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Abstract

This review of the central nervous control systems for voice and swallowing has suggested that the
traditional concepts of a separation between cortical and limbic and brain stem control should be
refined and more integrative. For voice production, a separation of the non-human vocalization
system from the human learned voice production system has been posited based primarily on
studies of non-human primates. However, recent humans studies of emotionally based
vocalizations and human volitional voice production has shown more integration between these
two systems than previously proposed. Recent human studies have shown that reflexive
vocalization as well as learned voice production not involving speech, involve a common
integrative system. On the other hand, recent studies of non-human primates have provided
evidence of some cortical activity during vocalization and cortical changes with training during
vocal behavior. For swallowing, evidence from the macaque and functional brain imaging in
humans indicates that the control for the pharyngeal phase of swallowing is not primarily under
brain stem mechanisms as previously proposed. Studies suggest that the initiation and patterning
of swallowing for the pharyngeal phase is also under active cortical control for both spontaneous
as well as volitional swallowing in awake humans and non-human primates.

INTRODUCTION TO THE VOICE AND SWALLOWING SYSTEMS

Voice and swallowing functions in humans have both similarities and differences in the task
demands and their neural control. VVolitional voice production in humans includes cry,
humming, speech and singing, but can also be involuntary in response to pain, fright, and
emotional expression. Swallowing is often reflexive for salivary control but can also be
volitional for eating, rapid drinking and pill swallowing. Both systems have mammalian
brain stem and midbrain patterning control systems as well as cortical and subcortical
volitional control. The extent to which the cortical control alters brain stem and midbrain
patterning may vary between voice and swallowing and will be discussed in this review.

Both vocalization and swallowing involve laryngeal control and both systems are impacted
when there is unilateral vocal fold paralysis as a result of recurrent laryngeal paralysis (Flint,
Purcell and Cummings, 1997; Perie, Laccourreye, Bou-Malhab, et al., 1998). Without
bilateral laryngeal muscle control to bring the vocal folds close to the midline, air flow will
not be able to induce vibration for voice production; in severe cases only a whisper can be
produced with unilateral vocal fold paralysis. During swallowing, muscles in the vocal folds,
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the ventricular (or false vocal folds) and the aryepiglottic folds contract to protect the airway
along with hyoid and laryngeal elevation to move the larynx underneath the epiglottis
(Kawasaki, Fukuda, Shiotani, et al., 2001). Hyo-laryngeal elevation likely assists with
opening the upper esophageal sphincter to safely move the bolus through the hypopharynx
and into the esophagus (Kahrilas, Dodds, Dent, et al., 1988; Medda, Kern, Ren, et al., 2003;
Pearson, Hindson, Langmore, et al., 2013). With vocal fold paralysis, closure of the vocal
folds may be slow and incomplete allowing aspiration of the substances through the vocal
folds and into the trachea when swallowing liquids placing a patient at risk of aspiration
pneumonia if aspiration is repeated over a prolonged period (Finck, 2006).

Both systems modulate respiratory control; during swallowing there is a resetting of the
respiratory rhythm to produce an apnea most likely due to resetting of the respiratory system
(Bongianni, Mutolo, Carfi, et al., 2000; Paydarfar, Gilbert, Poppel, et al., 1995). For
vocalization, inspiration increases lung volume before the onset of vocalization which
requires a prolonged expiratory phase to provide adequate subglottal air pressure and flow
essential for inducing vocal fold vibration (Jiang, O’mara, Conley, et al., 1999).

Oral and lingual control are also inherent in both vocalization and swallowing. For both non-
speech vocalization and speech, mouth opening, velar elevation and upright head position
are required for sound projection. For speech, lips, jaw and tongue coordination not only
shape the oral pharyngeal cavity for vowel resonances but also produce full or partial
obstructions for consonants which must be coordinated with voice onset and offset (Borden
and Harris, 1984).

During swallowing, jaw and tongue control is required for chewing food, during lip closure
and posterior tongue propulsion is required to move the bolus into the oropharynx to initiate
the pharyngeal phase of upper airway closure, hyo-laryngeal elevation, positive pressure and
upper esophageal sphincter opening (Jacob, Kahrilas, Logemann, et al., 1989). Thus both
voice and swallowing are complex coordinate systems requiring precise integration of oral,
pharyngeal, laryngeal, and respiratory musculature in the upper airway.

Developmental Aspects

Both vocalization and swallowing are present at birth and become further differentiated as
the infant develops and begins speaking and eating. Neither swallowing or vocalization are
acquired through explicit instruction, rather these are implicitly acquired through a gradual
process of increased adaptation resulting in more complex behaviors. Voice in humans starts
with the birth cry in newborns in response to pain, hunger, and isolation. VVocalization
functions gradually begin to integrate with oral control during babbling which is then shaped
by speech in the environment and language development providing the emergence of first
words for communication around one year of age. Speech motor control becomes
increasingly skilled with exact timing of voice onset and offset being used to differentiate
between speech sounds early in childhood.

Swallowing is present at birth and a pattern of suck requiring lip closure and tongue motion
to create a negative intra-oral pressure, resulting in movement of liquid through the posterior
oral cavity and pharynx, and into the esophagus. Infant patterning of suck, swallow and
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breathing integration are apparent in normal infants during suckling. As the infant moves to
foods with soft texture further tongue control for moving and manipulating the bolus into the
back of the mouth emerges. With solid food ingestion chewing is coordinated with tongue
manipulation prior to the pharyngeal stage of upper airway closure and propulsion through
the upper esophageal sphincter.

