
Vol.:(0123456789)1 3

https://doi.org/10.1007/s40141-021-00334-3

SWALLOWING DISORDERS (M GONZALEZ-FERNANDEZ, SECTION EDITOR)

Advances in Swallowing Neurophysiology Across Pediatric 
Development: Current Evidence and Insights

Georgia A. Malandraki1,2   · Rachel Hahn Arkenberg1 

Accepted: 1 November 2021 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract
Purpose of Review  This review article analyzes current evidence on the neurophysiology of swallowing during development 
and offers expert opinion on clinical implications and future research directions.
Recent Findings  In the past 5 years, basic and clinical research has offered advances in our understanding of pediatric 
swallowing neurophysiology. Animal models have elucidated the role of brainstem circuits and the peripheral and central 
nervous systems in neonatal swallowing. Recent human studies have further showcased that fetal and infant swallowing 
require cerebral inputs in order to develop functionally. Finally, neurophysiological and neuroimaging studies are starting to 
better define these cerebral inputs, as well as neuroplastic adaptations that may be needed for optimal feeding development.
Summary  The neural development of swallowing is a complex and dynamic process. Continued research is needed to better 
understand influences on swallowing neural development, which can be essential for improving prevention, diagnosis, and 
interventions for pediatric dysphagia.

Keywords  Pediatric dysphagia · Swallowing development · Neurophysiology, Neurodevelopment · Swallowing · 
Neurophysiology of swallowing

Introduction

Oropharyngeal swallowing consists of complex neurophysi-
ological processes involving all levels of the nervous system 
and many oropharyngeal sensory and motor components that 
have partly voluntary and partly automatic control. Under-
standing these processes, their development, and any aber-
rations, is critical in our efforts to develop interventions that 
take advantage of the extraordinary neuroplastic capacity 
of the nervous system. Over the past century, our field has 
made significant strides in this understanding, primarily 
from research on adult humans and animal models focused 
on adults.

Specifically, early studies using animal models revealed 
insights on the relationship between brainstem circuitry and 
the pharyngeal swallow response, highlighting the reflex-
ive but complex nature of the pharyngeal swallow [1–4]. 
Subsequently, microelectrode stimulation research in pri-
mates and lagomorphs, among other species, showed that 
the pharyngeal response could be triggered when microelec-
trodes stimulated parts of the cortex, laying the groundwork 
that swallowing also has cortically mediated elements [e.g., 
5,6]. These findings were further enhanced by human stud-
ies of patients with swallowing disorders (a.k.a., dysphagia) 
resulting from cortical or subcortical damage [7–12], and 
by studies using neuroimaging and neuro-stimulation tech-
niques to investigate both healthy and disordered swallowing 
in vivo [13–19]. These studies highlighted the multitude of 
sensorimotor mechanisms involved in adult swallowing and 
corroborated that both central and peripheral contributions 
are vital for swallowing control. This knowledge formed the 
basis for the emergence of neurophysiology-based principles 
in adult swallowing rehabilitation [20–23].

However, much less attention has been given to under-
standing swallowing neurophysiology across development, 
that is, in infants and children, which represents a significant 
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gap in our ability to effectively diagnose and intervene in 
pediatric populations with dysphagia. Pediatric dysphagia 
is hypothesized to affect 25% of typically developing chil-
dren, and up to 80% of children with developmental disor-
ders [24–27], and this prevalence continues to increase as 
more children survive preterm birth and childhood disease 
[26, 28, 29]. Children with dysphagia are at risk for nutri-
tional deficits, aspiration-related lung disease, developmen-
tal delay, decreased independent life participation, and even 
death [28].

These numbers and consequences underscore the impor-
tance of better understanding developmental swallowing 
neurophysiology in order to develop neurophysiology-based 
evaluation and interventions for children with dysphagia. In 
an attempt to highlight this much-needed area of study, in 
this review, we focus on the most recent advances of basic 
and clinical research in pediatric swallowing neurophysi-
ology and offer expert insights on implications and future 
directions.

Infant and Pediatric Feeding and Swallowing

Infant and pediatric feeding and swallowing involve bio-
logical and behavioral intricacies that make it substantially 
different from the adult swallow. Although frequently used 
interchangeably, the terms feeding and swallowing describe 
somewhat different but overlapping elements of eating. 
Feeding is a broader term that encompasses anticipatory 
events, food acceptance, and interactions between the child 
and caregiver [30], while swallowing involves the sensori-
motor acts necessary for the transportation of a bolus from 
the mouth to the stomach.

