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When coughing, an involuntary contraction of the external anal sphincter occurs,
in order to prevent unwanted leakages or sagging of the pelvis muscular wall.
Literature originally described such cough-anal response as a reflex elicited by cough,
therefore identifying a precise cause-effect relationship. However, recent studies report
that the anal contraction actually precedes the rise in abdominal pressure during
cough expiratory effort, so that the sphincter activity should be pre-programmed.
In recent years, an important family of pre-programmed muscle activities has been
well documented to precede voluntary movements: these anticipatory actions play a
fundamental role in whole body and segmental postural control, hence they are referred
to as anticipatory postural adjustments (APAs). On these basis, we searched in literature
for similarities between APAs and the cough-anal response, observing that both follow
the same predictive homeostatic principle, namely that anticipatory collateral actions
are needed to prevent the unwanted mechanical consequences induced by the primary
movement. We thus propose that the cough-anal response also belongs to the family of
pre-programmed actions, as it may be interpreted as an APA acting on the abdominal-
thoracic compartment; in other words, the cough-anal response may actually be an
Anticipatory Sphincter Adjustment, the visceral counterpart of APAs.

Keywords: cough-anal reflex, intra-limb APAs, inter-limb APAs, common mechanism, cough, external anal
sphincter

INTRODUCTION

The cough-anal reflex has been described as the contraction of the external anal sphincter occurring
when coughing (Meagher et al., 1993). Literature is however unclear in discriminating whether the
action on the sphincter is a reflex response due to the abdominal and pelvic floor dynamics, or an
integral component of the cough itself. According to the past studies, any maneuver causing an
increase in abdominal pressure, like cough, Valsalva etc., determine a reflex contraction of perineal
muscles (Parks et al., 1962; Bors, 1966; Deindl et al., 1993; Bø and Stien, 1994). Some authors
even provided evidences that during voluntary cough the external anal sphincter is recruited after
intercostals and abdominal muscles, suggesting that this response is mediated by a polysynaptic
reflex (Chan et al., 2004). In both these hypotheses, a precise cause-effect relationship is identified,
in which the reflex contraction of the sphincters prevent unwanted leakages or sagging of the
muscular wall of the pelvis. On the contrary, recent literature reports that the sphincters contraction
actually precede the rise in abdominal pressure during cough expiratory effort (Constantinou and
Govan, 1982; Thind et al., 1990; Thind and Lose, 1992), also showing that the increase in anal
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or vaginal closing pressure precedes the cough motor act
(Sapsford and Hodges, 2001) and that the external anal sphincter
is recruited in advance of intercostals muscles (Deffieux et al.,
2006). Based on their findings, Sapsford and Hodges (2001)
and Deffieux et al. (2006) forwarded the alternative idea of a
pre-programmed central control of the external anal sphincter
activity for granting continence during cough.

From another perspective, if one examines the abdominal-
thoracic compartment, a forceful increase of the internal pressure
may be induced both by the respiratory muscles (diaphragm
relaxation and internal intercostal muscles contraction) which
promote the compression of the thoracic cavity, and/or by
the abdominal wall muscles (contraction of rectus abdominis,
transverse abdominis, external oblique muscle and internal
oblique muscle) which press the abdominal organs cranially,
reducing the volume of the thoracic cavity to help expel air,
vomit, urine and feces from the body (Iscoe, 1998).

A different temporal and spatial recruitment of the
wall muscles and of sphincters may thus lead to different
behavioral results: expulsion of the air during speaking,
singing, yelling or coughing (in this case perineal muscles
and perineal sphincters should contract in synergy);
vomit, when abdominal pressure increases and the lower
esophageal sphincter is relaxed; defecation and micturition,
when perineal muscles are contracted, to stiffen the pelvic
floor, while perineal sphincters are relaxed, to offer an
escape route to excretions. Not to mention the complex
mechanism of foetal delivery, to which cooperates the uterine
contraction.

Returning to the cough-anal reflex/response question, an
important family of pre-programmed muscle contractions has
been well documented when studying voluntary movements:
these anticipatory adjustments play a fundamental role in whole
body and segmental postural control (Bouisset and Do, 2008;
Cavallari et al., 2016), so that they are referred to as anticipatory
postural adjustments (APAs). By analogy, we propose that also
the sphincter control may belong to the family of the pre-
programmed actions, and in this view, the cough-anal reflex
may be interpreted as an APA on the thoraco-abdominal
compartment.

ANTICIPATORY POSTURAL
ADJUSTMENTS AND VOLUNTARY
MOVEMENTS

In humans, there are several examples of pre-programmed,
anticipatory actions which accompany a willed movement.
Indeed, APAs are usually described as unconscious muscular
activities preceding the primary movement and aim to
counterbalance the perturbation caused by it (for a review,
see Massion, 1992; Bouisset and Do, 2008). APAs are so
intimately linked to the motor program that the involuntary
neural command to postural muscles is shared with the voluntary
command to prime mover muscles (Bruttini et al., 2014). The
importance of APAs is apparent when considering motion of
one single limb (e.g., Belen’kii et al., 1967 for the upper limb;

Alexeief and Naidel, 1972 for the lower limb), in this context,
the main goal of APAs is to minimize the changes in the body
center of mass, to keep its projection within the support area,
and to counteract the self-initiated postural perturbation. APAs
also contribute to initiate the displacement of the body center
of mass when starting gait (Brenière et al., 1987) or whole
body reaching movements (Stapley et al., 1998, 1999). These
activities, called inter-limb APAs, set one or more fixation chains
spreading over several muscles of different limbs. APAs may
also precede movements of tiny masses, like a brisk flexion of
the index-finger when performed in a seated position (Caronni
and Cavallari, 2009). In this case, they are named intra-limb
APAs as the fixation chain is limited to muscles acting on
proximal joints (Cavallari et al., 2016). Taking into account
the small mass of the moving segments, and the fact that this
movement cannot affect the whole-body balance, the role of
intra-limb APA has been attributed to the precision of the final
movement (Bruttini et al., 2016). Note also that despite the
different aim, inter- and intra-limb APAs share many behavioral
properties: they are distributed to muscles of the same limb in
which the movement occurs, precede the onset of the voluntary
movement, are polarized according to the task direction in space,
are scaled to the amplitude of the perturbation and adapt to
changes in the postural requirement of the task (Cavallari et al.,
2016).

