “Event-Related 
Potentials.”

Eligibility Criteria

A single author with previous experience in performing 
systematic reviews (AB) independently screened articles 
by title, abstract, and full text. Questionable inclusion was 
discussed with another author (TD), and a consensus judg-
ment was made to determine eligibility. Inclusion criteria 
were as follows: (1) original article; (2) adult population; 
and (3) investigation employed ERPs to study swallowing 
behaviors. Exclusion criteria were as follows: (1) use of 
another neuroimaging technique to EEG; (2) ERPs meas-
ures were not collected for purposes of studying swallow-
ing behavior; (3) study examined additional physiologic 

behaviors (e.g., respiration); (4) study lacked sufficient 
details of ERP methodology employed; (5) duplicated 
article in search engine results; or (6) non-English article.

Data Extraction

We obtained the following data from each included study 
based on our aim of the study: (a) study identification: 
first author, year; (b) design characteristics: type of study 
design and type of ERPs; (c) study sample characteris-
tics: sample size, demographic data (age, gender), healthy 
versus patients with oropharyngeal dysphagia; (d) ERP 
elicitation characteristics: stimulus used for ERP elicita-
tion, EEG setup, sampling rate, electrodes details, epochs, 
reference electrodes, and filters; (e) swallowing evaluation 
characteristics: use of instrumentation, swallowing out-
come measures; and (f) Scalp topography: ERPs identified 
and neural substrates. Due to the wide variety of study 
types, patient populations, and types of ERPs and swal-
lowing evaluation methods, currently it was not possible 
to analyze the data across studies quantitatively. Instead, 
a descriptive (narrative) synthesis of the findings across 
studies was completed while critically evaluating the 
risk of bias of their methods and results. The results are 
grouped based on type of ERPs (motor vs sensory), and a 
more global comparison of the results is also presented to 
explain the salient findings and conclusions for ERPs and 
swallowing outcomes of the test.

Table 1  Description of evoked-related potentials (ERPs) used in swallowing research

ERP Type Description

Sensory ERPs
glossopharyngeal evoked potential (GP) • Sensory potential generated in response to faucial pillar stimulation

• Five distinct components—three positive peaks P1, P2, P3, and two negative peaks N1 and N2 
[21]

• Generated within 50 ms interval
Pharyngo-sensory-evoked potentials (PSEP) • Sensory potential generated in response to oropharyngeal wall stimulation

• Four distinct components—P1, N1, P2, N2
• Latency ranges from 60-315 ms based on stimuli used to elicit response [24, 28]

Pre-motor ERPs
Bereitschaftspotential (BP)/readiness potential • Gradually rising negative pre-motor potential that precedes approximately 1-2 s before any 

voluntary motor action
• Two distinct components—Early BP1 and BP2
• Early BP1 occurs 1–1.5 s before movement onset, BP2 occurs 0.5 s before movement onset 

[33]
Movement-related cortical potential (MRCP) • Pre-motor potential that includes the BP occurs 1.5 s before movement onset and additional 

negative slope (NS’) occurs 0.5 s before any voluntary motor activity [33, 34]
• Two distinct components—BP and NS’

Contingent negative variation (CNV) • The slow negative pre-motor potential is obtained between two consecutive motor responses, 
particularly in response to cue for the second voluntary motor stimuli [35, 36]

• Two components—Early CNV/BP (also called as O-wave) and later CNV (called E-wave) [37, 
38]

•Occurs 2–2.5 s before voluntary motor activity

http://www.covidence.org
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Quality Assessment

Two authors (AB and TD) independently judged the 
strength of evidence and level for each eligible article. If 
there was disagreement, a third author (KLG) resolved the 
conflict(s) to establish consensus. To determine the level 
of evidence based on study design, “The Oxford Centre 
for Evidence-Based Medicine Levels of Evidence” [40] 
was employed. In addition, study quality was assigned 
using the 14-item QualSyst critical appraisal tool [41]. 
The following scoring criteria were used for each applica-
ble parameter: a score of “2” was awarded if criteria were 
completely met; “1” was awarded for partial criteria; and 
“0” was awarded if criteria were not met. Items that did 
not qualify for judgment were labeled “not applicable” 
[41]. Cumulative scores were calculated for each study, 
and a percentage score was then determined. Each study 
was subsequently judged based on quality: a score > 80% 
was considered strong quality; a score between 60 and 79% 
was considered good quality; a score between 50 and 59% 

was considered average quality, and a score < 50% was 
designated as poor quality [41].