From embryology studies, we know that fetuses with 
healthy embryonic and fetal development display swallow-
ing as early as 10–14 weeks of gestation, [31] supporting the 
postulation that swallowing is initially an innate behavior 
[31, 32••]. Fetal swallowing lays the foundation for later 
swallowing function and is integral in homeostatic regula-
tion of amniotic fluid volume, acquisition and recirculation 
of intrauterine solutes, and overall fetal growth [33]. Swal-
lows, suckling, and pharyngeal movements increase in fre-
quency until suckling and swallowing start occurring con-
sistently together in the third trimester [31, 34]. In newborn 
infants, successful feeding is more complex and requires the 
integration of respiration, suckling, and swallowing, which 
must occur within hours of birth for them to meet nutrition 
and hydration needs. Prerequisite for this integration is the 
uninterrupted prenatal development of relevant aerodiges-
tive structures (e.g., tongue, lips, palate, pharynx, larynx, 
esophagus, lungs), the cranial and spinal nerves that control 
them, and areas of the brain (primarily the hindbrain) [32••]. 
Furthermore, the role of the caregiver as the feeder and the 

rapid developmental changes occurring in multiple inter-
acting body systems throughout the first year of life make 
this process even more dynamic [35]. As infants gain gross 
motor independence and respiratory stability, and their aer-
odigestive and cranial structures grow (e.g., the larynx starts 
descending in the neck, the cheeks flatten, teeth emerge), 
they gradually shift to more autonomous or voluntary feed-
ing, as evidenced by their increased ability to consume sol-
ids at around 4–6 months [30, 35].

Further refinement of feeding and swallowing skills 
(e.g., biting and chewing, drinking from a cup and straw, 
eating independently) continues over the first few years of 
life, leading to relative feeding autonomy by around 3 years 
[30]. However, emerging evidence, including some of our 
most recent work, suggests that children may not achieve 
fully mature swallowing skills until later in childhood [36, 
37]. This protracted refinement is consistent with modern 
sensorimotor theories of development, that support further 
fine-tuning in most motor systems even in school-age years 
[38, 39].

Recent Advances in Developmental 
Neurophysiology of Swallowing

Lessons from Recent Animal Studies

The most rapidly accumulating body of literature on neuro-
physiology of pediatric swallowing involves animal models. 
This work has primarily focused on the role of the brainstem 
and the peripheral nervous system and has validated some 
of our prior knowledge from the adult-focused work but has 
also provided new insights.

The role of a swallowing central pattern generator (CPG) 
within the brainstem has been extensively described in 
adult-focused work and is considered the primary driver 
of the pharyngeal swallow response. Specifically, it is well 
known that two groups of nuclei and interneurons located 
in the caudal medulla comprise this delicate network. These 
groups are the dorsal (sensory) swallowing group, includ-
ing the nucleus tractus solitarius (NTS) and adjacent reticu-
lar formation, and the ventral (motor) swallowing group, 
including the nucleus ambiguous (NA) and surrounding 
areas [40–43]. It is also known that additional brainstem 
networks that control other orofacial behaviors and respira-
tion also share some of these neuroanatomical correlates, 
and that all these networks have to act in coordination for 
optimal aerodigestive functioning. These brainstem net-
works are considered critical correlates of the developing 
neural swallowing control. Recently, Pitts and colleagues 
[2021] used an in vitro neonatal rat model to examine the 
role of the swallow CPG, as well as additional areas in the 
medulla (specifically, the medullary intermediate reticular 
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formation (IRt) and the ventral respiratory column (VRC)), 
in eliciting cranial nerve responses indicative of a fictive 
swallow and/or a breathing reflex [44]. Critically, they found 
that, in addition to neurons within the swallow CPG, new 
networks within the IRt, near the facial nucleus in the dorsal 
medulla, were also active during the swallows. These find-
ings indicate that in this neonatal model, the swallow CPG 
is more extensive than previously thought, which may be an 
indication of continued maturation or potential for medullary 
plasticity in the neonate.