COUGH-ANAL REFLEX

Cough
Cough is a defensive reflex, triggered by sensory inputs
arising from the airways, that generates a high velocity air
flow so as to free the respiratory tract from whichever
obstruction (for a review, see Ando et al., 2014). It consists
of a modified respiratory act which starts with a profound
preparatory inspiration phase, followed by a brief compressive
phase, in which an expiratory effort is exerted against the
closed glottis, and finally by an expulsive phase in which
a sudden opening of the glottis is coupled to a quick and
strong expiratory muscles contraction (Fontana and Lavorini,
2006).

Cough reflex, is aimed at protecting the respiratory tract
from irritation agents, foreign bodies andmicroorganisms, either
inhaled or in loco produced (Bolser and Davenport, 2002; Bessac
and Jordt, 2010), such action escapes any voluntary control and
its processing seems to be entirely based on brainstem structures
(Baekey et al., 2001; Canning and Mori, 2010). Nevertheless,
more andmore literature reports that not only sensory andmotor
but also cognitive and affective mechanisms may play a role
in controlling cough, being able either to promote or inhibit it
(Widdicombe, 1995; Fong et al., 2004; Mazzone et al., 2007, 2011;
Davenport, 2009). Cough, like most respiratory maneuvers, can
be also initiated at will, indeed cough or cough-like maneuvers
are quite common in non-verbal communication, e.g., to require
attention or express disagreement, to pretend to be ill or
underline the symptoms of a real disease.

Reflex and voluntary cough present important differences in
several aspects. Apart from the fact that the former is triggered
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by a precipitating sensory stimulus while the latter is not, both
types of cough require similar muscle groups, but voluntary
coughing recruit such muscles according to a precise sequential
order (Lasserson et al., 2006; for review see Magni et al., 2011).
Moreover, the peak intra-abdominal pressure reached during
reflex cough is higher than that reached during voluntary cough
(Addington et al., 2008).

Several studies aimed at identifying the CNS structures that
govern coughing and their neural interconnections. Although
an extensive list of candidate structures have been proposed,
detailed studies about the role of each structure are still
missing, so that specific aspects such as the relative inter-
structure connections and the temporal organization are not
yet fully determined. Some recent insight has been provided by
McGovern et al. (2012a,b), who used neurotropic viruses to map
the interconnections between neuronal networks.

The sensory fibers of the vagal nerve than stem from the
airways project to the trigeminal sensory and solitary tract nuclei.
In turn, these nuclei project to the hypothalamus and to the
parabrachial nuclei, to the thalamus and to subthalamic nuclei,
as well as to the amygdala and up to several cortical areas,
which include the somatosensory cortices as well as the cingulate,
insular and orbital cortices (McGovern et al., 2012a). These data
allowed Mazzone et al. (2013) to propose that two ascending
pathways originate from the airways: the first that projects to
the ventral and basal portion of the thalamus and then up to the
somatosensory cortices, while the second crosses the medial and
dorsal thalamus, reaching the insula, as well as the orbital and
cingulated cortices.

Important results about the brainstem circuitry governing
reflex cough have been obtained by employing pharmacological
and electrophysiological techniques on deeply anesthetized or
even decerebrate animals. Indeed, such experiments showed
that the afferent inputs to the pontine and medullary nuclei
are able to trigger a reconfiguration of the respiratory central
pattern generator, changing its activity from the classical motor
pattern that produce breathing to the specific pattern driving
cough (Baekey et al., 2001, 2003; Canning et al., 2004; McGovern
et al., 2012a). However, an in depth description of the brainstem
mechanisms that control cough in the human being is still
lacking.

In the human being, urge-driven cough may be not
exclusively governed by brainstem reflex circuitries, as
other hierarchically higher brain areas, such as the insular,
cingulate and somatosensory cortices, may provide an important
contribution (Mazzone et al., 2011). Even if the exact role of
these cortical areas is still unclear, it may be conceived that
they take part in controlling the accessory muscles in cough,
as well as in arranging the voluntary control of cough. In
support of such a proposal, Shima et al. (1991) reported that
in monkeys the stimulation of the posterior insular cortex
is able to induce contractions in the contralateral muscles.
Similarly, the mid-cingulate cortex has been reported to be
active when voluntarily coughing, and also during a voluntary
sniff or breath (Simonyan et al., 2007; Mazzone et al., 2011).
Finally, it is noteworthy that cough-like actions may be
elicited in the anesthetized cat by stimulating the amygdala

or the suprasylvian gyrus with electrical pulses, and that the
reflex-cough, triggered by stimulating the superior laryngeal
nerves (afferent components), is inhibited if a simultaneous
stimulus is applied to the orbital or cingulate gyri (Kito et al.,
1977; Kasé et al., 1984).

Pelvic Floor Muscles
Pelvic floor muscles are involved in the function of the lower
urinary tract and lower digestive tract, as well as in sexual
functions. Thus, their neural control, which is somatic in
origin, must consider their involvement in visceral activity. A
coordination with the autonomic motor nervous systems should
then be previewed.

The function of pelvic floor/sphincter lower motor neurons
is organized differently from other groups of motor neurons. In
contrast with the reciprocal innervations, commonly observed
in limb muscles, the neurons innervating each side of the pelvic
floor must work in harmony and synchronously, as a functional
unit. As an example, in continent women bilateral pubococcygei
muscles contract simultaneously and so do both halves of the
sphincter muscle (Deindl et al., 1993). But flexible activation
patterns could be possible, due to the unilateral innervation of
these muscles. Indeed, Kenton and Brubaker (2002) reported
that levator ani and urethral sphincter may show differences in
activation patterns. On voiding, the external urethral sphincter
should relax, preceding the detrusor contraction, while the anal
sphincter is tonically active; on the contrary, both sphincters
relax when defecating (Read and Sun, 1990). It is also known that
a voluntary inhibition of the urethral sphincter may be achieved
even without actually voiding (Sundin and Petersén, 1975).

