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Cortical and Subcortical Control
of Swallowing—Can We Use
Information From Lesion Locations
to Improve Diagnosis and Treatment
for Patients With Stroke?

Janina Wilmskoetter,? Stephanie K. Daniels,” and Arthur J. Miller®

Purpose: Swallowing is a complex process, mediated
by a broad bilateral neural network that spans from the
brainstem to subcortical and cortical brain structures.
Although the cortex’s role in swallowing was historically
neglected, we now understand, especially through
clinical observations and research of patients with stroke,
that it substantially contributes to swallowing control.
Neuroimaging techniques (e.g., magnetic resonance
imaging) have helped significantly to elucidate the role

of cortical and subcortical brain areas, in general, and
the importance of specific areas in swallowing control in
healthy individuals and patients with stroke. We will
review recent discoveries in cortical and subcortical
neuroimaging research studies and their generalizability
across patients to discuss their potential implications and

translation to dysphagia diagnosis and treatment in clinical
practice.

Conclusions: Stroke lesion locations have been identified
that are commonly associated across patients with the
occurrence and recovery of dysphagia, suggesting that
clinical brain scans provide useful information for improving
the diagnosis and treatment of patients with stroke. However,
individual differences in brain structure and function limit
the generalizability of these relationships and emphasize
that the extent of the motor and sensory pathology in
swallowing, and how the patient recovers, also depends on
a patient’s individual brain constitution. The involvement of
the damaged brain tissue in swallowing control before the
stroke and the health of the residual, undamaged brain
tissue are crucial factors that can differ between individuals.

people experiencing a new or recurrent stroke per

year in the United States (Mozaffarian et al.,
2015). Fortunately, there has been a remarkable decline in
stroke mortality with a decrease of at least 35% since 2001

I : very 40 s, an individual has a stroke, with 795,000
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(Mozaffarian et al., 2015; Wilmskoetter et al., 2016).
Nevertheless, stroke remains a leading cause of death and
disability worldwide (Centers for Disease Control and Pre-
vention, 2009; Mozaffarian et al., 2015).

A common and disabling condition after stroke is
dysphagia. Dysphagia affects between 55% and 78% of all
stroke survivors (Daniels & Foundas, 1999; Martino et al.,
2005), with studies using instrumental imaging techniques
(such as the videofluoroscopic swallowing study [VFSS])
identifying a higher prevalence than noninstrumental tech-
niques. An investigation of swallowing using VFSS found
that 70% of all patients with acute stroke aspirated food or
liquids into the lower airway indicating severe dysphagia
(Osawa et al., 2013). Dysphagia is directly associated with
stroke mortality (Sharma et al., 2001) and can lead to
serious poststroke complications such as malnutrition, de-
hydration (Crary et al., 2013), and pneumonia (Marik &
Kaplan, 2003; Martino et al., 2005). Generally, dysphagia
can have severe social and psychological impact on patients
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with adverse effects on self-esteem, socialization, and enjoy-
ment of life (Ekberg et al., 2002). With this broad range of
complications and adverse effects from dysphagia, it is
essential to understand the occurrence and recovery of post-
stroke dysphagia in order to provide the best health care
for patients with stroke.

Why Is Dysphagia Common After Stroke?

The main reasons for the common occurrence of
dysphagia after stroke are likely (a) the physiological and
biomechanical complexity of swallowing that can easily be
interrupted and (b) the number of brain regions involved
in the control of swallowing that can be damaged by a
stroke. Swallowing is a highly frequent, fast, and complex
process. Healthy individuals swallow about 600 times a
day (Lear et al., 1965). Transporting a bolus from the
mouth to esophagus is as fast as 1-2 s and involves several
cranial and spinal nerves and more than 30 muscle pairs.
Swallowing can be divided into different components that
occur—synergistically—during the swallow. These compo-
nents can refer to the movement of structures involved in
the swallow, such as the lips, tongue, velum, pharynx,
epiglottis, larynx, and upper esophageal sphincter. Be-
cause of the complexity of the swallow process, even minor
disruptions of the sensory and motor control of compo-
nents involved in swallowing can lead to serious swallow
impairments.

Due to the complexity of swallowing, it is mediated
by numerous brain regions. Swallowing depends on the
concerted activity between brainstem nuclei and neocortical
control. Historically, it is well known that the brainstem is
a main contributor to swallowing (Jean, 2001; Jean &
Dallaporta, 2013). The brainstem includes parts of the cor-
ticobulbar tracts with the cranial nerve nuclei that directly
send and receive projections from muscles of the face, mouth,
larynx, and pharynx. However, swallowing impairments
often arise from damage to the isolated neocortex (Robbins
et al., 1993; Smithard, O’Neill, Martin, & England, 1997)
or subcortical regions (Cola et al., 2010; Levine et al., 1992)
with complete sparing of the brainstem.

Why Do Many but Not All Patients With Stroke
Recover From Dysphagia?

Patients with stroke are at a high risk to develop dys-
phagia, but fortunately, their chances to recover from post-
stroke dysphagia are also high. Up to 50% of patients with
stroke-related dysphagia spontaneously recover within the
first 7 days (Langdon et al., 2007; Smithard, O’Neill, England,
et al., 1997).

Those patients who do not improve spontaneously
may recover completely or, in part, with dysphagia therapy
(Huckabee & Cannito, 1999; Robbins et al., 2007; Shaker
et al., 2002). Nevertheless, a large number of patients
(10%-50%) with persistent stroke-related dysphagia may
never recover, even with therapy (Broadley et al., 2003;

Langdon et al., 2007; Mann et al., 1999; Smithard, O’Neill,
England, et al., 1997).