Results

The search strategy initially identified 759 papers. Of these, 
12 studies met eligibility criteria. Details of extraction are 
represented in Fig. 2. We extracted and grouped the data 
by the type of ERPs to better understand the relationship 
between the influence of swallow tasks and its impact on 
scalp topography/neural substrates. The results are provided 
to address the aim of the study to assess the application of 
ERPs assessing neural processes of swallowing function in 
adults with and without dysphagia.

Study Design and Methodological Quality

As outlined in Table 2, the majority (n = 7; 58%) of stud-
ies were case series (level 4). Three studies (25%) were 

Fig. 2  Adapted PRISMA flow 
diagram showing the process of 
study selection
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case–control design (3b), and the remaining two studies 
(17%) employed a low-quality randomized control design 
(2b). The majority of the studies (n = 10; 83%) demonstrated 
“strong” quality evidence. The majority (n = 8; 67%) of stud-
ies lacked sufficient description of participant selection and 
related methodological aspects, such as sampling strategy, 
adequate demographic details, and details about informed 
consent.

Participant Characteristics

Seven studies (58%) investigated healthy adults, including 
three studies that used healthy individuals as a control group 
and a single study that also included persons with epilepsy as 
a subgroup. Five studies (40%) investigated various patient 
populations with oropharyngeal dysphagia, including stroke, 
Parkinson’s disease, and other neurogenic causes.

For studies involving healthy adults, the sample sizes 
ranged from 7 to 30, with an overall sample size of 112. The 
sample size for patient population-based studies ranged from 
6 to 21, with an overall sample size of 147. The age range 
was 18–72 years old in healthy participants, and 65–82 years 
old for patient populations. The majority of studies (60%; 
n = 7) had an equal distribution of sex, while two studies did 
not provide sex distribution of participants.

Types of ERPs

Tables 3 and 4 and Fig. 1 describe the types of ERPs and the 
electrophysiological protocol used in the investigation. Eight 
studies (66%) measured sensory potentials that evaluated 
the oropharyngeal sensory mechanism. A single study that 
measured sensory potentials from faucial pillar stimulation 
was termed glossopharyngeal evoked potential (GP) [21]. 

Wheeler-Hegland and colleagues [26] first identified the sen-
sory-evoked potentials from pharyngeal stimulation as phar-
yngo-sensory-evoked potentials (PSEP). Four studies (30%) 
elicited PSEPs with intrapharyngeal electrical stimulation, 
whereas the other three (25%) studies used intrapharyngeal 
mechanical stimuli (air puffs) (Table 3). Collectively, the 
PSEPs and GP were used to understand the role of the cor-
tical neural substrates involved in the afferent pharyngeal 
swallowing mechanism, determine sensory thresholds for 
the urge to swallow, and assess the efficacy of novel phar-
macological treatments using transient receptor potentials 
(TRP) agonist (capsaicin, TRPA1) on swallow safety and 
neural reorganization in persons with dysphagia [31, 32].

Studies that evaluated cortical processing for motor readi-
ness/motor preparation and/or effects of cognition were cate-
gorized into pre-motor potentials. Pre-motor potentials were 
measured in approximately four (30%) of the studies and 
included MRCP, BP, and CNV [22–25]. These potentials 
measured the pre-motor activity at approximately 500 ms 
prior to swallow onset. The cortical networks for motor plan-
ning and initiation differed based on swallow tasks and cued 
versus volitional swallowing tasks.