Reflex activity may be triggered by an increase of intra-
abdominal pressure or by a distension of pelvic organs, but
it cannot be excluded that long-loop pathways activated by
noxious stimuli may contribute as well (McMahon et al.,
1982). It has been also reported that reflex activity may
be modulated by inhibitory descending pathways from the
brainstem and the motor cortex (Mackel, 1979). In particular,
the descending inhibitory projections from pontine tegmentum,
via the commissural nucleus, seem to be crucial for a correct
timing of the sphincter relaxation during voiding (Blok and
Holstege, 1998). Importantly, the complexmotor sequence which
drives bladder and sphincter activity is also accompanied by
coordinated postural changes (Stafford et al., 2012).

In addition, pelvic floor muscles have been shown to
contribute to both postural and respiratory functions (Hodges
et al., 2007). These authors indeed demonstrated that during
voluntary arm movements the activation of Anterior Deltoid is
preceded by EMG activity in pelvic floor muscles; these muscles
are activated before the intra-abdominal pressure increases, also
contributing to stiffen the sacroiliac joints, therefore such activity
should actually be an APA. Hodges et al. (2007) also recorded
pelvic floor muscles activity during quiet breathing and under
increased dead-space condition, reporting that such activity
was tailored according to the respiration phase, increasing
together with abdominal muscles activity; a finding that suggests
the presence of visceral APAs when breathing. Finally, it is
important to note that when discussing the above results, these
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authors concluded for a pre-programmed control, in view of
the observation (Constantinou and Govan, 1982) that during a
cough the increase in urethral pressure precedes by ∼200 ms the
increase in bladder pressure.

Cough and Pelvic Floor Muscles Activity
According to the past literature, cough, Valsalva maneuver,
and more generally, abdominal distension, determine a reflex
contraction of perineal muscles (Parks et al., 1962; Bors, 1966;
Deindl et al., 1993; Bø and Stien, 1994). In fact, cough determines
an increase in abdominal pressure and subsequently an increase
in pressure in the bladder and the rectum. But every increase
in bladder or rectum pressure requires a simultaneous increase
of contraction of the sphincters to prevent leakages or the
sagging of the muscular wall of the pelvis. Thus, a contraction
of striated urethral muscle or striated anal sphincter is required.
Many electrophysiological studies have described these actions
(Parks et al., 1962; Deindl et al., 1993; Meagher et al., 1993;
Bø and Stien, 1994), defining them as reflex responses. In this
regard, Chan et al. (2004) showed that the external anal sphincter
is recruited after intercostals and rectus abdominis muscles,
both during voluntary cough and sniff. Moreover, the latency
between rectus abdominis and external anal sphincter activation
decreased as the cough effort increased. These authors concluded
for a polysynaptic origin of the cough-anal reflex, but also
reported that the afferent pathway for such late external anal
sphincter response does not involve sensory input from the
anal mucosa. Therefore they suggested that the reflex afferent
pathway could come from muscle spindles or other sensory
receptors in pelvic floor muscles, ligaments and fascia, as well
as from the viscera or bladder. Unfortunately, Chan et al.
(2004) did not recorded intra-abdominal pressure, which is
the most probable cause of excitation for all such sensory
receptors.

On the contrary, during voluntary cough, an increase in intra-
urethral pressure precedes (by 100–240 ms) the rise in bladder
pressure in healthy volunteers (Constantinou and Govan, 1982;
Thind et al., 1990; Thind and Lose, 1992) and electromyographic
(EMG) activity of the urethral sphincter occurs before cough in
women suffering stress incontinence (Roskar et al., 1981; Heidler
et al., 1987; Thüroff et al., 1987). These results fits with the
hypothesis forwarded by van der Kooi et al. (1984) that the
increase in abdominal pressure should follow the contraction of
pelvic floor muscles.

More recently, Sapsford and Hodges (2001) reported that
cough, which induce a rise in gastric pressure, is preceded by a
rise in anal or vaginal pressure. These authors also underlined
that this response should thus be pre-programmed. Moreover,
Deffieux et al. (2006) reported that, during voluntary cough in
continent women, external anal sphincter activity increased not
only before intra-abdominal pressure but also before intercostal
muscle activity (latency ranging from 40 ms to 800 ms), a
result in apparent contrast with that of Chan et al. (2004).
Deffieux et al. (2006) actually provided a detailed critic of
those results, underlining that Chan’s group analyzed just one
subject, did not record intra-abdominal pressure and used needle
electrodes for EMG recording, which just record activity from

small areas of muscles, while surface electrodes are better adapted
to obtain accurate measurements of whole muscle activity.
Therefore, also these authors concluded for a pre-programmed
central control of the external anal sphincter activity aiming to
maintain continence. In addition, it has been demonstrated that
pelvic floor muscle contraction not only anticipates, but is also
proportional to the rise in intra-abdominal pressure caused by
the cough effort (Amarenco et al., 2005), a finding that replicates
a well known behavior of the APAs.

Finally, although many authors suggest that anticipatory
activity in pelvic floor muscles cannot be a reflex response
to the afferent input generated by the stretch of the thoracic
or abdominal muscles, since it precedes both voluntary and
involuntary abdominal muscles recruitments, nobody explicitly
states that the anticipatory pelvic floor response during cough
may be an anticipatory component of the cough itself involving
higher integrative centers. In this regard, it is interesting to note
that the correlation between the rectus abdominis to external anal
sphincter latency and the cough effort reported by Chan et al.
(2004) is also consistent with the correlation between the APAs
to prime mover latency and movement speed demonstrated by
Horak et al. (1984).