Sensory Systems

Both vocalization and swallowing are systems evident at birth based on initial brainstem or
midbrain control with cortical control for volitional control emerging during childhood.
These two systems depend upon sensory input and can be modified by volitional control.
The auditory system provides the target for volitional control of voice. The young child
implicitly develops an inner feedforward model of proprioceptive properties needed to reach
the auditory target with increased accuracy for voice during communication. Without
auditory reception, voice control for speech does not develop normally.

In swallowing, the target is bolus formation and movement from the oral cavity with tongue
propulsion into the hypopharynx and clearance into the esophagus without entry into the
airway. Here glossopharyngeal and hypopharyngeal tactile stimulation and taste reception
play a role in facilitating the swallow (Jafari, Prince, Kim, et al., 2003; Kitagawa, Shingai,
Takahashi, et al., 2002). A bilateral block of the superior laryngeal nerve in healthy
volunteers had a profound effect on swallowing. Not only did the participants report
increased effort required to initiate swallowing, videofluoroscopy studies showed increased
penetration of the bolus into the laryngeal vestibule and aspiration in a quarter of the
swallows during the block. No instances of aspiration were found on swallows without a
sensory block in these healthy volunteers (Jafari, Prince, Kim, et al., 2003). Tracheal
receptors likely play an important role by inducing coughing when there is an abnormal
aspiration into the trachea. Coughing will eliminate the bolus from the trachea (Undem, Carr
and Kaollarik, 2002) and provides feedback on the safety of swallowing. The degree to which
an internal proprioceptive model is developed to guide safe swallowing behavior is
unknown. The results of Jafari et al., (2003) suggest that an internal model develops by
adulthood which depends upon sensory feedback to initiate and modulate the swallowing
pattern to prevent aspiration and penetration in normal adults.

Integrated Systems for Voice and Swallowing

Central nervous system control for both systems includes both relatively automatic
behaviors present from birth and volitional control acquired with development. In the
human, volitional control is evident when subjects respond to verbal instruction such as,
“prolong a vowel” or “swallow hard”.

The relatively automatic brain stem and midbrain control for voice have been studied in
decerebrate or anesthetized mammals and non-human primates and in some cases
chronically implanted normally behaving non-human primates (Hage and Jurgens, 2006a;
Hage, Jurgens and Ehret, 2006; Jurgens, 2000; Jurgens, 2002; Luthe, Hausler and Jurgens,
2000). Similarly, studies of brain stem and midbrain control of swallowing has been
extensively studied in decerebrate or anesthetized mammals (Amirali, Tsai, Schrader, et al.,
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2001; Jean, 2001; Lang, Dean, Medda, et al., 2004) as well as chronically implanted awake
non-human primates (Martin, Kemppainen, Masuda, et al., 1999; Narita, Yamamura, Yao, et
al., 1999; Yajima and Larson, 1993).

Central Nervous System Control of the Laryngeal Musculature in the Brain Stem

Innervation of the laryngeal muscles is essential for both voice and swallowing. For voice,
both vocal folds must be moved to the midline so they can be set into vibration by airflow
from the lungs. The relationship between cricothyroid (lengthening of the vocal fold) and
thyroarytenoid (shortening of the vocal fold) determines the tension and rate of vibration or
fundamental frequency (Titze, Luschei and Hirano, 1989). This is precisely controlled by
auditory feedback during voice production (Larson, Burnett, Kiran, et al., 2000). For
swallowing, vocal fold and ventricular or false fold closure prevent the aspiration of food or
liquid into the trachea and lungs. Thus bilateral vocal fold function is essential to both
systems.

Cortical control of the laryngeal musculature is bilateral within each hemisphere in non-
human primates; electrical stimulation of the laryngeal muscle area in the primary motor
cortex in either hemisphere will induce bilateral vocal fold closure in anesthetized animals
(Hast and Milojevic, 1966; Hast, Fischer, Wetzel, et al., 1974; Simonyan and Jurgens,
2003). Infarcts affecting the cortical primary motor on one side can induce paralysis in the
contralateral limb, brain injury affecting the cortical primary motor area for the laryngeal
muscles on one side do not produce vocal fold paralysis likely due to bilateral cortical
control of the laryngeal musculature in each hemisphere. In fact vocal fold paralysis due to
central nervous system lesions only occur in Wallenberg syndrome with infarction of the
vertebral artery or the posterior inferior cerebellar artery on one side in the medial and
lateral medulla (Kim, Lee, Suh, et al., 1994).

The descending connections to the laryngeal motoneurons in the nucleus ambiguus in non-
human primates was clarified in a study of the squirrel monkey using glutaminergic
blockade with kynurenic acid while stimulating the laryngeal muscle area in the primary
motor cortex on one side (Jurgens and Ehrenreich, 2007). Only kynurenic injections to the
reticular nucleus dorsal to the nucleus retroambiguus produced either bilateral vocal fold
paralysis to unilateral cortical stimulation while kynurenic injections adjacent or involving
the nucleus ambiguus blocked vocal fold movements on the side ipsilateral to the cortical
stimulation. The authors concluded that there were multiple input regions to the laryngeal
motoneurons in the nucleus ambiguus: the ipsilateral dorsal reticular nucleus to the
ipsilateral nucleus ambiguous as well as inputs from the ipsilateral peri-ambigual reticular
formation to the contralateral nucleus ambiguus (Jurgens and Ehrenreich, 2007).