ERP Waveform Morphology

The PSEP latencies varied based on the stimuli used to 
evoke PSEPs. The PSEPs elicited by mechanical stimu-
lation were characterized as early-mid latencies within 
the range of 60–170 ms for the healthy population. The 
temporal sequence was P1 = 50–70 ms, N1 = 80–110 ms, 
P2 = 100–122  ms, and N2 = 145–170  ms [26]. On the 
other hand, the PSEPs evoked via intrapharyngeal elec-
trical stimulation were characterized as mid-late latencies 
within the range of 70–315 ms, with the negative polarity 
of the first peak and temporal sequence of N1 = 56–80 ms, 
P1 = 120–150 ms, N2 = 220–270 ms, and P2 = 300–350 ms 
[29, 30]. Interestingly, a single-study eliciting sensory-
evoked potentials via mechanical stimulation to the faucial 
pillars and lips (termed as “Glossopharyngeal evoked poten-
tial” or GP) generated P1, N1, P2, N2, and P3 components 
within the range of 10–35 ms [21].

Similar to measuring motor preparation activity for limb 
movements, the motor-readiness potentials MRCPs/BP and 
CNV were measured 1.5 and 2.0 s before the onset of the 
suprahyoid muscle in both command and volitional swallow-
ing tasks [25]. There were differences in the early slope for 
the BP based on the swallowing task (liquid vs saliva swal-
low). For example, the early slope for BP was not present 
for the liquid swallowing task, and the amplitude of positive 
potential was larger for liquid swallow when compared to 
saliva swallow. Further, the swallow-related MRCPs dif-
fered from the limb-related motor tasks in terms of polarity 
and amplitudes (Table 4). The CNV differed based on the 

Table 2  Study design, level of evidence, and critical appraisal of 
methodological quality

Citation Level of 
evidence

KMET score Quality

Fujiu et al. [21] 4 18/20 (90%) Strong
Wheeler-Hegland et al. [26] 4 18/20 (90%) Strong
Wheeler-Hegland et al. [27] 4 18/20 (90%) Strong
Pitts et al. [28] 3b 15/20 (75%) Good
Rofes et al. [29] 3b 19/20 (95%) Strong
Cabib et al. [30] 3b 19/20 (95%) Strong
Tomsen et al. [31] 2b 23/28 (82%) Strong
Tomsen et al. [32] 2b 25/28 (89%) Strong
Huckabee et al. [22] 4 18/20 (90%) Strong
Hiraoka et al. [24] 4 15/20 (75%) Good
Satow et al. [23] 4 19/20 (95%) Strong
Nonaka et al. [25] 4 18/20 (90%) Strong
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swallow command and swallow task and had a larger ampli-
tude for the command swallow task when compared to the 
volitional swallow task (Table 4).

Swallowing Neural Substrates and Scalp 
Topography

The number of electrodes employed to obtain the scalp sig-
nals ranged from 3 to 68 electrodes. All studies adhered to 
the International 10–20 classification system for electrode 
placement. In PSEP studies, the most frequently used elec-
trode sites were in the fronto-central-parietal regions (F3, 
Fz, F4, C3, Cz, C4, CP3, CPz, CP4, P3, P4, Pz), (Table 3). 
In contrast, pre-motor ERP studies typically used electrode 
sites located in fronto-central regions (C3, Cz, C4, F3, Fz, 
F4) (Table 4).

The Standardized Low-Resolution Brain Electromagnetic 
Tomography (sLORETA) was utilized in four of the total 
studies (30%) to identify the neural substrates for the sensory 
ERPs [29–32]. One study also applied cortical stimulation 
mapping along with ERPs for functional cortical mapping 
of the motor ERPs [23]. Table 5 describes the neural sub-
strates across both healthy adults and adults with dyspha-
gia. In studies assessing PSEPs in healthy adults employing 
the intrapharyngeal electrical stimulation, the P1 was more 
localized to the prefrontal cortex and inferior frontal gyrus; 
N1 was localized to the primary motor (BA 4), and sensory 
cortex (BA 2 and 3), and supplementary motor area [(SMA) 
BA 6]; P2 was localized to the cingulate cortex; and N2 
was localized in primary somatosensory cortex (BA 2 and 
3), the primary motor cortex (BA 4), and SMA (BA 6) [29, 
30]. The scalp topography in a healthy population for P1 
was located more posterior-central/lateral, while the N1 peak 
was generated in midline/pre-central regions. The N2 gen-
erators were in posterior-central regions and N2 was more 
diffusely spread (Fig. 3). On the other hand, in patients with 
oropharyngeal dysphagia, the peaks were asymmetrical and 
more localized distributed to a hemisphere [30].