Further insights on the role of the peripheral nervous 
system—and specifically on the impact of nerve lesions 
on infant swallowing—have been recently offered by the 
extensive work of Rebecca German and her group in the 
infant pig. Pigs have similar oropharyngeal anatomy, head 
positioning, and dynamic integration between sensory inputs 
and motor responses during swallows as human infants, 
and therefore offer a good model to study the developing 
swallowing system. Multiple recent studies from this group 
have revealed details on peripheral nerve contribution to 
perinatal swallowing by studying the effects of lesions on 
two branches of the vagus, the recurrent laryngeal nerve 
(RLN) and the superior laryngeal nerve (SLN) in infant pigs. 
RLN damage is frequent in infants who have to undergo 
cardiovascular surgery, and it may cause unilateral vocal 
fold paralysis, breathing difficulties, and dysphagia. SLN 
damage is more common after orofacial surgery/injury and 
may impact swallow initiation and also lead to dysphagia. 
Although both types of injuries may temporarily com-
promise airway safety in term infant pigs, the underlying 
physiological mechanisms of this compromise differ [45]. 
More specifically, RLN lesions have been shown to affect 
hyoid and tongue kinematics [46], volume consumed [47], 
the neuromuscular control of swallowing [46], and airway 
safety in infant pigs, and some of these changes can be 
pervasive. SLN lesions have been associated with higher 
rates of reduced airway safety as well [48]; however, these 
changes are mostly explained by temporal dysfunctions in 
the coordination between suck and swallow cycles [48] or 
in epiglottic inversion timing [45].

Additional longitudinal studies of the same research group 
offer insights on swallowing changes over postnatal matura-
tion in the same animal model. Specifically, Stricklen and col-
leagues [2020] [49] found that peripheral RLN lesions may be 
most impactful on swallow safety close to birth (on 7 days of 
life; 1–2 months human equivalent) and mostly resolve with 
time (at 17 days of life; 6–9 months human equivalent), per-
haps due to feeding practice and/or maturation [50]. Follow-up 
papers by Mayerl and colleagues examined hyoid and thyroid 
kinematics [2020], and swallow safety [2021] longitudinally 
(again at 7 and 17 days of life) in preterm and full-term infant 
pigs, with and without RLN lesions. Results related to hyoid 
and thyroid kinematics showed that preterm status affected the 

coordination between the two structures’ movements, but not 
the extent of their excursion; while RLN lesions were mostly 
associated with reduced thyroid excursion, and increased varia-
bility in hyoid kinematics [51•]. Interestingly, results related to 
airway safety demonstrated that bolus size (swallowing larger 
boluses) was more predictive of penetration and aspiration 
than either lesion status or age (preterm or term status) [52]. 
According to the authors, this corroborates clinical knowl-
edge that some instances of aspiration in infant feeding may 
be normal. These studies, using well-controlled and distinct 
nerve lesions, underscore the importance of peripheral swal-
low neurodevelopment, but also demonstrate the remarkable 
ability of the peripheral nervous system to develop adaptations 
and recover from these perinatal lesions.

However, the reality is that most infants with dysphagia 
have deficits as a result of genetic or developmental dis-
ruptions that occur prenatally and affect a constellation of 
developing body systems. For this reason, animal models 
that mimic pathogenesis of dysphagia from a genetic source 
may be particularly relevant to questions involving systemic 
impaired swallowing development [32••]. One such genetic 
syndrome is the DiGeorge/22q11.2 Deletion Syndrome 
(22q11DS) which includes over 180 clinical features that 
are thought to emerge from disruption of early stages of 
neural development, and specifically from altered prenatal 
hindbrain patterning. In human infants with 22q11DS, these 
disruptions can compromise the development of craniofacial 
structures, as well as cranial nerve and brainstem circuits, 
and lead to significant feeding and swallowing deficits [53]. 
To help better understand the pathogenesis of developmental 
dysphagia, Maynard and colleagues recently developed a 
mouse model of 22q11DS [54], which was validated through 
genetic and neurological examinations [54]. Welby and col-
leagues [2020] further confirmed the persistence of feeding 
and swallowing deficits in adult mice with 22q11DS through 
the use of videofluoroscopic swallow studies, endoscopy, 
behavioral feeding videos, and post-mortem lung tissue 
imaging that revealed aspiration-related lung damage [55]. 
These studies corroborated the multi-level and persistent 
nature of dysphagia in this syndrome [54, 56], and indi-
cated that when prenatal neural development is disrupted, 
the recovery and neuroplastic potential for functional swal-
lowing is reduced. This work is promising because, in addi-
tion to providing enhanced insights on genetic influences on 
the central and peripheral swallowing control, it may also 
form the foundation for better understanding, diagnosing, 
and ultimately treating developmental pediatric dysphagia.