Lesions in the medulla producing both dysphonia and swallowing disorders with aspiration
involve the lower middle levels of the medulla in the inferior dorsolateral, and mid-lateral
regions affecting inputs to the motor neurons for the laryngeal, facial and soft palate
musculature (Kwon, Lee and Kim, 2005). When electrophysiological techniques were used
to quantify laryngeal movements and submental muscle activation associated with hyo-
laryngeal elevation for the pharyngeal phase of swallowing, the effects of a lateral medial
medullary infarct was to delay and discoordinate the pharyngeal component of the
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swallowing pattern bilaterally (Aydogdu, Ertekin, Tarlaci, et al., 2001). This suggested that
lateral medullary lesions interfered with both unilateral and contralateral premotor inputs to
the motoneurons involving muscles active in the pharyngeal phase of swallowing. The
pattern of slowed and discoordinated pharyngeal swallowing in Wallenberg syndrome
differed from the delay in initiation of the pharyngeal phase seen in patients with cortical
lesions affecting swallowing (Aydogdu, Ertekin, Tarlaci, et al., 2001). Thus the cortical
control of swallowing may be more involved in volitional control of the oral phase of
swallowing involving bolus manipulation and chewing, and the initiation of the pharyngeal
phase. On the other hand brain stem control involves the patterning within the pharyngeal
phase and the premotor inputs to the pharyngeal and laryngeal motoneurons on both sides. A
unilateral lesion in the dorsolateral medulla situated in the rostral third of the medulla
affecting the nucleus ambiguus and the nucleus tractus solitarius with their surrounding
reticular formation may disrupt premotor inputs to both the ipsilateral and contralateral
motor neurons producing dysphagia (Prosiegel, Holing, Heintze, et al., 2005). Dysphonia in
Wallenberg syndrome is usually due to unilateral vocal fold paralysis. Only one case in the
literature has reported bilateral vocal fold paralysis with dorsolateral medial medullary
injury resulting in stridor and severe dysnea as the two flaccid folds are sucked towards the
midline with each inspiration requiring emergency tracheostomy (Giordano, Gonella,
Macchieraldo, et al., 1992). The integration of the laryngeal motoneurons in swallowing at
the brain stem level is evident. However, although voice production may be hoarse due to
unilateral paralysis in dorsolateral lesions medullary lesions in humans, no reports have
indicated that the rapid pattern of voice for speech remains intact indicating that precise
patterning of voice onsets and offsets for speech in humans is not controlled at the brain
stem level.

VOICE CNS CONTROL

Methodological Considerations for Studying CNS Voice Control in Humans

Speech versus Language Tasks—Several methodological issues need to be
considered when studying central control of voice in humans and may account for some of
the differences in findings reported in the literature. First, voice is usually used for speech by
most adults. Speech conveys meaning, and involves the formulation of meaningful phrases
through lexical selection and grammatical relationships requiring language processing. If
adults are producing sentences, retrieving words, repeating sentences or reading sentences,
the phonological, lexical, syntactic aspects of language processing are involved which are
well known to be left hemisphere dominant functions in close to 90% of persons; reversed
language laterality is rare although more frequent in left handed persons (Kimura, 1983). To
study voice control without confounding the effects of language, then, many investigators
have confined their tasks to voice production that doesn’t include language meaning.
Examples of non-language voice production tasks are syllables that primarily involve voice
changes and not require use of lips, tongue and jaw movements for speech sound
articulation. Examples of voice changes that are primarily changes involving the larynx and
do not contain other articulators, such as lip, jaw and tongue are glottal stops (designated by
“?") where voice production is interrupted by closing the vocal folds abruptly to produce an
interruption between vowels such as ?i?i?i?i (Brown, Ngan and Liotti, 2008; Loucks,
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Poletto, Simonyan, et al., 2007). This requires precise control at the larynx but does not
convey language meaning, and for English speakers is a learned voice gesture. Another
voice control syllable for speech is the syllable /hi/ where the /h/ is produced between
vowels when the vocal folds are held apart and turbulence is heard as an /h/. Although the
word “he” has meaning and in isolation would have language meaning, when speakers are
asked to produce a series of /hihihihih/ the language content is not apparent. Thus repeated
vowels interspersed with glottal stops or /h/ is a voice production task without language
meaning but skilled and contains the laryngeal motor patterns learned for speech production
without language meaning.

Covert or Whispered versus Spoken Speech—One approach to determining CNS
control for voice production is to compare voice production for speech with covert speech
for similar utterances. One such study showed that an intensity difference in the primary
motor area that was greater over the jaw, lips and tongue region with overt speech that was
not present during covert speech in both the right and left hemispheres to the same degree
(Huang, Carr and Cao, 2002). Another approach to identifying brain activation for voice
production was conducted using PET to compare speech with whispered speech (Schulz,
Varga, Jeffires, et al., 2005). Although this was narrative speech with language, as the
language content was similar in both the whispered and spoken narrative speech, and the
two conditions differed in that only speech contained voice with rapid onsets and offsets
while whisper was constant.

The contrasting of two conditions is based on the assumption that the differences are
additive which has been questioned by others (Sidtis, Strother, Anderson, et al., 1999). Sidtis
et al (1999) used four tasks with positron emission tomography; baseline rest, syllable
repetition of either /pa/, /ta/ or /ka/, simple sustained phonation and repetitive lip closure.
Comparison of each of the three tasks with a baseline condition differed from decomposition
by subtraction. The phonation task was a sustained vowel which is much less complex and
difficult than rapid alterations between voice onsets after plosive voiceless consonants. Thus
it is easily understood how these tasks would not be additive. This then demonstrates the
care that is needed when designing studies to examine a central nervous system for a
particular complex function such as voice, speech, and swallowing.