The pre-motor ERP studies assessed the motor prepared-
ness/planning prior to the swallow. The most frequent neural 
substrates identified for pre-motor evoked potentials were 
the primary somatosensory [Brodmann areas (BA) 2 and 
3] and primary motor cortices (BA 4) supplementary motor 
area (BA 6), and anterior cingulate cortex (BA 32 and 24) 
[22, 23, 25].

Swallow Tasks and Identification of Swallow Signals

The swallow tasks employed during investigations were 
dependent upon the study purpose (Table 6). One third 
of studies assessing PSEP used mechanical stimulation to 
the pharynx via an air puff or used pharyngeal electrical 
stimulation while recording scalp signals [26–32] (Table 3). BP
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Table 5  Summary of scalp topography and neural substrates

Citation Study Participants ERP components Scalp topography

Scalp topography for PSEPs
Wheeler-Hegland et al. [26] Healthy adults P1 • Bilateral posterior-central and lateral

N1 • Midline pre-central (frontoparietal)
P2 • Diffused distribution
N2 • Posterior-centrally located

Pitts et al. [28] Healthy older adults P1 • Posterior central or lateral
N1 • Midline
P2 • Diffused
N2 • Diffused

Cabib et al. [30] Healthy adults N1, N2 • Bilateral posterior-central
Post-stroke adults with dysphagia N1, N2 • Asymmetrical distribution with reduced cortical activity 

in the affected hemisphere
sLORETA for PSEPs Neural substrates
Rofes et al. [29] Healthy young adults P1 • Dorsolateral prefrontal

cortex, inferior frontal gyrus, and the insula
N1 • SMA, anterior cingulate, primary somatosensory and 

motor cortex
P2 • Cingulate cortex
N2 • Primary somatosensory, motor cortex, and SMA

Healthy older adults P1 Decreased activation:
• Anterior cingulate cortex and SMA

N1 Decreased activation:
• Anterior cingulate cortex, primary motor, and somatosen-

sory cortex
P2 Decreased activation:

• Posterior cingulate, somatosensory and association cortex
Greater current density:
• Prefrontal and anterior cingulate cortex

N2 Decreased activation:
• SMA, cingulate cortex, and primary motor and soma-

tosensory cortex
Older adults with dysphagia P1 Greater current density:

• Wernicke’s area and primary somatosensory cortex
N1 Decreased activation:

• Primary motor, somatosensory cortex and SMA
Decreased activation:
• Dorsolateral and anterior prefrontal cortex

P2 Decreased activation:
• Anterior cingulate cortex and medial frontal gyrus

N2 Decreased activation:
•Anterior, posterior cingulate cortex, primary motor, and 

somatosensory cortex
Greater current density:
• Somatosensory association cortex, and Wernicke’s area

Tomsen et al. [32] Baseline OD P1, N1 •Bi-hemisphere prefrontal & anterior temporal cortex
P2, N2 •Parietal and posterior cingulate cortex

CIN-Zn treatment group P1 Decreased activation:
•Inferior frontal gyrus

N1, N2, P2 Increased activation
•Cingulate gyrus, superior and middle frontal gyrus

CIT treatment group P1 Increased activation:
•Precuneus

P1, P2, Increased activation:
•Superior frontal gyrus
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Four studies (30%) all assessing pre-motor ERPs identified 
a swallow signal using a surface electromyogram (sEMG) 
[22–25]. The pre-motor ERP studies (30%) employed either 
saliva/dry swallows or thin liquids swallow for determining 
neural substrates in terms of the motor preparatory phase 
of swallowing. Nanako et al. [25] were the only studies that 
evaluated neural substrates based on swallow commands 
(cued versus non-cued swallowing). The frequency of swal-
low trials employed ranged from a single trial to over 50 
trials.