ONTOGENESIS OF POSTURAL AND
SPHINCTER ANTICIPATORY
ADJUSTMENTS

The control of body position in space develops with different
intensity during life span (Assaiante et al., 2005; Soberaa
et al., 2011). As an example, Zaino and McCoy (2008) showed
that young healthy children (6–8 years old) exhibit much
higher variability of posture control than older healthy children
(10–12 years old). It is also reported that the age 7–9 years is an
important period of their life in which children master postural
control (Massion, 1998). Moreover, Schmitz et al. (1999) showed
that children 3–4 years old develop APA, although they show
coexistence of both adult-like and immature patterns, concluding
that this anticipatory activities are being set up and that children
are progressively mastering them.

It is also well known that all children have wetting and/or
soiling accidents at one time or another. Achievement of
urinary continence is an important developmental step that
most children attain with the assistance of their parents and
caregivers, however literature reports that about 15%–20%
of children become partially toilet trained but continue to
have wetting accidents even after the age 5 (Issenman et al.,
1999). The first awareness of bladder and rectal functions
usually occur between one and two years of age. The neural
mechanisms involved in the storage and periodic elimination of
urine undergo marked changes during prenatal and postnatal
development (de Groat, 2002; Jansson et al., 2005). In the
first years of life, voiding is controlled by a primitive spinal
reflex pathway. Voluntary control over striated muscle sphincter
usually occurs by the age of 3 years (Sillén, 2004). As the human
CNS matures, higher brain centers contribute in modulating
reflex voiding (see Figure 7 of Fowler et al., 2008). In adults,
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injury or disease of the nervous system can lead to the
re-emergence of primitive reflexes Geirsson et al., 1993; Jiang
et al., 2002).

Changes in brain structure are continuous throughout life
(Chugani et al., 1987; Giedd et al., 1996). By the age 2,
the brain has reached 75% of its adult weight (Carmichael,
1990) and the processes of synaptic pruning and cell death
are most active during these early years (Huttenlocher, 1979;
Huttenlocher et al., 1982). During the school-age years,
strong signs of brain maturation are appreciable, especially
in its connectivity (Lebel et al., 2008). MRI measures of
the structure in fibers tracts correlate with behavioral indices
that also change in this period (Schmithorst and Yuan, 2010;
Tamnes et al., 2010a,b). Later changes involve the associative
neocortex, which continues to develop well into the third decade
(Yakovlev and Lecours, 1967), and the corpus callosum, which
connects all major subdivisions of the cerebrum (Pujol et al.,
1993).

Thus, before school-age all kinds of anticipatory actions,
preceding primary movements, seems to be immature, either
because the whole system is not still developed or because
a part of it is not properly functioning. The achievement of
a complete action (anticipatory and willed; postural or non-
postural), therefore requires repetition learning (Draganski et al.,
2004) and memory (Takeuchi et al., 2010).

SIMILARITIES BETWEEN APAs AND
COUGH-ANAL RESPONSE

As shown above, APAs and cough-anal response share many
common features: they are both anticipatory with respect
to the primary movement, so that they cannot be reflex
responses but must be pre-programmed; they both prevent
unwanted mechanical consequences (postural perturbation or
sphincter leaking); they are both scaled to the amplitude of
the perturbation; and finally, they seem to follow the same
ontogenetic steps.

Indeed, a conceptual similarity may be envisaged among
inter-limb APAs, intra-limb APAs and the anal response. In
fact, in all cases a single predictive homeostatic principle (Moore-
Ede, 1986; Freddolino and Tavazoie, 2012) seems to be followed,
namely that anticipatory collateral actions are needed to correctly
perform the primary movement.

In the case of inter-limb APAs, that minimize the changes of
the body center of mass and that counteract the self-initiated
postural perturbation, this principle provides the maintenance
of stability (equilibrium) of the whole body during an action
(Massion, 1992; Bouisset and Do, 2008). These APAs spread over
several muscles of different limbs, creating one or more long
fixation chains.

In the case of intra-limb APAs, that maintain the stability of
the different segments of a single limb, it means to successfully
carry through a precise and coordinatedmovement (Caronni and
Cavallari, 2009; Caronni et al., 2013; Bruttini et al., 2016; Cavallari
et al., 2016). These APAs spread over several muscles of the same
limbs, creating short fixation chains.

In the case of the anal or urinary responses, the anticipatory
contraction of the sphincter permits to prevent fecal or urinary
leakage during an increase of abdominal pressure, due to a
sudden action. A behavior that should be defined anticipatory
adjustment as well.

A final comment deserves the possible neural networks that
may be involved in the control of postural and sphincter muscles.
Indeed, some analogies may be directly outlined, while other
may be actually tested. First, as mentioned in the ‘‘Cough’’
section, animal experiments showed that the afferent inputs
to the pontine and medullary nuclei are able to trigger a
reconfiguration of the respiratory central pattern generator,
changing its breathing activity into a cough pattern (Baekey et al.,
2001, 2003; Canning et al., 2004; McGovern et al., 2012a). In
parallel, it has been shown that the automatic gait pattern of
the locomotion central pattern generator may be influenced by
pontine neurons (for a review, see Takakusaki, 2017). However,
the advanced pre-programmed control of posture required for
skilled and goal-directed movements involve many cortical
areas, as well as basal ganglia and cerebellum (see Takakusaki,
2017). In this regard, the involvement of supplementary motor
area and cerebellum in APAs control has been experimentally
demonstrated by Bolzoni et al. (2015) and Bruttini et al.
(2015). It would then be interesting to test if magnetic or
DC stimulation of these structures would produce comparable
effects on the anticipatory recruitment of postural muscles and
of external sphincters, during both voluntary movements and
respiratory/cough tasks.