One major factor that generally contributes to recovery
after stroke is “brain plasticity.” Brain plasticity after stroke
depends on multiple factors, such as age, genetic factors
(Jayasekeran et al., 2011), complications following the
stroke (e.g., hemorrhagic transformation; Bustamante et al.,
2016), patient health status, and rehabilitation therapy
(Kleim & Jones, 2008; Warraich & Kleim, 2010). In turn,
the success of rehabilitation therapy depends on a variety
of factors, for example, the treatment’s specificity, inten-
sity, and repetition (Kleim & Jones, 2008; Robbins et al.,
2008); the patient’s lifestyle; and time after stroke (Warraich
& Kleim, 2010). Furthermore, brain-related factors, such
as the preservation of structural brain networks (Bonilha
et al., 2015) and the location of the lesion, have an impact
on stroke recovery and rehabilitation success (Hope et al.,
2013; Kim et al., 2019; Plowman et al., 2012). The reason
for the association between lesion locations and stroke
recovery might be that the potential for compensatory neural
recovery, such as recruitment of new residual brain areas,
depends on the brain region that is damaged.

Little is known about how lesion locations affect
swallowing recovery. Interestingly, the high recovery rate
within the first weeks after stroke is not typically seen in
other sensorimotor or cognitive functions. It is speculated
that bilateral representations of the swallowing network
and alternative routes of innervations facilitate rapid recovery
in dysphagia. For example, it has been proposed that re-
covery from cortical stroke-induced dysphagia depends on
the cortical reorganization in the unaffected hemisphere
(Hamdy et al., 1998, 2000; Li et al., 2009). However, engag-
ing the unaffected hemisphere or alternative routes within
the swallowing network does not apply to all individuals
with poststroke dysphagia because not everyone recovers.
One reason might be patients’ individual premorbid swal-
lowing topography. Not every brain is built and functions
in the same way. Thus, besides differences in factors con-
tributing to brain plasticity and rehabilitation, differences
in the premorbid neural control of swallowing can explain
why some but not all patients with stroke recover from
dysphagia.

What Is the Clinical Importance of Understanding
Relationships Between Lesion Locations
and Dysphagia?

Understanding the detailed relationship between lesion
locations and dysphagia occurrence would allow an early
identification of patients at risk for dysphagia because
information on lesion location is usually available within
minutes or hours after hospital admission. Moreover, if
lesion locations were predictive not only of dysphagia occur-
rence but of the underlying detailed swallowing impair-
ment, clinicians could use this information as an adjunct to
their swallowing assessments to estimate and/or verify their
diagnosis of a patient’s underlying swallowing impairment.
Knowing a patient’s swallowing impairment is essential for
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clinicians to prescribe optimized dysphagia treatment be-
cause the treatment of dysphagia targets the physiology of
the swallow (Daniels et al., 2019; Logemann, 1998; Martin-
Harris et al., 2000).

Furthermore, lesion locations may be one of many
determinants of swallowing recovery after stroke as well as
responsiveness to different treatment approaches (Kim
et al., 2019; Suntrup-Krueger et al., 2018). Depending
on which regions of the neural swallowing network are
lesioned, patients may be more or less likely to recover and
to respond to certain types of dysphagia treatment. However,
evidence is scarce, and further investigations of the rela-
tionship between lesion locations and swallowing recovery
are needed to support translation into clinical practice.

Cortical and Subcortical Control of Swallowing
Impairment After Stroke

The neuroanatomical model of swallowing developed
by Daniels et al. exemplifies the complexity of the neural
control of swallowing (Cola et al., 2010; Daniels & Foundas,
1999; Leopold & Daniels, 2010). This model is based on
evidence from functional imaging, lesion-symptom map-
ping, and animal studies (see Figure 1). The model empha-
sizes that swallowing is mediated by a complex distributed,
hierarchically organized, neural network consisting of
bilateral sensory and motor cortical regions that communi-
cate through ascending and descending white matter tracts
with various subcortical and brainstem regions. Previous
research has identified a cerebral network that controls
swallowing, which involves the somatosensory cortex, sup-
plementary motor area, operculum, prefrontal and inferior

frontal cortex, cingulate cortex, insular cortex, thalamus,
basal ganglia, cerebellum, pons, and medulla (Babaei
et al., 2013; Hamdy, 2006; Lowell et al., 2012; Martin

et al., 2001; Mosier & Bereznaya, 2001; Yuan et al., 2015).
Determining which of these brain regions are activated
during swallowing depends on the stimuli that trigger swal-
lowing initiation (such as cognitive, emotional, and intero- or
exteroceptive stimuli; Leopold & Daniels, 2010). In corti-
cospinal motor systems such as locomotion, it is believed
that the motor areas in the cerebral cortex are responsible
for skilled movements, the basal ganglia is responsible for
the initiation and selection of motor programs, the cerebel-
lum is responsible for motor coordination and correction,
and the thalamus serves as a relay station for primarily af-
ferent but also efferent signals traveling between the cortex
and those brain regions (Grillner, 2008). Thus, for swallow-
ing, the orchestration of supranuclear brain regions that
project directly or indirectly to the brainstem—where the
final swallowing command is elicited—results in an accu-
rately timed and precisely executed swallow.