Association of Swallowing Safety, Biomechanics, 
and ERP Components

Four studies (30%) employed videofluoroscopy to assess 
swallow safety and efficiency in addition to measuring ERPs, 
although all studies collected VFSS and ERP measures on 

different visits. Out of three studies evaluating PSEPs, N1 
and N2 latencies were delayed in patients with oropharyn-
geal dysphagia. An association was observed between 
delayed LVC and delayed latencies/reduced amplitude of 
PSEPs, demonstrating impaired afferent processing/feedback 
of sensory stimuli for safe and efficient swallowing (Table 3) 
[30–32].

Discussion

This systematic review highlights the different types of 
electrophysiological measures, ERP recording methodol-
ogy, and swallowing stimuli used in assessing swallow-
ing neural substrates. We have identified studies assess-
ing swallowing functions employing ERPs in terms of 
two established themes: (1) sensory potentials assessing 

OD oropharyngeal dysphagia, SMA Supplementary motor area

Table 5  (continued)

Citation Study Participants ERP components Scalp topography

N2 Decreased activation:
•Postcentral gyrus

CIT-ISO group P1, P2, N2 Increased activation:
•Cingulate gyrus, inferior frontal gyrus, and paracentral 

gyrus
N1 Decreased activation:

• Postcentral gyrus
Pre-Motor ERPs
Huckabee et al. [22] Healthy adults BP • Bilateral SMA
Satow, [23] Healthy adults MRCPs • Primary sensory and motor cortex and SMA
Nonaka et al. [25] Healthy adults CNV • Prefrontal cortex and SMA

Fig. 3  Scalp topography of PSEP components. P1 and N1 are generated in bilateral frontoparietal regions; P2 and N2 show more diffuse distri-
butions
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cortical neural correlates for pharyngeal afferent path-
ways; and (2) pre-motor potentials assessing the role of 
the cerebral cortex. Studies differed in methodology for 
eliciting ERPs; hence, it is difficult to compare studies or 

aggregate data to employ additional statistical analyses to 
perform a meta-analysis.

Table 6  Summary of swallow-related task/outcome across sensory and pre-motor ERPs

VFSS videofluoroscopic swallow study, VST volume swallow test, sEMG surface electromyography, GKP Glossokinetic potential, PAS penetra-
tion-aspiration scale, LVC laryngeal vestibule closure, UESO upper esophageal sphincter opening, LVO laryngeal vestibule opening

Citation Swallowing assessment Stimulus Additional measure(s) Swallow outcome(s)

Sensory ERPs
Fujiu [21] – • Mechanical stimulation of 

anterior faucial pillars/lips
– –

Wheeler-Hegland et al. [26] – • Intrapharyngeal stimuli 
via air puffs

(2 trials)

– –

Wheeler-Hegland et al. [27] – • Intrapharyngeal stimuli 
via air puffs

• Sensory gating
(2 trials)

– –

Pitts et al. [28] – • Intrapharyngeal stimuli 
via air puffs

• Sensory gating
(2 trials)

– –

Rofes et al. [29] •VST
•VFSS

• Intrapharyngeal electrical 
stimuli

(4 trials)

• Finger sensory threshold –

Cabib et al. [30] •VST
•VFSS

• Intrapharyngeal electrical 
stimuli

(2 trials)

• Finger sensory threshold • Swallow efficiency %
• Swallow safety %
• PAS
• Time to LVC duration

Tomsen et al. [31] •VST
•VFSS

• Intrapharyngeal electrical 
stimuli

(2 trials)

– •Swallow efficiency %
•Swallow safety %
•PAS
•UESO duration

Tomsen et al. [32] •VST
•VFSS

•Intrapharyngeal electrical 
stimuli (2 trials)

– • Swallow efficiency %
• Swallow safety %
• PAS
• Time to LVC duration
• LVO duration
• UESO duration
• Mean bolus velocity 

(cm/s)
• Bolus propulsion force 

(mN)
Pre-Motor ERPs
Hiraoka et al. [24] – •Saliva swallow (50 trials)

•Thin liquid cup swallow 
10 ml (50 trials)

•sEMG on mylohyoid 
muscle

–

Huckabee et al. [22] • Timed test for swallowing •Volitional saliva swallow 
with effort

•Submental sEMG
•finger tapping

–

Nonaka et al. [25] – •Saliva swallow cued (10 
trials)