Lessons from Recent Clinical and Neuroimaging 
Studies

In addition to this animal work, recent research on pediatric 
clinical populations further elucidates contributions of all 
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levels of the nervous system in swallowing development. 
Starting with the periphery, several clinical studies through 
the years have shown the importance of orofacial structural 
and neuromuscular integrity in developmental swallowing 
control [e.g., 30,57,58]. More contemporary studies have 
substantiated this by offering evidence for the high occur-
rence of dysphagia in children with peripheral neuromuscu-
lar disease [59], as well as in infants with 22q11.2DS [53].

Moving onto higher neural centers, the contributions of 
the cerebrum even in infant and pediatric swallowing have 
also been recently documented. In a 2019 systematic review 
investigating dysphagia frequency and related factors in chil-
dren with stroke and cerebral palsy (CP), i.e., central lesions, 
Sherman and colleagues [2019] found that dysphagia fre-
quency ranged from 24.2 to 88.6% among the reviewed stud-
ies [60]. Furthermore, in a sample of 67 neonates and 106 
children with acute stroke studied retrospectively, 38.8% of 
the neonates (average age at stroke = 2.9 days) and 40.6% 
of the children (average age at stroke = 6.5 years) exhibited 
confirmed dysphagia [61].

Perhaps the most direct clinical evidence for the role of 
the cerebrum in infant swallowing is offered by studies that 
have examined infants with profound central nervous sys-
tem defects, such as anencephaly. This serious congenital 
condition involves the partial or full absence of cortical 
development as well as subcortical structures and at times 
the cerebellum, and may even affect the development of 
parts of the brainstem [62, 63•]. In a recent article, Rad-
ford and colleagues [2019] reviewed published data on 
suckling, breathing, swallowing, crying, hiccup, and facial 
movements of fetuses/infants with anencephaly or hydranen-
cephaly included in older studies. Of the 18 fetuses/infants 
specifically with anencephaly reported across eight reviewed 
studies, only one infant who had some preserved cerebral 
tissue and lived to be 28 months old was reported to be able 
to swallow, breathe spontaneously, feed from a bottle, and 
smile [64]. Four of the 18 were able to suckle, although 
three of these lacked cerebral and cerebellar structures 
entirely, and one had an abnormal pons but fully developed 
medulla. Spontaneous breathing was preserved in twelve of 
the 18 fetuses/infants, including a 17-week fetus with aplas-
tic medulla, pons, cerebellum, and cerebrum. Importantly, 
none of these patients exhibited fetal swallowing in early 
fetal stages. These findings provide clear evidence that even 
for fetuses and infants, swallowing behaviors require at least 
some cerebral inputs in order to be fully functional. In con-
trast, suckling and breathing seem to be more reflexive and 
require fewer cerebral inputs, especially at these early stages 
of development.

One way to enhance our understanding of these cerebral 
inputs is through the use of neuroimaging that is now more 
widely available. It is important to note that neuroanatomi-
cal information obtained from routine structural brain CT 

(computed tomography) or MRI (magnetic resonance imag-
ing) scans may not be fully sufficient to capture microstruc-
tural and/or functional disruptions in the pediatric swal-
lowing network and their use has at times led to vague or 
inconclusive outcomes [65, 66••]. At the same time, the use 
of advanced neuroimaging techniques, such as task-related 
functional MRI, positron emission tomography (PET), or 
magnetoencephalography (MEG), that require active sub-
ject participation, can be rather challenging in pediatrics. 
Therefore, recent neuroimaging studies that examine pedi-
atric swallowing control use techniques, such as resting-
state functional connectivity MRI (rs-fcMRI) and diffusion 
weighted imaging (DWI), that do not require active subject 
participation but can provide robust quantitative information 
on the functional and structural integrity of the brain.

For example, DWI was recently utilized to examine the 
relationship between microstructural integrity of sensorimo-
tor white matter tracts and quantitative measures of neonatal 
sucking physiology in a study of 10 neonates with brain 
injury [67]. In this study, the Nfant® swallowing system, 
i.e., a method to objectively measure suck parameters in real 
time, was used to assess nutritive sucking, and diffusion-
based tractography was used to examine diffusion param-
eters—such as fractional anisotropy and mean and radial 
diffusivity—of the main motor, sensory, and corpus callo-
sum tracts [67]. Findings showed that high sucking irregu-
larity was associated with reduced structural integrity of all 
white matter tracts examined, while abnormalities in suck-
ing smoothness were correlated with reduced integrity of 
the motor and sensory tracts. The authors also suggested 
that the relationship between sucking physiology and brain 
damage could be informative in the inverse direction, i.e., 
detailed sucking physiology measures could be an indica-
tor of microstructural deficits that are not caught by routine 
MRI; however, this would require further validation with 
larger sample sizes.