Although the model by Daniels et al. highlights the
involvement of many cortical brain regions in swallowing
control, recent studies suggest that several other cortical
regions are also involved in swallowing control and, more
importantly, when lesioned, lead to swallowing impair-
ment (Suntrup et al., 2015; Suntrup-Krueger et al., 2017;
Wilmskoetter, Bonilha, et al., 2019). The differentiation
between regions being involved in swallowing and regions
being crucial for swallowing is important because not every
region that is active during a task (e.g., swallowing) leads
to impairment when a stroke damages this region (Rorden
et al., 2007). For example, regions that show activation
during activation studies (such as functional magnetic

Figure 1. Neuroanatomical model of swallowing by Leopold and Daniels (2010, p. 251). Colored boxes and brain figures were added. Adapted
with permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Dysphagia, “Supranuclear Control of Swallowing,”
Norman A. Leopold and Stephanie K. Daniels (2010), Copyright © 2009, Springer Nature.
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resonance imaging [MRI], electroencephalography, magne-
toencephalography) might not be crucial in case of a brain
injury because their role can be compensated for by other
regions or the activation reflects connections to other brain
regions or a different aspect of the task (such as taste). Thus,
to understand which lesion locations can lead to swallowing
impairment, a review of studies conducting lesion—symptom
mapping (studies investigating which lesion locations are
associated with swallowing impairment) might be most
informative. We will review factors such as the side, site,
and size of the lesion in terms of their impact on dysphagia
occurrence.

Does the Side of the Lesion Matter?

Swallowing is a midline function and is bilaterally
represented; thus, regions in the left and right hemisphere
are involved in swallowing control. Although bilateral
lesions are strong predictors for dysphagia after stroke
(Kumar et al., 2014), unilateral lesions in either hemisphere
can lead to dysphagia (Daniels & Foundas, 1999; Mistry
et al., 2007; Wilmskoetter et al., 2018). Moreover, swallow-
ing is asymmetrically represented, which explains why the
side of the stroke lesion seems to matter whether or to what
degree a patient develops swallowing impairment after a
stroke. Which hemisphere has stronger swallowing repre-
sentations (the swallowing dominant hemisphere) is not
related to an individual’s hand dominance and varies
between individuals and even within individuals in regard
to swallowing musculature and task (Hamdy et al., 1996,
1997; Mistry et al., 2007). These variations in the laterali-
zation of swallowing may at least, in part, explain why
studies report inconsistent findings regarding which hemi-
sphere leads to dysphagia (or more severe dysphagia) when
lesioned. For example, some studies report that lesions in
the left hemisphere are more strongly associated with
dysphagia (Cola et al., 2010), others report the right hemi-
sphere (Suntrup et al., 2015; Wilmskoetter et al., 2018),
and even other studies report no differences between the
hemispheres (Daniels et al., 1999; Daniels & Foundas, 1999;
Daniels et al., 2017).

Does the Size of the Lesion Matter?

Lesion size is one of many factors contributing to
worse outcome and recovery after stroke. The more that
crucial brain areas are damaged, the higher the likelihood
that dysphagia (Gonzalez-Fernandez et al., 2008; Galovic
et al., 2013) and other sequelae (e.g., aphasia [Benghanem
et al., 2019], infections [Hug et al., 2009]) occur and persist
because less residual brain areas are intact to compensate
for the damage. However, lesion size and dysphagia sever-
ity are not in a perfect linear relationship. If a crucial re-
gion that is essential for swallowing is lesioned, it does not
matter if the overall lesion size is large or small. For
example, small lesions in the internal capsule (less than 5 ml)
can lead to severe dysphagia (Wilmskoetter et al., 2018).
Thus, recent evidence suggests that overall lesion volume

is less important in regard to functional outcomes and
recovery after stroke than lesion size to specific, crucial
brain areas (Chen et al., 2000; Zhu et al., 2010).

Cortical Regions Crucial for Swallowing

Several cortical regions have been identified in dif-
ferent studies with dysphagia after stroke. Here, we will
discuss the sensorimotor, parieto-temporal, and insular
cortices because of their common identification as crucial
regions for poststroke swallowing (see Figure 2). Impor-
tantly, this review does not cover all brain regions possibly
involved in swallowing control after stroke but focuses on
commonly reported regions.

Sensorimotor Cortices

The primary motor and primary sensory cortices
(the sensorimotor cortex) are located in the precentral
and postcentral gyrus, respectively, and are both known
for their topographic organization called the motor and
sensory homunculus. The homunculus contains motor or
sensory representations of certain body parts, including
swallowing relevant body parts such as the face, lips, teeth,
gums, jaw, tongue, larynx, pharynx (e.g., Brown et al., 2008),
and the upper part of the esophagus (Aziz et al., 1996;
Dziewas et al., 2005). The primary somatosensory cortex
regulates and executes movements by controlling and pro-
viding feedback to the brainstem through the corticobulbar
tract that directly connects the swallow relevant areas in
the primary motor cortex with the brainstem (Gonzalez-
Fernandez et al., 2013; Teismann et al., 2007). With lost or
diminished control of the somatosensory cortex, the brain-
stem will still likely generate a swallow, but the swallow is
less coordinated (Teismann et al., 2007). Lesion-symptom
mapping studies on patients with acute stroke demon-
strated a link between lesions in the somatosensory cortices
and dysphagia occurrence, in general (Suntrup et al., 2015;
Suntrup-Krueger et al., 2017), and impairments in laryngeal
elevation and vestibular closure, in particular (Wilmskoetter,
Bonilha, et al., 2019). Because the fact that these impair-
ments are related to less coordinated swallowing movements
is difficult to tease apart in lesion—symptom mapping studies
on patients with stroke, thus Mistry et al. (2007) sought to
investigate the impact of “artificial” lesions to the primary
motor cortex for swallowing performance in 13 healthy indi-
viduals (age range: 24-58 years). Participants were instructed
to swallow on command 3-ml boluses of water delivered
through a catheter in their mouth. The primary motor cortex
was suppressed with repetitive transcranial magnetic stimu-
lation creating an artificial, focal lesion. If applied to the
dominant hemisphere (hemisphere with larger corticobulbar
projections to the pharynx), swallowing reaction times de-
creased significantly as measured with a pressure transducer
positioned in the pharynx. Furthermore, primary motor cor-
tex suppression of either hemisphere decreased the perfor-
mance in a highly skilled swallowing task where participants
had to precisely time their swallow in a specific window of
time. Participants still executed their swallowing tasks with
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Figure 2. Commonly identified cortical brain regions crucial for swallowing after stroke. For illustration purposes, brain regions are shown only
in the right hemisphere and not in both hemispheres. Colors were chosen arbitrarily.
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no reports on decreased swallowing safety. Nevertheless,
swallowing performance seemed less coordinated and less
skilled after primary motor cortex suppression. Mistry et al.
concluded that (a) unilateral lesions in the dominant pri-
mary motor cortex can lead to dysphagia and (b) the pri-
mary motor cortex is involved in the initiation of the swallow
and, in contrast to other brain regions that are involved in
swallowing initiation (e.g., insula, supplementary motor
area, cingulate cortex), might have an inhibitory role on the
brainstem swallowing regulation (observed by faster swal-
lowing reaction times and speculative less-controlled swal-
lowing after primary motor cortex suppression).