•Saliva swallow non-cued 
(10 trials)

•sEMG –

Satow et al. [23] – •Thin liquid non-
cued-2–3 ml (trails not 
available)

•Lingual protrusion task

•Submental sEMG
•GKP

–
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Sensory ERPs

The sensory ERPs assessed the neural networks for the 
pharyngeal afferent mechanism to determine the pharyngeal 
thresholds for swallow initiation and investigate cerebral 
reorganization following sensory enhancement pharmaco-
logical treatments in patients with oropharyngeal dysphagia 
[26–32]. The P1 and N1 peaks characterize the arrival of 
the afferent information from the oropharyngeal regions to 
the sensory cortex; the later peaks, P2 and N2, may reflect 
integration with the motor cortex [26]. We observed differ-
ences in PSEP waveform morphology and latencies based 
on type of stimuli and varying ERP acquisition methods. On 
mechanical stimulation of the pharynx in healthy adults, the 
PSEPs were identified as earlier latencies within the range 
of 60–160 ms, with an initial positive peak, sequenced as 
P1, N1, P2, and N2. However, intrapharyngeal electrical 
stimulation elicited late latencies PSEPs ranging from 70 
to 315 ms in healthy adults, with an initial negative peak, 
sequenced as N1, P1, N2, and P2 [30]. We attribute these 
morphology and latency differences to the task that may 
have activated different sensory receptor channels. The 
transient receptor potential channel ankyrin 1 (TRPA1) is 
responsible for recognition of the mechanosensory functions 
[42], whereas the voltage-gated ion channels of the pharyn-
geal branch of the glossopharyngeal nerve are responsive for 
intrapharyngeal electrical stimulation [50]. Because of dif-
ferent sensory receptors and voltage-gated ions, there might 
be differences in the generation of action potentials for the 
afferent nerves that then elicit differences in the morphol-
ogy and latencies of the PSEPs. In addition, we attribute 
the differences in scalp topography and morphology across 
the PSEP studies to their differences in their reference elec-
trodes. As outlined in Table 3, the reference electrodes dif-
fered ranging from C7 vertebrae, linked earlobe, and a single 
earlobe across studies. Further, there is wide heterogeneity 
across the number of electrodes, signal-processing methods, 
swallowing stimuli used, and application of signal-process-
ing measures. We recommend, therefore that future investi-
gations take caution and not cross compare PSEPs that differ 
in stimulus techniques.

Pre‑motor ERPs

Four studies (25%) evaluated the role of the cerebral cortex 
in motor planning and initiation of a volitional swallow by 
evaluating the motor-readiness potential [30–33]. Interest-
ingly, studies evaluating pre-motor potentials are limited to 
the early 2000s and only involved healthy participants. Sur-
prisingly, the lack of subsequent contributions may be due 
to the application of other neuroimaging such as transcranial 
magnetic stimulation [43, 44]. The motor-readiness potential 
expanded on the role of the supplementary motor area in 

swallow preparation and initiation. In addition, task-specific 
differences in the neural substrates of cortical processing 
were noted such as differences in cued/command swallow 
versus volitional swallowing. The influence of cueing on 
cortical swallowing processing was also established via 
investigating CNV potentials suggesting additional cognitive 
processes are involved during cued swallow tasks because 
of anticipation for the stimuli. These findings expand our 
understanding of differences noted during normal swallow-
ing based on swallow commands and may also have poten-
tial clinical implications for dysphagia rehabilitation specifi-
cally for the population with cognitive decline. The neural 
substrates highlighted via pre-motor ERPs are in agreement 
with the information identified via other neuroimaging tech-
niques [11, 45–47]. We believe the limitations of pre-motor 
event-related potentials research could be due to the con-
fabulation of myogenic potentials from the tongue and jaw 
movements involved during swallowing. These additional 
movements restrict the abilities to procure quality event-
related potential recordings. Further, there is growing evi-
dence of the use of other neuroimaging techniques such as 
TMS, to study the pre-motor potentials and that have advan-
tageous over the aforementioned shortcomings [43–46].