CONCLUSION

On these basis, it is proposed that a common pre-programmed
(i.e., feed-forward) mechanism may govern several kinds of
anticipatory actions. In fact, in all cases the brain seems to control
in the same way the general predictive homeostasis of the body,
accomplishing movements either voluntary- or urge-driven.
Thus, Anticipatory Sphincter Adjustments are likely the visceral
counterpart of APAs. Of course, this speculative conclusion is
just an hypothesis, which needs further experimental testing.
Indeed, it could be interesting to investigate the EMG activity
of visceral muscles, such as pelvic floor muscles, during other
movements like hiccupping or chest vs. diaphragmatic breathing,
so as to ascertain if such activities are actually anticipatory
also in these conditions. Other evidences may come from
testing if stimulation of the supplementary motor area or the
cerebellum would affect in parallel the activation of both postural
muscles and external sphincters. Indeed such finding would
strengthen the analogy between the cough-anal response and
the APAs.

AUTHOR CONTRIBUTIONS

PC proposed the idea. PC and RE collected and critically analyzed
the literature. All authors contributed in writing and discussing
the manuscript. All authors approved the final version and agree
to be accountable for all aspects of this work.

Frontiers in Human Neuroscience | www.frontiersin.org 5 September 2017 | Volume 11 | Article 475

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Cavallari et al. Cough-Anal Reflex and APAs

ACKNOWLEDGMENTS

Thanks to prof. Fausto Baldissera and prof. Edgardo D’Angelo
for their valuable and detailed comments and suggestions on the

manuscript. We are also grateful to Dr. Alex P. Moorhead for his
helpful comments on an earlier version of this manuscript and
for his precious assistance in improving the writing clarity and
English style.

REFERENCES

Addington, W. R., Stephens, R. E., Phelipa, M. M., Widdicombe, J. G., and
Ockey, R. R. (2008). Intra-abdominal pressures during voluntary and reflex
cough. Cough 4:2. doi: 10.1186/1745-9974-4-2

Alexeief, M. A., and Naidel, A. V. (1972). The mechanisms of interrelationship
between human muscle activity in complex motor tasks. Zh. Physiol. U.S.S.R.
58, 1721–1730.

Amarenco, G., Ismael, S. S., Lagauche, D., Raibaut, P., Rene-Corail, P., Wolff, N.,
et al. (2005). Cough anal reflex: strict relationship between intravesical pressure
and pelvic floor muscle electromyographic activity during cough. Urodynamic
and electrophysiological study. J. Urol. 173, 149–152. doi: 10.1097/01.ju.
0000147305.00443.df

Ando, A., Farrell, M. J., and Mazzone, S. B. (2014). Cough-related neural
processing in the brain: a roadmap for cough dysfunction? Neurosci. Biobehav.
Rev. 47, 457–468. doi: 10.1016/j.neubiorev.2014.09.018

Assaiante, C., Mallau, S., Viel, S., Jover, M., and Schmitz, S. (2005). Development
of postural control in healthy children: a functional approach. Neural Plast. 12,
109–118; discussion 263–272. doi: 10.1155/np.2005.109

Baekey, D. M., Morris, K. F., Gestreau, C., Li, Z., Lindsey, B. G., and Shannon, R.
(2001). Medullary respiratory neurones and control of laryngeal motoneurones
during fictive eupnoea and cough in the cat. J. Physiol. 534, 565–581.
doi: 10.1111/j.1469-7793.2001.t01-1-00565.x

Baekey, D. M., Morris, K. F., Nuding, S. C., Segers, L. S., Lindsey, B. G.,
and Shannon, R. (2003). Medullary raphe neuron activity is altered
during fictive cough in the decerebrate cat. J. Appl. Physiol. 94, 93–100.
doi: 10.1152/japplphysiol.00341.2002

Belen’kii, V. E., Gurfinkel’, V. S., and Pal’tsey, E. I. (1967). Control elements of
voluntary movements. Biofizika 12, 135–141.

Bessac, B. F., and Jordt, S. E. (2010). Sensory detection and responses to toxic
gases: mechanisms, health effects, and countermeasures. Proc. Am. Thorac. Soc.
7, 269–277. doi: 10.1513/pats.201001-004SM

Blok, B. F., and Holstege, G. (1998). The central nervous system control
of micturition in cats and humans. Behav. Brain Res. 92, 119–125.
doi: 10.1016/s0166-4328(97)00184-8

Bø, K., and Stien, R. (1994). Needle EMG registration of striated urethral wall
and pelvic floor muscle activity patterns during cough, Valsalva, abdominal,
hipadductor, and gluteal muscle contractions in nulliparous healthy females.
Neurourol. Urodyn. 13, 35–41. doi: 10.1002/nau.1930130106

Bolser, D. C., and Davenport, P. W. (2002). Functional organization of the
central cough generation mechanism. Pulm. Pharmacol. Ther. 15, 221–225.
doi: 10.1006/pupt.2002.0361

Bolzoni, F., Bruttini, C., Esposti, R., Castellani, C., and Cavallari, P. (2015).
Transcranial direct current stimulation of SMA modulates anticipatory
postural adjustments without affecting the primary movement. Behav. Brain
Res. 291, 407–413. doi: 10.1016/j.bbr.2015.05.044

Bors, E. (1966). Simple methods of examination in paraplegia. II. The cough
response of the external anal sphincter. Paraplegia 3, 252–257. doi: 10.1038/sc.
1965.41

Bouisset, S., and Do, M. C. (2008). Posture, dynamic stability, and voluntary
movement. Neurophysiol. Clin. 38, 345–362. doi: 10.1016/j.neucli.2008.10.001

Brenière, Y., Cuong Do, M., and Bouisset, S. (1987). Are dynamic phenomena
prior to stepping essential to walking? J. Mot. Behav. 19, 62–76.
doi: 10.1080/00222895.1987.10735400

Bruttini, C., Esposti, R., Bolzoni, F., and Cavallari, P. (2014). Ischemic block of
the forearm abolishes finger movements but not their associated anticipatory
postural adjustments. Exp. Brain Res. 232, 1739–1750. doi: 10.1007/s00221-
014-3866-4