Parietal-Temporal Cortices

Besides lesions in the somatosensory cortices, lesions
in the posterior part of the parietal and temporal lobes
have also been linked to dysphagia after stroke. The role
of these brain areas in swallowing control is unclear. Likely,
these posterior parietal areas (i.e., the supramarginal and
angular gyri) are involved in sensory—motor integration of
afferent, sensory signals from swallowing musculature
and structures to the cortex and efferent, motor signals
from the cortex to swallowing musculature and structures.
Rich connections of the temporal lobe to the frontal,
parietal, and occipital lobes and the thalamus underline
the potentially integrative role of these regions (Kiernan,
2012).

Oropharyngeal residue is commonly reported in asso-
ciation with lesions in the parietal-temporal cortical regions
(Im Moon et al., 2012; Suntrup-Krueger et al., 2017,
Wilmskoetter, Bonilha, et al., 2019). Furthermore, delayed
or absent swallowing responses, impaired laryngeal vestib-
ular closure, and reduced hyolaryngeal elevation have been
reported in patients with parietal-temporal lesions com-
pared to patients without lesions in these regions.

Insular Cortex

The insula is involved in multiple functions that are
directly or indirectly related to swallowing, such as taste,
touch, somatosensory and motor information (Augustine,
1996; Rolls, 2016), language (Fridriksson et al., 2018), and
emotions (Phan et al., 2002). The multifaceted involvement
of the insula in swallowing likely explains why the insula
is one of the most consistently activated areas during swal-
lowing and considered to be a central hub of the “swallow-
ing network” (Babaei et al., 2013; Hamdy, 2006; Leopold
& Daniels, 2010; Mosier & Bereznaya, 2001; Riecker et al.,
2009; Yuan et al., 2015). The functional engagement of the
insula is reflected by rich structural connections to brain
areas crucial for swallowing. For example, the insula is
closely connected to the primary and secondary somato-
sensory cortex, premotor area, supplementary motor
area, frontal operculum, thalamus, anterior cingulate, and
the nucleus tractus solitarius in the brainstem (Augustine,
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1996; Daniels & Foundas, 1997; Leopold & Daniels,
2010).

Lesion-symptom mapping studies found that patients
with lesions involving the insula compared to patients
without lesions involving the insula were more often feed-
ing tube-dependent within the first 48 hr after stroke (Galovic
et al., 2016) and more likely to have persistent oral intake
restrictions for more than 4 weeks (Galovic et al., 2017). In
terms of poststroke swallowing physiology, lesions to the
insula were associated with a later initiation of the pharyn-
geal swallow (Daniels & Foundas, 1997; Riecker et al., 2009;
Stickler et al., 2003) and impaired laryngeal elevation and
laryngeal vestibular closure (Wilmskoetter, Bonilha, et al.,
2019). Likely, these relationships are consequences of the
insula’s contribution to the timing and synchronization of
swallowing motor events through sensory—motor integra-
tion (Mosier & Bereznaya, 2001).

Subcortical Regions Crucial for Swallowing

Lesion—symptom mapping studies have revealed that
the basal ganglia, internal capsule, periventricular white
matter (PVWM), and thalamus are the main subcortical
areas involved in dysphagia after stroke (Cola et al., 2010;
Daniels et al., 2019; Leopold & Daniels, 2010). Cola et al.
(2010) found that patients with subcortical stroke had a
significantly slower oral transfer in comparison to healthy
adults. The authors assessed seven patients with subcortical
stroke (including PVWM, thalamus, deep white matter,
internal capsule, putamen, external capsule) who presented
with dysphagia. Based on their observations, “Swallowing
deficits involving oral control and transfer may be a marker
of subcortical neural axis involvement” (p. 482). Although
this study aimed to identify swallow characteristics of
patients with subcortical lesions in general, other studies
focused on lesions to more specific subcortical regions as
described in the following.

Subcortical Gray Matter Regions

Figure 3 shows the anatomical location of the sub-
cortical gray matter regions discussed in this review.