Experiment Recording and Design Considerations

The studies included in this review varied with the use of 
electrode sites for data collection of ERPs from 3 to 68 elec-
trodes. Studies that employed fewer electrodes provide less 
informative topographical maps, and therefore, essential to 
acquire signals from a larger cerebral surface area [12–14]. 
The current best practice guidelines suggest 32 electrode 
sites are appropriate for effective signal acquisition [48]. 
Another factor essential for the fidelity of data collection 
is to control for the eye blinks (alpha control). The EEG 
signals are often confabulated by eye blinks, myogenic arti-
facts, and environmental noise [17]. These can affect the 
signal-to-noise ratio and, thus, the overall reliability of data 
analysis. Unfortunately, verbal instructions for alpha control 
were reported in half of the studies [21–24, 31–36]. Based 
on current best practices, verbal instructions to participants 
should be provided so that they remain alert during the ERP 
recordings, and this leads to a reduction in alpha waves and 
better identification of the desired ERPs.

Highly relevant to patient populations, an individual with 
dysphagia may present with drooling and an open-mouth pos-
ture. These extraneous myogenic movements are other impor-
tant movement considerations that potentially cause artifacts 
during ERP acquisitions. There are cross-system interactions 
between the respiratory and swallowing systems; therefore, 
while designing experiments, it is important to control for the 
confabulation of respiratory-related event potentials (RREPs) 
[49–51]. Despite heterogeneity for data acquisition across 
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studies, the findings of his review formulate the need for the 
development of reliable and standardized ERP experimental 
protocols for future research investigations. Further, we pos-
tulate that graduate programs in speech-language pathology 
generally do not provide education related to ERP experiments 
and signal processing for swallowing behaviors. Thus, it would 
be beneficial to develop tutorials/guidelines for the training 
and application of these paradigms considering the utility of 
ERPs in terms of ease of availability and cost effectiveness. 
There is also a need for studies simultaneously assessing both 
motor-readiness potentials and sensory ERPs. Further stud-
ies may benefit from pre-motor ERPs to understand different 
neural networks based on dual-task paradigm, compensatory 
techniques such as chin tuck, effects of cueing and bolus vol-
ume, and viscosity differences. At last, PSEPs can be used 
to enhance our understanding of the sensory pathways from 
the pharynx to the cortex and serve as an outcome tool for 
novel treatment approaches such as that focus on the sensory 
enhancement of oropharyngeal regions especially transient 
receptor potentials [transient receptor potential vanilloid 1 
(TRPV1), transient receptor potential ankyrin 1 (TRPA1), and 
transient receptor potential melastatin 8 (TRPM8)] utilizing 
pharmacological agents such as capsaicin and piperine [52].

Limitation

We acknowledge that there are limitations to the review. 
First, due to the heterogeneous nature of the studies, we 
were unable to perform a meta-analysis. Second, the stud-
ies included were restricted to papers published in the 
English language. Further, we did not include studies that 
used another imaging technique to assess neural substrates 
of swallowing. We acknowledge that studies in this review 
were limited to ERPs and did not include EEG articles of 
swallowing that employed advanced EEG analyses related 
to network theories and motor imagery to investigate swal-
lowing rehabilitation outcomes [53–57]. Future, studies may 
benefit including qualitative EEG and network-based EEG 
methods to assess utility of swallow functions along with 
EEG. In addition, the data extraction procedures were per-
formed by a single author; however, quality assignment was 
performed by two authors, and in case of conflict, it was 
resolved by a third author. Finally, the current study was not 
registered under systematic review registry.

Conclusion

ERPs can enhance understanding of the cortical neural sub-
strates in the swallowing mechanism. This systematic review 
provides an overview of the application of ERPs to assess 
central neural substrates involved in swallowing functions. 
The ERPs elicited differed based on the stimuli used for 

acquisition, and there was considerable heterogeneity across 
studies in terms of ERPs of interest, stimuli, and methods. 
Yet, the scope of ERPs is promising to elucidate the cog-
nitive processes depending on the swallowing task, novel 
dysphagia treatment-induced neuroplasticity, and related 
biomechanical changes on the swallowing physiology spe-
cifically because of cost effectiveness and accessibility of 
EEG setup in most research and hospital settings.
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