Bruttini, C., Esposti, R., Bolzoni, F., and Cavallari, P. (2016). Higher precision
in pointing movements of the preferred vs. non-preferred hand is associated
with an earlier occurrence of anticipatory postural adjustments. Front. Hum.
Neurosci. 10:365. doi: 10.3389/fnhum.2016.00365

Bruttini, C., Esposti, R., Bolzoni, F., Vanotti, A., Mariotti, C., and Cavallari, P.
(2015). Temporal disruption of upper-limb anticipatory postural adjustments
in cerebellar ataxic patients. Exp. Brain Res. 233, 197–203. doi: 10.1007/s00221-
014-4103-x

Canning, B. J., Mazzone, S. B., Meeker, S. N., Mori, N., Reynolds, S. M., and
Undem, B. J. (2004). Identification of the tracheal and laryngeal afferent
neuronesmediating cough in anesthetized guinea-pigs. J. Physiol. 557, 543–558.
doi: 10.1113/jphysiol.2003.057885

Canning, B. J., and Mori, N. (2010). Encoding of the cough reflex in anesthetized
guinea pigs. Am. J. Physiol. Regul. Integr. Comp. Physiol. 300, R369–R377.
doi: 10.1152/ajpregu.00044.2010

Carmichael, A. (1990). ‘‘Physical development and biological influences,’’ in
Handbook of Studies in Child Psychiatry, eds B. Tonge, G. D. Burrows and
J. S. Werry (Amsterdam, Holland: Elsevier), 119–136.

Caronni, A., Bolzoni, F., Esposti, R., Bruttini, C., and Cavallari, P. (2013).
Accuracy of pointing movements relies upon a specific tuning between APAs
and prime mover activation. Acta Physiol. 208, 111–124. doi: 10.1111/apha.
12081

Caronni, A., and Cavallari, P. (2009). Anticipatory postural adjustments stabilise
the whole upper-limb prior to a gentle index finger tap. Exp. Brain Res. 194,
59–66. doi: 10.1007/s00221-008-1668-2

Cavallari, P., Bolzoni, F., Bruttini, C., and Esposti, R. (2016). The organization
and control of intra-limb anticipatory postural adjustments and their role in
movement performance. Front. Hum. Neurosci. 10:525. doi: 10.3389/fnhum.
2016.00525

Chan, C., Ponsford, S., and Swash, M. (2004). The anal reflex elicited by cough and
sniff: validation of a neglected clinical sign. J. Neurol. Neurosurg. Psychiatry 75,
1449–1451. doi: 10.1136/jnnp.2003.032110

Chugani, H. T., Phelps, M. E., and Mazziotta, J. C. (1987). Positron emission
tomography study of human brain functional development. Ann. Neurol. 22,
487–497. doi: 10.1002/ana.410220408

Constantinou, C. E., and Govan, D. E. (1982). Spatial distribution and timing of
transmitted and reflexly generated urethral pressures in healthy women. J. Urol.
127, 964–969. doi: 10.1016/s0022-5347(17)54148-8

Davenport, P. W. (2009). Clinical cough I: the urge-to-cough: a respiratory
sensation. Handb. Exp. Pharmacol. 187, 263–276. doi: 10.1007/978-3-540-
79842-2_13

Deffieux, X., Raibaut, P., Rene-Corail, P., Katz, R., Perrigot, M., Ismael, S. S., et al.
(2006). External anal sphincter contraction during cough: not a simple spinal
reflex. Neurourol. Urodyn. 25, 782–787. doi: 10.1002/nau.20228

de Groat, W. C. (2002). Plasticity of bladder reflex pathways during postnatal
development. Physiol. Behav. 77, 689–692. doi: 10.1016/s0031-9384(02)
00919-8

Deindl, F. M., Vodusek, D. B., Hesse, U., and Schüssler, B. (1993). Activity patterns
of pubococcygeal muscles in nulliparous continent women. Br. J. Urol. 72,
46–51. doi: 10.1111/j.1464-410x.1993.tb06455.x

Draganski, B., Gaser, C., Busch, V., Schuierer, G., Bogdahn, U., and May, A.
(2004). Neuroplasticity: changes in grey matter induced by training. Nature
427, 311–312. doi: 10.1038/427311a

Fong, J., Sandhu, G., Ellaway, P., Davey, N., Strutton, P., Murphy, K., et al. (2004).
What do we know about how humans cough? Pulm. Pharmacol. Ther. 17,
431–434. doi: 10.1016/j.pupt.2004.09.007

Fontana, G. A., and Lavorini, F. (2006). Coughmotor mechanisms. Respir. Physiol.
Neurobiol. 152, 266–281. doi: 10.1016/j.resp.2006.02.016

Fowler, C. J., Griffiths, D., and de Groat, W. C. (2008). The neural control of
micturition. Nat. Rev. Neurosci. 9, 453–466. doi: 10.1038/nrn2401

Freddolino, P. L., and Tavazoie, S. (2012). Beyond homeostasis: a
predictive-dynamic framework for understanding cellular behavior. Annu.
Rev. Cell. Dev. Biol. 28, 363–384. doi: 10.1146/annurev-cellbio-092910-154129

Geirsson, G., Fall, M., and Lindström, S. (1993). The ice-water test—a simple
and valuable supplement to routine cystometry. Br. J. Urol. 71, 681–685.
doi: 10.1111/j.1464-410x.1993.tb16065.x