Emerging Lessons from our Current Work

In recent years, our team has sought to add to this body of 
work by focusing our efforts on a group of children with 
unilateral brain involvement, i.e., children with unilateral 
cerebral palsy (UCP). This type of involvement, where pre-
dominantly one hemisphere is impacted, offers a good model 
to understand early neural reorganization, especially for 
functions that are bilaterally innervated and have both cen-
tral and peripheral neural underpinnings, such as swallow-
ing. Furthermore, through the use of a multi-level approach, 
deeper insights of swallowing neural control in children may 
be offered (Fig. 1).

Our early work in this area was based on a convenience 
sample of self-feeding school-age children (5.1–17.6 years 
old) with unilateral and bilateral CP, who participated 
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in summer camps of a Cerebral Palsy Research Center. 
Through standardized clinical feeding assessments [68, 69, 
70••] completed during the camp lunchtimes, we first identi-
fied that children with UCP (GMFCS [Gross Motor Function 
Classification Scale] Levels I and II) exhibit a range of mild 
to moderate clinical feeding and swallowing difficulties [68, 
69, 70••], which have been largely under-recognized. These 
early studies suggested that even when the brainstem and 
one hemisphere are largely spared, feeding and swallowing 
development can still be impacted, therefore underscoring 
the role of bilaterality in pediatric swallowing control.

This was further elucidated through a study examining 
the association between brain lesion characteristics and 
inter-hemispheric (corpus callosum) connectivity indices 
and clinical swallowing outcomes in 20 self-feeding chil-
dren with UCP recruited from the same convenience sample 
[71]. In this study, we added structural MRI and DWI to 
examine brain correlates of clinical signs of dysphagia that 
had been identified through the aforementioned standard-
ized feeding assessments. We saw that in children with UCP 
who had brain lesions primarily affecting the somatosen-
sory cortex/middle cerebral artery (MCA) area (also mostly 
left-hemisphere lesions) (n = 13), clinical signs of dyspha-
gia were milder than in children who had lesions primar-
ily affecting subcortical/periventricular areas (also mostly 
right-hemisphere lesions) (n = 7). This finding indicated 
that type and/or side of lesion plays a role in the develop-
ment of clinical dysphagia in UCP. Secondly, the structural 
integrity of the corpus callosum appeared to be important 

in enabling inter-hemispheric plasticity for the children with 
MCA lesions, but when intra-hemispheric connections were 
disrupted, such as in children with subcortical/periventricu-
lar lesions, corpus callosum integrity no longer mattered. 
These findings are partially supported by some of our more 
recent work which includes the use of resting-state fcMRI to 
examine the resting-state sensorimotor network of a different 
sample of 15 children with UCP [72]. In this study, we are 
finding that children with MCA area lesions affecting the 
sensorimotor cortex have primarily contralesional resting-
state sensorimotor networks, and also relatively milder clini-
cal dysphagia symptomatology compared to children with 
subcortical lesions [72]. Collectively, these studies provide 
preliminary evidence indicating that contralesional compen-
sations may be critical in order to develop functional swal-
lowing skills in UCP. Upon further validation, this line of 
work will help clarify the role of side, type, and site of early 
brain lesions in swallowing development.

In subsequent collaborative work utilizing a younger 
sample (ages 5.3–9.1) including mostly children with UCP 
(8/11 children) and typically developing controls, we further 
demonstrated physiological deficits in respiratory-swallow-
ing coordination and cough effectiveness in this population 
[69]. Specifically, we observed that these children exhibit 
more frequent inspiration after the swallow (i.e., a typically 
abnormal pattern) and lower cough volume acceleration 
during voluntary cough, compared to typically developing 
peers [69]. These findings, albeit involving a small sample 
size, indicate increased risk for airway compromise, which 

Fig. 1   A summary of our team’s 
work focusing on identifying 
multi-level neurophysiologic 
correlates of swallowing in 
children with cerebral palsy 
and typically developing 
controls. Figure created with 
biorender.com
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may result from involvement or discoordination between the 
swallowing and breathing CPGs at the brainstem level, or 
from altered higher neurophysiological control.