Voice for Speech versus Non-speech—Another aspect of voice is whether the
gestures are learned and skilled speech such as the vowels with glottal stops or /h/ or
whether they are non-speech vocalizations, such as sigh, cough, and throat clear. These non-
speech sounds involve voice but are not learned as part of speech expression. Comparisons
between speech and non-speech sounds were conducted to determine if there are differences
in humans’ central nervous system control for these non-speech voice productions and
speech syllables (Chang, Kenney, Loucks, et al., 2009). Surprisingly, left hemisphere
dominance was similar for speech and non-speech systems using BOLD fMRI suggesting
that familiar vocalizations with auditory targets for speech or non-speech sounds involve
similar brain mechanisms to those for voice control for speech. However, more examination
of this issues is needed.
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Learned Voice Productions versus Emotional Vocalization—Jurgens and
colleagues posited that the mammalian vocalization system which produces isolation cries in
newborns, barks, cries to pain, and danger calls is innate and differs in central nervous
system control from voice production for speech in humans (Jurgens, 2002; Jurgens, 2009).
The mammalian vocalization system found through a series of careful experiments in the
squirrel monkey, was identified as an innate system involving the cingulate, periaqueductal
gray, pons and brain stem (Figure 2). It has been proposed that this is an innate emotional
voice system in humans and differs from the CNS system that supports the development of
learned voice productions for speech and non-speech that is cortically based (Jurgens, 2002;
Jurgens, 2009). The degree to which the innate mammalian non-human vocalization system
and learned non-speech and speech voice production systems interrelate in humans is not
well understood. One difficulty with addressing this issue is the challenge of reliably
producing spontaneous emotional voice expression such as laughter or crying in a
neuroimaging session.

Difficulties with Motion Artifact—The most popular neuroimaging system is fMRI
BOLD as it does not involve radiation exposure, can be repeated for multiple experiments in
individuals in contrast with Positron Emission Tomography which requires the injection of
radiolabelled ligands. However, BOLD fMRI is highly susceptible to motion artifact such as
head movement which is difficult to control during voice, speech and swallowing as well as
changes in the oral cavity that may produce magnetic field disturbances (Birn, Bandettini,
Cox, et al., 1998b). The development of event-related sparse sampling was a significant
technological advance allowing the use of fMRI for the study of speech, voice and
swallowing (Birn, Bandettini, Cox, et al., 1999). Prior to that most of the speech studies
using fMRI were “thought” experiments having the participants think of saying words or
making sounds. There was a subsequent rapid increase in functional neuroimaging using
fMRI for study CNS control for speech, voice and swallowing starting in 2000.

Event-Related Sparse Sampling—The event-related sparse sampling technique takes
advantage of the relatively slow hemodynamic response to neuronal activation for a brief
behavior or stimulus of a few seconds (Friston, Fletcher, Josephs, et al., 1998; Henson,
Price, Rugg, et al., 2002). The hemodynamic response to a stimulus or a brief behavior starts
just after the onset of the stimulation or behavior and peaks at 5 seconds. If the speech or
swallowing are short in duration (less than 3 s) then the movement is finished and the
motion artifact is limited to an interval before the peak response occurs. If a whole brain
scan is then conducted between 4 and 6.5 s after the onset of the behavior then the BOLD
measures are made without motion artifact during the interval when the blood oxygenation
level increase is greatest for that behavior. This approach was first demonstrated for
swallowing (Birn, Bandettini, Cox, et al., 1998a) and has been used extensively for voice
(Loucks, Poletto, Simonyan, et al., 2007) and speech (Birn, Bandettini, Cox, et al., 1999;
Golfinopoulos, Tourville, Bohland, et al., 2011).

Research Examining Dual Parallel Pathways for Vocal Production—The
difference between human volitional voice production for cry, humming, speech and
singing, and involuntary vocalizations in response to pain, fright, and emotional expression
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has been a paramount issue in the study of human voice. Based on many decades of research
on the CNS pathway for vocalization in the squirrel monkey, Jurgens determined that the
vocalization system in involved the cingulate cortex, periaquaductal gray, pons and brain
stem nuclei (Hage and Jurgens, 2006b; Jurgens, 1974; Jurgens, 1976; Jurgens and Ploog,
1970; Jurgens, Maurus, Ploog, et al., 1967; Muller-Preuss and Jurgens, 1976). Although
stimulation of the primary motor laryngeal area was able to produce vocal fold movement in
anesthetized monkey, stimulation in that area did not elicit vocalization in the same
monkeys when awake (Jurgens, 1974). This is in contrast with the report by Penfield and
Roberts that electrical stimulation in the primary motor area just above the representation of
muscles in the jaw, lips and tongue was an integrative area that could elicit vocalization in
awake humans during epilepsy surgery (Penfield and Roberts, 1959)(Figure 1.) Stimulation
in this region in M1 just below the region for the hand muscles, elicited vocalization much
more frequently when the same region was stimulated in the left hemisphere than on the
right (Figure 1). This region is considered an integrative area involving respiratory, lip, jaw
and tongue and laryngeal musculature for voice production in humans.

Differences in the cortical control of vocalization in humans versus the lack of vocalization
with cortical stimulation in non-human primates (Jurgens, 1974) was hypothesized to be due
to the lack of a direct cortico-bulbar pathway from the cortex to the brain stem in the squirrel
monkey (Jurgens, 1976) and in the rhesus monkey (Simonyan and Jurgens, 2003).
Anatomical tracing studies conducted in humans used the Nauta-Gygax selective silver
impregnation technique in patients with cortical stroke involving the motor areas examined
for degenerating axons in the brain stem (lwatsubo, Kuzuhara, Kanemitsu, et al., 1990;
Kuypers, 1958). In both studies, the labeling of cells in or around the nucleus ambiguus was
sparse in contrast with labeling of cells in the facial and hypoglossal nuclei and primarily on
the contralateral side. Labeling of only a single cell in the n. ambiguus can be seen in a
figure in one paper (Kuypers, 1958).