Frontiers in Human Neuroscience | www.frontiersin.org 6 September 2017 | Volume 11 | Article 475

https://doi.org/10.1186/1745-9974-4-2
https://doi.org/10.1097/01.ju.0000147305.00443.df
https://doi.org/10.1097/01.ju.0000147305.00443.df
https://doi.org/10.1016/j.neubiorev.2014.09.018
https://doi.org/10.1155/np.2005.109
https://doi.org/10.1111/j.1469-7793.2001.t01-1-00565.x
https://doi.org/10.1152/japplphysiol.00341.2002
https://doi.org/10.1513/pats.201001-004SM
https://doi.org/10.1016/s0166-4328(97)00184-8
https://doi.org/10.1002/nau.1930130106
https://doi.org/10.1006/pupt.2002.0361
https://doi.org/10.1016/j.bbr.2015.05.044
https://doi.org/10.1038/sc.1965.41
https://doi.org/10.1038/sc.1965.41
https://doi.org/10.1016/j.neucli.2008.10.001
https://doi.org/10.1080/00222895.1987.10735400
https://doi.org/10.1007/s00221-014-3866-4
https://doi.org/10.1007/s00221-014-3866-4
https://doi.org/10.3389/fnhum.2016.00365
https://doi.org/10.1007/s00221-014-4103-x
https://doi.org/10.1007/s00221-014-4103-x
https://doi.org/10.1113/jphysiol.2003.057885
https://doi.org/10.1152/ajpregu.00044.2010
https://doi.org/10.1111/apha.12081
https://doi.org/10.1111/apha.12081
https://doi.org/10.1007/s00221-008-1668-2
https://doi.org/10.3389/fnhum.2016.00525
https://doi.org/10.3389/fnhum.2016.00525
https://doi.org/10.1136/jnnp.2003.032110
https://doi.org/10.1002/ana.410220408
https://doi.org/10.1016/s0022-5347(17)54148-8
https://doi.org/10.1007/978-3-540-79842-2_13
https://doi.org/10.1007/978-3-540-79842-2_13
https://doi.org/10.1002/nau.20228
https://doi.org/10.1016/s0031-9384(02)00919-8
https://doi.org/10.1016/s0031-9384(02)00919-8
https://doi.org/10.1111/j.1464-410x.1993.tb06455.x
https://doi.org/10.1038/427311a
https://doi.org/10.1016/j.pupt.2004.09.007
https://doi.org/10.1016/j.resp.2006.02.016
https://doi.org/10.1038/nrn2401
https://doi.org/10.1146/annurev-cellbio-092910-154129
https://doi.org/10.1111/j.1464-410x.1993.tb16065.x
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Cavallari et al. Cough-Anal Reflex and APAs

Giedd, J. N., Snell, J. W., Lange, N., Rajapakse, C. H., Casey, B. J., Kozuch, P. L.,
et al. (1996). Quantitative magnetic resonance imaging of human brain
development: ages 4–18. Cereb. Cortex 6, 551–560. doi: 10.1093/cercor/6.
4.551

Heidler, H., Casper, F., and Thuroff, J. W. (1987). Role of striated sphincter muscle
in urethral closure under stress conditions: an experimental study.Urol. Int. 42,
195–200. doi: 10.1159/000281894

Hodges, P. W., Sapsford, R., and Pengel, L. H. M. (2007). Postural and respiratory
functions of the pelvic floor muscles. Neurourol. Urodyn. 26, 362–371.
doi: 10.1002/nau.20232

Horak, F. B., Esselman, P., Anderson, M. E., and Lynch, M. K. (1984). The effects
of movement velocity, mass displaced, and task certainty on associated postural
adjustments made by normal and hemiplegic individuals. J. Neurol. Neurosurg.
Psychiatry 47, 1020–1028. doi: 10.1136/jnnp.47.9.1020

Huttenlocher, P. R. (1979). Synaptic density in human frontal
cortex—developmental changes and effects of aging. Brain Res. 163, 195–205.
doi: 10.1016/0006-8993(79)90349-4

Huttenlocher, P. R., de Courten, C., Garey, L. J., and Van der Loos, H. (1982).
Synaptogenesis in human visual cortex—evidence for synapse elimination
during normal development. Neurosci. Lett. 33, 247–252. doi: 10.1016/0304-
3940(82)90379-2

Iscoe, S. (1998). Control of abdominal muscles. Prog. Neurobiol. 56, 433–506.
doi: 10.1016/s0301-0082(98)00046-x

Issenman, R. M., Filmer, R. B., and Gorski, P. A. (1999). A review of bowel and
bladder control development in children: how gastrointestinal and urologic
conditions relate to problems in toilet training. Pediatrics 103, 1346–1352.

Jansson, U. B., Hanson,M., Sillen, U., and Hellström, A. L. (2005). Voiding pattern
and acquisition of bladder control from birth to age 6 years—a longitudinal
study. J. Urol 174, 289–293. doi: 10.1097/01.ju.0000161216.45653.e3

Jiang, C. H., Mazieres, L., and Lindstrom, S. (2002). Cold- andmenthol-sensitive C
afferents of cat urinary bladder. J. Physiol. 543, 211–220. doi: 10.1113/jphysiol.
2002.019042

Kasé, Y., Kito, G., Miyata, T., and Takahama, K. (1984). Influence of cerebral
cortex stimulation upon cough-like spasmodic expiratory response (SER) and
cough in the cat. Brain Res. 306, 293–298. doi: 10.1016/0006-8993(84)90378-0

Kenton, K., and Brubaker, L. (2002). Relationship between levator ani contraction
and motor unit activation in the urethral sphincter. Am. J. Obstet. Gynecol. 187,
403–406. doi: 10.1067/mob.2002.123939

Kito, G., Kasé, Y., Miyata, T., and Takahama, K. (1977). Neural mechanism for
production of spasmodic expiratory response like cough induced by amygdala
stimulation in the cat. I. Pathways from the amygdala to the lower brain stem.
Arch. Int. Pharmacodyn. Ther. 229, 116–128.