Building on this work, in the past 3 years we have been 
conducting a prospective study using behavioral clinical 
feeding assessments, surface electromyography of orofacial 
muscles, and neuroimaging to determine both peripheral and 
central neuroplastic adaptations for swallowing (and speech) 
in UCP and typical development. This larger scale study 
includes 20 children with UCP and 20 typically develop-
ing controls (7–12 years old). Data analyses thus far reveal 
additional deficits in mealtime efficiency for the UCP group 
[73], as well as neuromuscular adaptations, manifesting as 
submental and perilabial neuromuscular overactivation dur-
ing swallows, which may represent a peripheral maladaptive 
or compensatory behavior [74]. Ongoing analysis associat-
ing the behavioral with the neuromuscular and neuroimaging 
data is now in process. Finally, in an offshoot of this work 
focusing on potential differences in the neuromuscular con-
trol of swallowing in two typically developing age groups 
(7–8 and 11–12 years of age), we are observing more effi-
cient swallowing in older children [37]. These novel find-
ings indicate continued refinement of neuromuscular control 
of swallowing even in older typically developing children, 
which is consistent with postulations from modern sensori-
motor theories of development [38, 39], and emphasizes the 
need to better understand typical swallowing neurodevelop-
ment across childhood.

Conclusion and Future Directions

In the past 5 years, basic and clinical research has offered 
exciting advances in our understanding of the neurophysi-
ology of swallowing in development (Table 1). Studies 
using animal models corroborated findings from prior 
adult-focused work, but also provided novel findings on the 
potential role of additional medullary areas in triggering 
the pharyngeal response, and on swallowing recovery pat-
terns after perinatal nerve lesions in infants. Furthermore, 
a new animal model of developmental pediatric dysphagia 
was developed and validated. Equally important are the sev-
eral clinical human studies that have provided evidence that 
pediatric dysphagia can result from structural, neuromuscu-
lar, or cerebral aberrations. Importantly, and although fetal 
and infant swallowing have been long described as innate 
and reflexive behaviors, clinical evidence stemming from 
fetuses/infants with anencephaly supports that even fetal and 
infant swallowing may require at least some cerebral inputs 
in order to develop functionally. Finally, neuroimaging and 
neurophysiology studies have started shedding early light 
to these required cerebral inputs, and to differential central 

and peripheral swallowing adaptations that may be possible 
when primarily one hemisphere is affected.

These recent advances also provide valuable insight into 
remaining gaps which form directions for future work. First, 
from the work on the newly validated animal model of devel-
opmental dysphagia, the potential influence of genetic and 
prenatal factors in the development of dysphagia has been 
highlighted. Also, it has become clear that more research 
is needed in identifying the role of individual genes and/
or gene networks in early neural disruptions related to 
hindbrain patterning that appears particularly disruptive to 
infant feeding [54]. Through such work, it may be possible to 
identify genetic correlates of developmental dysphagia, and 
thus improve diagnostic and prognostic precision in early 
feeding development. Furthermore, this research highlights 
the importance of examining prenatal health and the role 
of prenatal care in potentially preventing these early neural 
disruptions and warrants further investigation.

In addition, it will also be critical that we gain a deeper 
understanding of the specific central and peripheral swallow-
ing components and how these mature postnatally. Animal-
based work will be vital in this direction, because it allows 
us to directly identify physiological deficits in brainstem cir-
cuits (CPGs), nerves, and muscles, and to test the effects of 
targeted pharmacological and other invasive interventions; 
something that is not easy to do in human infants [54]. In 
regard to human work, the use of neuroimaging and periph-
eral neurophysiology measures combined with standardized 
behavioral clinical outcomes has the greatest potential to 
offer specificity on the neurophysiological and neuromus-
cular underpinnings of pediatric swallowing control. Such 
studies will not only help advance the clinical prognosis and 
diagnosis of pediatric dysphagia, but more importantly have 
the potential to lead to the development of new neurophysi-
ology-driven treatments, and are highly needed.

Despite challenges inherent in studies of pediatric swal-
lowing neural control, this work is accumulating and is 
essential. In adults, interventions grounded in neurophysi-
ological principles have led to improvements in swallowing 
rehabilitation protocols [21,22, 75], and we believe that par-
allel efforts are possible for pediatric dysphagia. For these 
efforts to be fruitful, continued research focusing on the 
areas discussed herein will be critical. As children with sig-
nificant developmental or acquired challenges continue to be 
born earlier and live longer, our research efforts in this direc-
tion must accelerate to help us not only effectively diagnose 
and treat, but also potentially prevent pediatric dysphagia.
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