Recent Evidence Regarding Cortical Control in Non-Human Primates—Some
results have suggested that cortical control of motor production of voice may occur in
certain non-human primates. One study compared cortical expression of the immediate early
gene of Egr-1in marmosets following only vocal reception of other marmoset calls versus
marmosets involved in both reception and production of vocal calls. The ventrolateral
prefrontal cortex, a region corresponding to Broca’s area in humans, had increased bilateral
expression of Egr-1 in the vocalizing animals as opposed to the animals hearing but not
vocalizing calls. Other evidence has been found of cortical neurons controlling vocalization
have been found in the macaque (Coude, Ferrari, Roda, et al., 2011; Hage and Nieder,
2013). Recently, rhesus monkeys were shown with training to be able to switch volitionally
between two vocalizations based on arbitrary visual stimuli (Hage, Gavrilov and Nieder,
2013). Although such evidence of voluntary control over vocalization engaging premotor
cortical regions is far removed from the development of speech articulation learned in
humans (Ackermann, Hage and Ziegler, 2014), it reduces the distinction between human and
non-human primate vocalizations in the cortical control of vocalizations as posited by
Jurgens (Jurgens, 2002; Jurgens, 2009).
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Evidence Regarding a Dual-Pathway for Voice Production in Humans—
Certainly a separation between emotional vocal expression and speech has been suggested
by clinical observations of patients with global aphasia who retain emotional vocal
expression such as cry and laughter (Landis, 2006). Further the disassociation between voice
symptoms (phonation breaks) occurring in speech in spasmodic dysphonia while the patients
are able to laugh and cry normally has also suggested a separation between CNS control of
voice for speech and emotional expression (Bloch, Hirano and Gould, 1985).

Studies aimed at differentiating between volitional vocalization and emotional vocal control
in humans have not clearly differentiated between these two types of vocalization. A study
of laughter evoked by tickling, compared to suppression of laughter to tickling, and
volitional production of laughter in normal humans compared brain activation patterns
between these three conditions (Wattendorf, Westermann, Fiedler, et al., 2013). All three
conditions activated the same primary sensori-motor and premotor regions involving cortical
representation of the face, tongue, laryngeal and pharyngeal musculature as was identified as
the vocalization region by Penfield (Penfield and Roberts, 1959). This was the same region
identified by Brown in his fMRI study of voice production (Brown, Ngan and Liotti, 2008),
and found to be active in both hemispheres during voice production either for speech or for
singing (Riecker, Ackermann, Wildgruber, et al., 2000a). This area has been referred to as
the laryngeal motor cortex and hypothesized to be the human center for voluntary laryngeal
control for speech, breathing and swallowing (Simonyan and Horwitz, 2011). However,
involuntary laughter activated by tickling also activated this region bilaterally. Further, the
regions that were involved in laughter elicited by tickling and not by volitional laughter or
laughter suppression were the lateral hypothalamus, parietal operculum, amygdala and the
right cerebellum (Wattendorf, Westermann, Fiedler, et al., 2013). The PAG was active in the
ticklish laughter condition but the anterior cingulate gyrus was active only in the laughter
suppression and volitional laughter conditions. Although additional studies of emotional
vocalization are needed, this one study did not confirm that involuntary laughter in the
human was restricted to the same limbic vocalization system as identified by Jurgens and
colleagues in the squirrel monkey (Jurgens, 2009).

Few studies have examined voice production without speech in humans (Brown, Ngan and
Liotti, 2008; Huang, Carr and Cao, 2002; Loucks, Poletto, Simonyan, et al., 2007; Olthoff,
Baudewig, Kruse, et al., 2008; Schulz, VVarga, Jeffires, et al., 2005). In one, the primary
vocalization motor cortex, the supplementary motor area and anterior cingulate were active
bilaterally during humming without pitch intonation in normal humans (Olthoff, Baudewig,
Kruse, et al., 2008). Thus voluntary voice production (humming) involved activation of
some of the limbic vocalization system. In another study, simple glottal stop production
without voice was contrasted with sustained phonation of a schwa vowel, a lip protrusion
task and a vertical tongue movement inside the mouth without voice (Brown, Ngan and
Liotti, 2008). The phonation only task was contrasted with the other simple movements to
map the cortical representation of the laryngeal, lip and tongue musculature and
demonstrated that the peak of activation for phonation (voice ) alone was the same area as
the laryngeal task (a glottal stop) and dorsomedial to the primary motor representation of the
lips and tongue. Activation in laryngeal voice area was bilateral and similar in both the left
and right hemispheres. Few differences were found between the glottal stop task brain
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activation and phonation/voice; the right and left superior temporal gyrus was activated
bilaterally only during phonation/voice as would be expected and the subthalamic nucleus
was only activated during phonation/voice. Both tasks activated the right and left cerebellum
although a greater region was activated in the cerebellum on both sides by phonation/voice.
Neither task activated the anterior cingulate or peri-aquaductal grey.