Basal ganglia. Studies on striatocapsular lesions
(usually involving the putamen, caudate nucleus, globus
pallidus, internal capsule, and subinsular area) show a high
incidence of dysphagia in the first days after stroke (e.g.,
> 75% of patients with striatocapsular hemorrhage; Suntrup
et al., 2012). Logemann et al. (1993) assessed swallowing
using VFSS of eight patients with a focal infarct in the left
basal ganglia and internal capsule compared to healthy
age-matched controls. They found that the group of patients
with stroke swallowed slower and less efficiently. This ob-
servation fits to the role of the basal ganglia in functionally
connecting the cortex and the thalamus and thus likely
playing a role in gaiting sensory input during swallowing
(Gonzalez-Fernandez et al., 2013; Suntrup et al., 2012).

Thalamus. The thalamus is a central gray matter
structure primarily associated with relaying sensory and
motor information between subcortical and cortical areas,

such as the globus pallidus, primary motor cortex, and
supplementary motor area. It is believed that the thalamus
plays a crucial role in the sensory-motor integration during
swallowing by processing and relaying afferent and effer-
ent signals (Mosier et al., 1999). The importance of the
thalamus has been verified by lesion-symptom mapping
studies in patients with stroke demonstrating associations
between strokes in the thalamus and impaired anterior
hyoid movement (Wilmskoetter, Bonilha, et al., 2019), and
oral intake restrictions (Galovic et al., 2017; Maeshima
et al., 2014).

Subcortical White Matter Regions

Besides gray matter regions, white matter tracts con-
necting gray matter regions have also been identified as
crucial regions for the occurrence and recovery of dyspha-
gia after stroke (see Figure 4). We will review subcortical,
white matter tracts commonly identified in lesion—symptom
mapping studies.

Corona radiata. The corona radiata is a “radiating,”
subcortical, white matter mass that carries ascending and
descending projection fibers between the cortex and the
brainstem. Fibers from the frontal lobe including the motor
cortex and parietal lobe enter the corona radiata and con-
tinue as the internal capsule. The corticobulbar, cortico-
pontine, and corticospinal tracts that connect the primary
motor cortex with the brainstem and spinal cord travel
through the corona radiata. Similar to the internal capsule,
the corona radiata is somatotopically organized with sepa-
rately localized fibers projecting to the face/head and upper
and lower extremities. Although there is some degree of
variability between individuals, the corticobulbar tracts
(leading to muscles of the face, tongue, and throat) are typ-
ically localized anterior-lateral to the corticospinal tracts
(leading to muscles of the hands and feet; Hazzaa et al.,
2019). Lesions in the corona radiata have been strongly as-
sociated with persistent oral intake restrictions after stroke
(Galovic et al., 2016, 2017). On a swallowing impairment
level, lesions in the corona radiata were linked to impaired
laryngeal elevation, laryngeal vestibular closure, and more
pharyngeal residue compared to patients without lesions
in the corona radiata (Wilmskoetter, Bonilha, et al., 2019).

Internal capsule. The internal capsule contains ascend-
ing and descending fibers, such as the corticobulbar and
corticospinal tracts that travel caudally from the corona
radiata to become the internal capsule. Same as the corona
radiata, the internal capsule is somatotopically organized
with corticobulbar tracts typically located in the middle
(genu) to posterior (posterior limb) part of the internal
capsule (Hazzaa et al., 2019). Studies have commonly
identified the internal capsule as a crucial region for swal-
lowing performance after stroke ranging from observations
of aspiration and pharyngeal residue to dysphagia in
general (Daniels & Foundas, 1999; Galovic et al., 2013;
Gonzalez-Fernandez et al., 2008; Wilmskoetter, Bonilha,
et al., 2019). A lesion to these white matter tracts likely
disrupts connections between the cortex, subcortical
areas, and brainstem, which are critical for swallowing.

Wilmskoetter et al.: Cortical and Subcortical Control of Swallowing 1035



Figure 3. Commonly identified subcortical gray matter brain regions crucial for swallowing after stroke. For illustration purposes, brain regions
are shown only in the right hemisphere and not in both hemispheres. Colors were chosen arbitrarily.

right left

caudate nucleus . putamen

superior inferior

. globus pallidus . thalamus

External capsule. The external capsule lies between
the putamen and claustrum and is a collection of white
matter fibers whose structural organization and functional
role is not yet fully understood. The external capsule in-
cludes striatal fibers that, for example, connect the primary
sensorimotor cortex with the putamen and the supplemen-
tary motor area with the caudate nucleus (Schmahmann
et al., 2008). Thus, it is believed that the external capsule is
a critical link between cortical motor regions and the basal
ganglia and that it contributes to the engagement of the
basal ganglia in motor control. Lesion-symptom mapping
studies showed that lesions to the external capsule are re-
lated to impaired laryngeal elevation and vestibular closure
(Wilmskoetter, Bonilha, et al., 2019) and oral intake re-
strictions after stroke (Galovic et al., 2016, 2017).

Superior longitudinal fasciculus. The superior longitu-
dinal fasciculus is a long-range white matter tract connect-
ing all four (frontal, temporal, parietal, and occipital)
cortical lobes, thus being an excellent anatomical structure
to transmit cortical neural signals across long and short
distances. For swallowing, the importance of the superior
longitudinal fasciculus might be in the connection of differ-
ent cortical sensory—motor regions, as this tract connects,
for example, the supramarginal gyrus with premotor and
prefrontal regions. In lesion—symptom mapping studies,
lesions to the superior longitudinal fasciculus were associ-
ated with impaired laryngeal elevation, pharyngeal residue
(Wilmskoetter, Bonilha, et al., 2019), and oral intake

restrictions (Galovic et al., 2016). It remains speculative if
lesions to the superior longitudinal fasciculus might disrupt
signal transmissions from the temporal-parietal swallowing
regions to the frontal primary and secondary motor areas,
thus impeding swallow initiation and coordination.

PVWM. The PVWM are fiber tracts adjacent to the
lateral ventricles of the brain. Lesions to the PVWM have
been related to the occurrence of dysphagia (Cola et al.,
2010; Im Moon et al., 2017). The physiological mechanisms
that are disrupted by lesions in the PVWM remain to be
explored. It is possible that projection fibers traveling
between the cortex and brainstem are damaged when the
PVWM is lesioned, thus interrupting efferent and afferent
neural signals.

Cortical and Subcortical Control of Swallowing
Recovery After Stroke

Little is known about how lesion locations affect
dysphagia recovery. It has been proposed that recovery
from cortical stroke-induced dysphagia depends on the
cortical reorganization in the unaffected hemisphere (Hamdy
et al., 1998, 2000; Li et al., 2009). If the unaffected hemi-
sphere can successfully engage the homolog, swallowing
areas depends on multiple factors. One factor is the hemi-
sphere that is lesioned. This is an important consideration
because both hemispheres do not seem to equally compensate
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Figure 4. Commonly identified white matter brain tracts crucial for swallowing after stroke. Periventricular white matter has been identified as
crucial for poststroke dysphagia but is not labeled in this figure because of controversies about which and to what extent regions belong to
these white matter tracts. For illustration purposes, brain regions are shown only in the right hemisphere and not in both hemispheres. Colors

were chosen arbitrarily.

right left
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inferior
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for damage after a lesion. Furthermore, the unaffected
hemisphere can compensate for some brain regions better
than for other regions. Lowell et al. (2012) discussed that
the potential for neural recovery depends on the brain re-
gion that is damaged and its degree of lateralization. A
higher degree of lateralization might diminish the potential
of reorganization in the other hemisphere with little or no
swallow representation. For example, unilateral damage to
the insula may show only little compensatory mechanisms
in recovery compared to damage to the somatosensory cor-
tex because of the insula’s greater swallowing functional
lateralization to the left hemispheres (Lowell et al., 2012).
Lesion—-symptom mapping studies support the hypothesis
that the insula might have low recovery potential because
lesions to the insula were associated with prolonged dys-
phagia, defined as greater than 14 days (Broadley et al.,
2003; Galovic et al., 2017).

In addition to the factors of the side of the lesion
and the degree of lateralization of the lesioned brain region,
the combination of lesioned regions might also determine
recovery success. For example, Galovic et al. (2013) suggest
that combined, not isolated, lesioning of the insula and
frontal operculum is an independent predictor for prolonged
(> 7 days) dysphagia. Reasons for this observation might
be that both areas are responsible for similar swallowing

functions, and damage to both areas might cause increased
and longer-lasting swallowing impairment. Furthermore, it
might be possible that the frontal operculum is an impor-
tant area for recruitment of peri-infarct tissue after insula
stroke (Galovic et al., 2017). If the frontal operculum was
damaged in concordance with the insula or if white matter
connections were damaged, then such a recruitment would
be compromised.

Whether gray matter or white matter lesions have a
worse impact on swallowing recovery after stroke is con-
troversial. Some research suggests that lesions to the white
matter may be associated with acute but not prolonged
swallowing impairment (Galovic et al., 2013; Suntrup et al.,
2012). White matter pathways connecting the cortex with
swallowing centers in the brainstem might improve rapidly
by bypassing the lesioned segments (Galovic et al., 2013;
Gonzalez-Fernandez et al., 2008). Conversely, research by
Wau et al. (2015) suggests that white matter lesions are
associated with poor (general) long-term recovery after
stroke (Wu et al., 2015).

Importantly, any relationships between lesion loca-
tions and recovery potential are not generalizable across all
individuals with a stroke. Lowell et al. (2012) pointed out
that the insula’s left lateralization was not observed in all
participants (in eight and nine of the 14 participants for the
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anterior and posterior insula, respectively). Thus, patients
who did have swallowing functions lateralized to one side
of the insula before their stroke might have the same recov-
ery potential as patients with lesions to the somatosensory
cortex. Additionally, intra- and interindividual differences
in the lateralization of muscle groups and functions in-
volved in swallowing (Hamdy et al., 1996) can explain dif-
ferences in recovery. Patients with the same lesion location
in the motor cortex might show a different recovery based
on the patients’ individual premorbid swallowing topogra-
phy in the motor cortex.

Neuroanatomy of Poststroke Dysphagia:
Clinical Observations

BB is a 72-year-old man who presented to the emer-
gency department with an acute onset of left-sided weak-
ness and slurred speech. Previous medical history was
significant for hypertension, hyperlipidemia, and coronary
artery disease. He was a retired lawyer, married, and
completely independent prior to admission. BB’s initial
National Institutes of Health Stroke Scale score was 21,
characterized by decreased alertness, confusion, right gaze
preference, left visual field deficit, left facial weakness,
dysarthria, complete left hemiplegia, and dense left sensory
loss with left hemineglect. A computed tomography scan
confirmed an acute right middle cerebral artery ischemic
stroke. As BB presented to the emergency department within
2 hr of symptom onset, tissue plasminogen activator was
administered. Tissue plasminogen activator helps to break
up or dissolve blood clots and may limit stroke damage
and the severity of disability.