Two studies have contrasted whispered or covert speech with voiced speech to identify
which regions of the brain are active for voice without speech through subtraction of
whisper or covert speech from voiced speech (Huang, Carr and Cao, 2002; Schulz, Varga,
Jeffires, et al., 2005). When narrative speech was contrasted with whispered narrative
speech by task subtraction to determine the system active for voice using positron emission
tomography, activation of the peri-aquaductal grey was associated with vocalization and not
whisper (Schulz, Varga, Jeffires, et al., 2005). The peri-aquaductal grey had high
connectivity with the ventral frontal operculum, anterior medial temporal gyrus bilaterally,
the left posterior medial temporal gyrus, left globus pallidum, right thalamus and right
anterior cingulate. Negative relationships were found with the sensory 11 cortices in both
hemispheres. The other study contrasted covert and overt speech and found greater activity
in the medial lateral cortex over the primary motor cortex when speech was voiced versus
thinking of speaking (Huang, Carr and Cao, 2002). This difference in activation was
bilateral, the same on the left as on the right hemisphere in the medial lateral primary motor
cortex. In summary, when only vocalization was studied independent of speech, bilateral
activation was found in the premotor, motor and auditory areas. In some studies, voluntary
voice production was also associated with activity in the limbic vocalization regions of the
anterior cingulate and periaqueductal grey.

CNS Control of Voice Production During Speech—When voice for laryngeal
hihihihi/ and no words, activation of the ventrolateral primary sensori-motor cortex was
bilateral but considerably greater in the left hemisphere (Loucks, Poletto, Simonyan, et al.,
2007). Here voice was combined with laryngeal movement for speech sounds of glottal
stops and /h/ and left hemisphere dominance became evident although it wasn’t evident
when only sustained vowels were studied (Brown, Ngan and Liotti, 2008). Thus rapid and
precise laryngeal articulations that were learned as part of speech were predominantly
controlled on the left side in the laryngeal/voice region of the primary motor cortex. When
contrasted with rest and with prolonged exhalation, the only other differences were
increased activation in the left superior temporal gyrus that occurred whether the speakers
could hear their voice or not, suggesting that auditory areas containing the targets of voice
for speech were activated during the production of learned laryngeal control tasks for speech
(Loucks, Poletto, Simonyan, et al., 2007).

CNS Control for Speech Syllable Articulation—Similar patterns of left hemisphere
predominance involving the left laryngeal/phonatory area occurs during nonsense speech
syllable production (Bohland and Guenther, 2006; Brendel, Hertrich, Erb, et al., 2010;
Ghosh, Tourville and Guenther, 2008; Riecker, Ackermann, Wildgruber, et al., 2000b).
Additional areas of activation predominantly on the left were activated during studies of
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nonsense speech syllable productions when compared with previous studies of phonation/
voice without speech reviewed above. These include the supplementary motor area, anterior
insula, medial cingulate, thalamus, caudate and pallidum all bilaterally but greater on the left
and the cerebellum bilaterally but greater on the right. Several of these areas have been
proposed to involve the planning or preparation for speech production including the
supplementary motor area, the anterior insula, dorsolateral frontal cortex (Brodman area 44)
and the superior cerebellum while the speech execution loop may consist of the primary
motor area, the thalamus, putamen/pallidum, caudate and interior cerebellum (Riecker,
Mathiak, Wildgruber, et al., 2005). A carefully timed fMRI study confirmed these different
loops for the planning, preparation and motor execution of speech sound syllables (Brendel,
Hertrich, Erb, et al., 2010). The role of the left anterior insula in speech programming
involving multiple vocal tract muscles has been proposed (Ackermann and Riecker, 2004)
and injury to the left anterior insula has been associated with verbal apraxia when the
complex sequencing of rapid automatic speech syllables is disrupted (Dronkers, 1996). Left
hemisphere lesions affecting the insula and Broca’s area can impact the use voice for speech
in verbal apraxia (Yadegari, Azimian, Rahgozar, et al., 2014) but such patients can continue
to vocalize for emotional expression. Although the timing of voice for speech is disturbed
(Freeman, Sands and Harris, 1978), patients rarely lose their ability to use voice with
unilateral cortical lesions to the speech system. VVocalization for pain, discomfort and
emotional distress continue unless there is extensive damage to cortical and subcortical
systems (Nagaratnam, Nagaratnam, Ng, et al., 2004).

Auditory Control of Human Voice Production—The human vocal control system
involves the primary motor area integrating the larynx, and oral facial musculature and is
bilateral (Brown, Ngan and Liotti, 2008). Voice production is also highly integrated with
activation with the superior temporal gyrus (Loucks, Poletto, Simonyan, et al., 2007).
Several years ago it was demonstrated that humans will rapidly compensate for
perturbations in the auditory feedback of their pitch during prolonged phonation of a vowel
(Larson, Burnett, Kiran, et al., 2000). When BOLD responses on fMRI contrasted pitch
shifted and non-shifted vocalization, activation differences were only found in the superior
temporal gyrus which were somewhat greater on the left in the superior and medial temporal
gyri (Parkinson, Flagmeier, Manes, et al., 2012).

Thus the voice production system in humans independent from speech is bilateral and
involves the laryngeal/voice motor region originally identified by Penfield (Penfield and
Roberts, 1959) (Figure 2). In contrast the human vocal system for speech involves a
predominant activation in the left hemisphere involving the superior temporal gyrus, anterior
insula, basal ganglia and the cerebellum more on the right. This system also employs
activity in the anterior cingulate and periaqueductal grey to varying degrees. Further
research is needed to determine the interactions between the proposed limbic vocalization
system and the learned voice control for speech and singing.
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SWALLOWING CNS CONTROL

Animal Studies of Brain Stem Control for Swallowing

Extensive work has been conducted in mammals on the brain stem pathways involved in
swallowing (Jean, 2001). The pharyngeal phase of swallowing has been studied extensively
in the rat and two regions found involving central patterning for swallowing; one in the
dorsal medulla activated by inputs to nucleus tractus solitarius referred to as the dorsal
swallowing group and the other involving more ventral regions with inputs to the nucleus
ambiguus, hypoglossal and other cranial muscle nuclei (Kessler and Jean, 1985) (Figure 3).