Swallowing was not screened by nursing on admission
due to BB’s decreased level of alertness; he received no intake
by mouth (NPO), including medication. A clinical swal-
lowing examination was completed by the speech-language
pathologist on Day 2 of BB’s acute care hospitalization.
He was fully oriented but lethargic. Oral hygiene was ade-
quate. Both at rest and extension, left central facial weak-
ness and left tongue deviation were evident indicating
unilateral upper motor neuron lesioning. Mild-to-moderate
unilateral upper motor neuron dysarthria was identified.
Swallowing was evaluated using ice chips, cup- and straw-sips
of water, and teaspoons of puree. Decreased labial seal, de-
creased lingual control, delayed onset in the palpation of
hyolaryngeal movement, multiple swallows to clear, and
coughing with straw-sips of water were evident. The speech-
language pathologist recommended continued NPO status; a
small-bore feeding tube was placed for nutrition.

On Hospital Day 3, BB became somnolent. A repeat
computed tomography scan revealed right cerebral edema
and midline shift for which he was administered mannitol
and hypertonic saline. Following this, he remained neuro-
logically stable but intermittently lethargic during his acute
care hospitalization. An MRI scan was completed on
Hospital Day 5 and revealed a large infarct (> 300-ml
infarct volume) with lesions involving more than 90% of the

right insula, operculum, globus pallidus, putamen, cau-
date, superior longitudinal fasciculus, internal and external
capsules, and greater than 50% but less than 90% of the
corona radiata, somatosensory, supramarginal, and angular
cortices (see Figures 5 and 6). The left hemisphere, brain-
stem, and cerebellum were spared by the lesion, and no old
large vessel infarcts were visible. However, the MRI showed
bilateral subcortical and PVWM hyperintensities, which
were likely related to chronic microangiopathy (small vessel
brain disease) already existent before the stroke.

Due to the change in BB’s level of consciousness on
Day 3, a VFSS was not completed until consistent alertness
was evident, which was Day 8 following admission. The
Modified Barium Swallow Impairment Profile protocol
was utilized with administration of thin, nectar, and honey-
thick liquids and purees (Martin-Harris et al., 2008). A
solid bolus was not provided due to safety concerns. The
highest Modified Barium Swallow Impairment Profile com-
ponent scores and highest Penetration—Aspiration Scale
scores (Rosenbek et al., 1996) for each consistency are
listed in Table 1. Reduced orolingual control yielding
valleculae and pyriform sinus pooling of thin liquids with
intermittent preswallow aspiration (Penetration—Aspiration
Scale 6) was evident. Airway invasion was prevented with
nectar-thick liquids as well as with a chin tuck posture with
ingestion of thin liquids; however, the client required con-
tinual tactile and verbal cues to maintain the chin tuck
posture during swallowing. Oropharyngeal residue was not
evident with nectar-thick liquid but was evident with honey-
thick liquids. Decreased base of tongue to posterior pha-
ryngeal wall contact was also identified and resulted in
moderate valleculae residue with barium pudding; however,
airway invasion was not observed. Effortful swallowing
was tested during the VFSS to ensure no immediate nega-
tive effects as it was going to be implemented as a rehabili-
tation technique to improve base of tongue retraction. No
increase in residue or entry of material into the nasal
cavity was observed during effortful swallowing (Garcia
et al., 2004; Molfenter et al., 2018).

Following the VFSS, oral intake was initiated: nectar-
thick liquids (International Dysphagia Diet Standardiza-
tion Initiative [IDDSI] Level 2; www.iddsi.org) and purees
(IDDSI Level 4). Thin liquids (IDDSI Level 0) were also
allowed with supervision. BB’s alertness level fluctuated

Figure 5. Diffusion-weighted imaging, magnetic resonance imaging
sequence.
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Figure 6. Fluid-attenuated inversion recovery magnetic resonance
imaging sequence.

daily and affected oral intake. A percutaneous endoscopic
gastrostomy (PEG) tube was placed on Day 15 of hospi-
talization due to decreased intake; however, oral intake
continued. BB was seen daily for swallowing and cognitive
therapy; however, lethargy negatively impacted participa-
tion. Swallowing therapy included lingual resistance exer-
cises using the Iowa Oral Performance Instrument, Masako
maneuver, and effortful swallowing. BB was discharged to
acute rehabilitation on Hospital Day 20. His National In-
stitutes of Health Stroke Scale score was 17 and modified
Rankin score was 5 (severe disability, bedridden, inconti-
nent, requiring continual nursing care and attention) at the
time of discharge.

BB was in acute rehabilitation for 6 weeks. Alertness
slowly increased, as did his participation in therapy. Using
visual feedback, the Iowa Oral Performance Instrument for
lingual resistance exercises and surface electromyography
for effortful swallowing appeared to facilitate his attention
to task. A repeat VFSS during Week 4 of his acute rehabil-
itation stay revealed notable improvement in swallowing
(see Table 1); however, impulsiveness was evident charac-
terized by rapid rate and large, uncontrolled ingestion of
liquid volumes. His diet was advanced to IDDSI Level
0 for liquids and Level 6 for solids; however, monitoring

of impulsiveness during meals continued. By Week 5, the
PEG tube was removed, and he was discharged to home
on Week 6. His modified Rankin score was 4 (moderately
severe disability, unable to walk and attend to bodily needs
without assistance). He continued to receive weekly out-
patient language therapy for 3 months to improve cognition
as well as twice-weekly occupational and physical therapy.

Can the Understanding of Lesion Locations
Assist in BB’s Dysphagia Diagnosis,
Treatment, and Prognosis?

BB suffered a large unilateral hemisphere stroke in-
volving the majority of the right cortical and subcortical
regions. Almost all regions previously discussed in this arti-
cle to be involved in swallowing control were at least 50%,
if not 90%, lesioned in the right hemisphere.

The likelihood for BB to present significant swallow-
ing impairment as a result of his large right hemisphere
stroke is high. Although there is no one-to-one relationship
of large lesions and severe dysphagia, larger lesions tend
to be associated with more severe overall conditions after
stroke. Right hemisphere strokes in particular have been
associated with pronounced pharyngeal swallowing deficits
and worse prognosis as compared to left hemisphere strokes
that have been associated more often with oral swallowing
deficits (Wilmskoetter et al., 2018). This generalization,
however, does not necessarily hold true for every single
patient because the functional swallowing organization can
vary between patients (Hamdy et al., 1996, 1997; Mistry
et al., 2007). In BB’s case, his presentation of severe oral
and mild pharyngeal swallowing impairment as visualized
in the initial VFSS on Hospital Day 8 suggests that the
left, and not the right, hemisphere was his dominant pha-
ryngeal swallowing hemisphere before the stroke. If the

Table 1. Modified Barium Swallow Impairment Profile (MBSImP) component scores. Scores are overall impression scores: the highest (most

severe) score across all swallowing tasks.

(o]] Pl PAS score (highest)
Component VFSS1 VFSS2 Component VFSS1 VFSS2 Consistency VFSS1 VFSS 2
Lip closure 2 Soft palate elevation 0 0 Thin liquid 6 2
Tongue control-bolus hold 3 0 Laryngeal elevation 1 0 Nectar liquid 1 1
Bolus preparation/mastication 3 1 Anterior hyoid excursion 0 0 Honey liquid 1 1
and puree

Bolus transport 3 0 Epiglottic movement 0 0
Oral residue 2 1 Laryngeal vestibular closure 0 0
Initiation of pharyngeal swallow 1 1 Pharyngeal stripping wave 1 0
Total OI* 14 2 Pharyngeal contraction 0 0

PES opening 0 0

Tongue base retraction 3 1

Pharyn%eal residue 2 1

Total PI 7 0

Note. Ol = oral impairment; Pl = pharyngeal impairment; PAS = penetration-aspiration scale; VFSS = videofluoroscopic swallowing study;

PES = pharyngoesophageal segment.

#According to the MBSImP protocol, scores of 1 for components “lip closure” and “oral residue” do not comprise the total Ol score. bAccording to
the MBSImP protocol, scores of 1 for components “tongue base retraction” and “pharyngeal residue” do not comprise the total Pl score.
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hemisphere with the weaker swallowing representation is
lesioned, dysphagia can still occur, but the prognosis for
the speed and extent of recovery is usually better compared
to a lesion to the nondominant hemisphere because the un-
affected, dominant hemisphere can compensate more easily.
Indeed, BB showed nearly complete swallowing recovery
within 6 weeks after his stroke as visualized by the follow-up
VFSS during inpatient rehabilitation.

Although BB initially presented with oropharyngeal
swallowing impairments, his swallowing function was diag-
nosed safe and efficient enough to prescribe a full oral diet
with specific food and liquid restrictions. However, BB
did not achieve his nutritional needs orally and required a
PEG tube. Throughout the entire hospital stay, BB showed
significant deficits in cognition and alertness that were the
main reasons for his slow oral diet progression. Oral swal-
lowing impairment (e.g., impairments in lip closure, tongue
movement, bolus hold) in patients poststroke has been
linked to cognitive deficits (Im Moon et al., 2012). BB’s
presentation of severe oral swallowing impairments accom-
panied by cognitive deficits support this association. Thus,
BB’s main challenge was his decreased alertness and cogni-
tion as a result of the stroke, which likely impacted his
swallowing function, leading to deficits in oral intake. Again,
this association supports the speculation that the right
hemisphere was not BB’s dominant swallowing hemisphere
before his stroke.

Besides the stroke lesion, many other factors probably
contributed to the occurrence and recovery of BB’s swal-
lowing impairments. For example, BB showed white matter
hyperintensities in the deep white matter and around the
ventricles. White matter hyperintensities are commonly
observed in patients with small vessel brain disease even in
the absence of a (large vessel) stroke. White matter hyper-
intensities (or leukoaraiosis) are associated with worse
outcomes after stroke, likely because white matter hyperinten-
sities predispose patients to decompensate more severely
following a stroke compared to individuals without white
matter hyperintensities (Wilmskoetter, Marebwa, et al., 2019).
BB presented mild-to-moderate white matter hyperintensi-
ties (Fazekas et al., 1987); thus, his residual reserve was
likely decreased poststroke, but it was not a major factor
for his recovery potential.

Conclusions

Swallowing is mediated by a broad, bilateral neural
network encompassing cortical, subcortical, and bulbar
gray matter brain regions, as well as white matter tracts
connecting these regions. Our current knowledge that lesions
in many different areas of the brain can be associated with
dysphagia falsifies statements such as “this patient cannot
have dysphagia because the lesion is only unilateral/is too
small/is not in the brain stem.” Lesions involving many
different locations, of varied sizes, and in either hemisphere
can result in swallowing impairment.

Although some relationships between stroke lesion
patterns and swallowing impairment seem consistent across

patients, interindividual differences exist. Relationships
that hold true at a group level may not be translatable to an
individual patient. Two patients can have the same lesion
in terms of site, side, and size, but only one may have dys-
phagia (or recovers), and the other one does not. These dif-
ferences may result from structural and functional brain
differences or from factors other than the stroke lesion. For
example, the overall health condition, comorbidities, vigi-
lance, attention, cognition, or perceptual deficits may be asso-
ciated with dysphagia occurrence and recovery independent
of lesion location and size. Clinicians can use information
about the stroke lesion as an adjunct to their clinical and in-
strumental assessments to identify swallowing impairments
and prescribe optimized treatment by estimating what pat-
terns of neural swallowing control may be disordered.
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