The interaction with respiratory control during swallowing has also been studied as a
centrally controlled apnea during swallowing resets respiratory cycling (Paydarfar, Gilbert,
Poppel, et al., 1995). While recording changes in membrane potentials in respiratory related
neurons in the ventrolateral nucleus tractus solitarius activities in the same neurons during
breathing and swallowing were examined (Gestreau, Milano, Bianchi, et al., 1996).
Different patterns of firing were recorded in the same neurons during breathing and
swallowing indicating that neurons in a central pattern generator for respiration also fired
during swallowing pattern generation showing “functional flexibility” (Gestreau, Milano,
Bianchi, et al., 1996). Similarly, laryngeal motoneurons in the nucleus ambiguus, the ventral
swallowing group, were shown to be active in swallowing and breathing. Laryngeal
motoneurons active during expiration became hyperpolarized and then depolarized with
bursting during swallowing (Gestreau, Grelot and Bianchi, 2000). Thus the same neurons
are involved in central pattern generator for respiration and swallowing. Depending upon the
frequency of inputs from afferents in the superior laryngeal nerve the firing patterning of
these neurons can change between breathing, cough and swallowing (Gestreau, Milano,
Bianchi, et al., 1996; Jean, 1984; Jean, 2001).

Sensory Inputs for Triggering and Modulating Swallowing

The ability to induce fictive coughing, swallowing or respiratory apnea with increasing rates
of electrical stimulation of the superior laryngeal nerve is one indication of the role that
sensory input can have in modulating swallowing (Baekey, Morris, Gestreau, et al., 2001;
Gestreau, Bianchi and Grelot, 1997; Gestreau, Grelot and Bianchi, 2000; Gestreau, Milano,
Bianchi, et al., 1996). Stimulation of glossopharyngeal afferents can also induce fictive
swallowing both in animals and humans (Chi-Fishman, Capra and Mccall, 1994; Fujiu,
Toleikis, Logemann, et al., 1994; Kitagawa, Shingai, Takahashi, et al., 2002; Kitagawa,
Nakagawa, Hasegawa, et al., 2009). Normally swallowing occurs spontaneously every few
minutes and controls salivary flow. The rate of swallowing can be modulated by both
superior laryngeal nerve and glossopharyngeal sensory inputs associated with water and
citric acid (Kajii, Shingai, Kitagawa, et al., 2002)

Cortical Control of Swallowing

Penfield identified a region lateral to the primary face motor cortex as evoking swallowing
with electrical stimulation in humans (Penfield and Rasmussen, 1950) ( Figure 1). Detailed
mapping studies using intracortical microstimulation in macaques showed that swallowing
could be evoked from a large area including four regions related to facial musculature
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(Martin, Kemppainen, Masuda, et al., 1999). These regions included the lateral region of the
face in M1, the lateral region of the face in S1, an area immediately lateral and anterior to
face in M1 and deep regions in the underlying white matter. This cortical swallowing area
was similar in the right and left hemispheres and most sites evoking swallowing also evoked
repetitive jaw movements similar to chewing. As continuous trains of stimulation were
required to evoke swallowing it was concluded that swallowing depended upon the
integration of large areas of cortex and may depend upon multiple inputs from the cortex to
evoke the brain stem swallowing system. Only a relatively few sites evoked swallowing
alone particularly in a region lateral to the facial M1 area, which could be a primary
swallowing area (Martin, Kemppainen, Masuda, et al., 1999). Bilateral reversible cold block
of this lateral pericentral swallow cortex reduced the occurrences of swallowing associated
with chewing and a solid bolus or sucking a liquid bolus indicating: that cortical integrity in
the central swallowing area was required to initiate swallowing (Narita, Yamamura, Yao, et
al., 1999). In addition, with bilateral cold block, the motor patterning of muscle onsets of the
genioglossus, geniohyoid, anterior digastric, masseter with the thyrohyoid muscle during
swallowing was disrupted indicating that cortical control is necessary for normal patterning
even when the brain stem regions were intact (Narita, Yamamura, Yao, et al., 1999).

Human Studies of Swallowing

The studies in the Macaque demonstrated that cortical control may play an active role in the
spontaneous swallowing and may be essential for both initiating and patterning within
swallowing. These results refute the concept that the control of the pharyngeal pattern of
swallowing is reflexive and primarily based on brain stem based central pattern generator in
the dorsolateral region of the medulla. Clinical swallowing intervention has been based on
the assumption that only the oral phase of chewing and bolus manipulation is under cortical
control and that cortical role for the pharyngeal phase is limited to the initiation of the
pharyngeal phase (Logemann, 1998).

Functional brain imaging studies of swallowing in humans has shown a similar pattern of
brain activation involving not only the lateral pericentral region similar to the swallowing
cortical area in the macaque but also activation in the anterior insula, inferior parietal area
and bilateral anterior cingulate (Soros, Inamoto and Martin, 2009). When spontaneous saliva
swallowing, volitional saliva swallowing and water swallowing were contrasted using event-
related fMRI, a similar pattern of brain activation was found for all three tasks involving the
lateral precentral gyrus, lateral postcentral gyrus, and right insula. Activation foci within the
superior temporal gyrus, middle and inferior frontal gyri, and frontal operculum also were
identified for all swallowing tasks. Activation of the caudal anterior cingulate cortex and the
right anterior insula was greater with the voluntary saliva swallow and water bolus swallow
than the spontaneous saliva (Martin, Goodyear, Gati, et al., 2001). These results provide
further support for the concept that cortical activation is actively involved in the initiation
and modulation of both spontaneous and volitional swallowing in awake humans.

Manipulation of the Pharyngeal Phase of Swallowing

Behavioral studies have shown that humans can learn to modify the pharyngeal phase using
techniques such as the Mendelsohn maneuver to raise and close the vocal folds before the
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pharyngeal phase (Mccullough and Kim, 2013). Experimental studies have also shown that
with feedback during training healthy subjects can learn to change their airway protection
during the pharyngeal phase of swallowing (Macrae, Anderson, Taylor-Kamara, et al.,
2014).

Role of Sensory Stimulation for Modulating Human Swallowing

Evidence that changes in sensory stimulation can alter the frequency of swallowing is
available (Theurer, Bihari, Barr, et al., 2005) and studies have shown that different types of
stimuli can enhance cortical activation in the same regions that are active for swallowing
(Lowell, Poletto, Knorr-Chung, et al., 2008). Brain stem studies cited earlier have shown
that sensory stimulation can invoke fictive swallowing in anesthetized animals; however, the
degree to which sensory stimulation also modulated cortical activity and central control of
swallowing has both theoretical and practical importance. A study in dysphagia early post
stroke demonstrated that recovery of swallowing was enhanced by electrical stimulation in
the pharynx providing enhanced sensation from that region (Jayasekeran, Singh, Tyrrell, et
al., 2010). The role of sensory function in executing swallowing was also demonstrated by
the disruption of swallowing in healthy volunteers due to a bilateral dysruption of sensory
input from the superior laryngeal nerve (Jafari, Prince, Kim, et al., 2003).

CONCLUSIONS

This review of the central nervous control systems for voice and swallowing has suggested
that the traditional concepts of a separation between cortical and limbic and brain stem
control should be refined and more integrative. A separation between limbic control of
emotional vocalizations and human volitional voice production is less clear than has been
proposed. Recent human studies have shown that some of the limbic vocalization system
may be active during human voice production not involving speech. On the other hand
recent studies of non-human primates have provided evidence that some cortical activity and
change with training occurs during vocal behavior. For swallowing, evidence from the
macaque and functional brain imaging in humans indicates that the control for the
pharyngeal phase of swallowing is not only contributed by brain stem mechanisms. Studies
suggest that the initiation and patterning of swallowing for the pharyngeal phase is under
active cortical control for both spontaneous as well as volitional swallowing in awake
humans and non-human primates.
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Figure 1.
Regions of the cerebral cortex in humans active for voice production and swallowing based

on the studies by Penfield and Roberts (1959). In A the location of regions where muscular
contractions were obtained in the lips, jaw, and tongue and larynx and pharynx (designated
as throat). The location of an integrated area of vocalization on the primary motor area
above the lips and jaw is designated. Swallowing was indicated as being evoked by
stimulation lateral to the tongue and jaw. B. Sites in the left hemisphere and the left
supplemental motor area which elicited vocalization in humans. C. Sites in the right
hemisphere and the right supplementary motor area which elicited vocalization during
electrical stimulation. SMA is the supplementary motor area. Adapted from (Penfield and
Roberts, 1959).
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Figure2.
A schematic diagram of central nervous system control for the human voice. Connections

are only shown on one side but the same system is present on both the left and right sides.
Input to the primary integrative vocalization center (Voc) and ongoing modulation is from
the posterior superior temporal gyrus (pSTG) as well as inputs from the supplementary
motor area (SMA), and the insula. Output from the primary integrative vocalization center is
shown by solid lines for the direct pathway via the corticobulbar pathway and the
cerebellum bilaterally while hatched lines show the pathway from the primary integrative
vocalization center to the cingulate, the peri-aquaductal grey (PAG), the pons, and the
reticular area in the medulla which then has input to the nucleus ambiguus (NA) on the
ipsilateral and contralateral sides.

J Clin Neurophysiol. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ludlow

Page 22

VIA

CSA G-’ Cingulate

N
b= . ~ -
~ _
~ -
= -
~

Thalamus

_ __ ABsep
GP==—272 ) 0
SLN TS

A

Figure 3.
A schematic diagram of central nervous system control for the human swallowing.

Connections are only shown on one side but the same system is present on both the left and
right sides. Afferent input to the swallowing system are shown in dashed lines and come
from the glossopharyngeal (GP) and superior laryngeal nerves (SLN) into the nucleus
tractus solitarius (NTS) and to the dorsal swallowing group of neurons (DSG) which provide
patterning to the premotor neurons in the ventral swallowing group and motoneurons in the
brain stem, the nucleus ambiguus (NA) is where the premotor neurons have inputs to the
laryngeal motoneurons as one example. The sensory inputs in the NTS are relayed to the
pons and interact with the taste inputs in the pons and then have input to the ventral posterior
nucleus in the thalamus which has input to the oral facial regions in the sensory cortex
adjacent to the central swallowing area (CSA) in the pericentral lateral motor and sensory
cortex. Inputs to the CSA are also from the supplementary motor area (SMA) and the
anterior insula. Output form the CSA is via the corticobulbar pathway to the dorsal
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swallowing group (DSG) which provides patterning for the pharyngeal phase of swallowing
and has inputs to premotor neurons to activate motoneurons on both sides of the brain stem
as shown for the nucleus ambiguus to control the laryngeal muscles during swallowing. This
system also connects to many other motoneurons for the facial, tongue, jaw, lips and
pharynx to control the patterning of multiple muscles during swallowing.
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