Lasserson, D., Mills, K., Arunachalam, R., Polkey, M., Moxham, J., and Kalra, L.
(2006). Differences in motor activation of voluntary and reflex cough in
humans. Thorax 6, 699–705. doi: 10.1136/thx.2005.057901

Lebel, C., Walker, L., Leemans, A., Phillips, L., and Beaulieu, C. (2008).
Microstructural maturation of the human brain from childhood to adulthood.
Neuroimage 40, 1044–1055. doi: 10.1016/j.neuroimage.2007.12.053

Mackel, R. (1979). Segmental and descending control of the external urethral and
anal sphincters in the cat. J. Physiol. 294, 105–122. doi: 10.1113/jphysiol.1979.
sp012918

Magni, C., Chellini, E., Lavorini, F., Fontana, G. A., and Widdicombe, J. (2011).
Voluntary and reflex cough: similarities and differences. Pulm. Pharmacol.
Ther. 24, 308–311. doi: 10.1016/j.pupt.2011.01.007

Massion, J. (1992). Movement, posture and equilibrium: interaction and
coordination. Prog. Neurobiol. 38, 35–56. doi: 10.1016/0301-0082(92)90034-c

Massion, J. (1998). Postural control system in developmental perspective.
Neurosci. Biobehav. Rev. 22, 465–472. doi: 10.1016/S0149-7634(97)00031-6

Mazzone, S. B., McGovern, A. E., Cole, L. J., and Farrell, M. J. (2011). Central
nervous system control of cough: pharmacological implications. Curr. Opin.
Pharmacol. 11, 265–271. doi: 10.1016/j.coph.2011.05.005

Mazzone, S. B., McGovern, A. E., Yang, S. K., Woo, A., Phipps, S., Ando, A., et al.
(2013). Sensorimotor circuitry involved in the higher brain control of coughing.
Cough 9:7. doi: 10.1186/1745-9974-9-7

Mazzone, S. B., McLennan, L., McGovern, A. E., Egan, G. F., and Farrell, M. J.
(2007). Representation of capsaicin-evoked urge-to-cough in the human brain
using functional magnetic resonance imaging. Am. J. Respir. Crit. Care Med.
176, 327–332. doi: 10.1164/rccm.200612-1856oc

McGovern, A. E., Davis-Poynter, N., Farrell, M. J., and Mazzone, S. B.
(2012a). Transneuronal tracing of airways-related sensory circuitry using
herpes simplex virus 1, strain H129. Neuroscience 207, 48–66. doi: 10.1016/j.
neuroscience.2012.01.029

McGovern, A. E., Davis-Poynter, N., Rakoczy, J., Phipps, S., Simmons, D. G.,
and Mazzone, S. B. (2012b). Anterograde neuronal circuit tracing using
a genetically modified herpes simplex virus expressing EGFP. J. Neurosci.
Methods 209, 158–167. doi: 10.1016/j.jneumeth.2012.05.035

McMahon, S. B., Morrison, J. F., and Spillane, K. (1982). An electrophysiological
study of somatic and visceral convergence in the reflex control of the
external sphincters. J. Physiol. 328, 379–387. doi: 10.1113/jphysiol.1982.
sp014271

Meagher, A. P., Lubowski, D. Z., and King, D. W. (1993). The cough response of
the anal sphincter. Int. J. Colorectal Dis. 8, 217–219. doi: 10.1007/bf00290310

Moore-Ede, M. C. (1986). Physiology of the circadian timing system: predictive
versus reactive homeostasis. Am. J. Physiol. 250, R737–R752.

Parks, A. G., Porter, N. H., andMelzak, J. (1962). Experimental studies of the reflex
mechanism controlling the muscle of the pelvic floor. Dis. Colon Rectum 5,
407–414. doi: 10.1007/bf02616644

Pujol, J., Vendrell, P., Junque, C., Martí-Vilalta, J. L., and Capdevila, A.
(1993). When does human brain development end? Evidence of corpus
callosum growth up to adulthood. Ann. Neurol. 34, 71–75. doi: 10.1002/ana.
410340113

Read, N. W., and Sun, W. M. (1990). Anorectal manometry, anal myography,
and rectal sensory testing in anorectal conditions. Indian J. Gastroenterol. 9,
75–80.

Roskar, E., Suhel, P., Kralj, B., and Dimic, D. (1981). Microcomputer controlled
urodynamic diagnostic system. Prog. Clin. Biol. Res. 78, 299–306.

Sapsford, R. R., and Hodges, P. W. (2001). Contraction of the pelvic floor muscles
during abdominal maneuvers. Arch. Phys. Med. Rehabil. 82, 1081–1088.
doi: 10.1053/apmr.2001.24297

Schmithorst, V. J., and Yuan, W. (2010). White matter development during
adolescence as shown by diffusion MRI. Brain Cogn. 72, 16–25. doi: 10.1016/j.
bandc.2009.06.005

Schmitz, C., Martin, N., and Assaiante, C. (1999). Development of anticipatory
postural adjustments in a bimanual load-lifting task in children. Exp. Brain Res.
126, 200–204. doi: 10.1007/s002210050729

Shima, K., Aya, K., Mushiake, H., Inase, M., Aizawa, H., and Tanji, J. (1991).
Two movement-related foci in the primate cingulate cortex observed in signal-
triggered and self-paced forelimb movements. J. Neurophysiol. 65, 188–202.

Sillén, U. (2004). Bladder function in infants. Scand. J. Urol. Nephrol. Suppl. 38,
69–74. doi: 10.1080/03008880410015219

Simonyan, K., Saad, Z. S., Loucks, T. M., Poletto, C. J., and Ludlow, C. L. (2007).
Functional neuroanatomy of human voluntary cough and sniff production.
Neuroimage 37, 401–409. doi: 10.1016/j.neuroimage.2007.05.021

Soberaa, M., Siedleckaa, B., and Syczewskab, M. (2011). Posture control
development in children aged 2–7 years old, based on the changes of
repeatability of the stability indices. Neurosci. Lett. 491, 13–17. doi: 10.1016/j.
neulet.2010.12.061

Stafford, R. E., Ashton-Miller, J. A., Sapsford, R., and Hodges, P. W. (2012).
Activation of the striated urethral sphincter to maintain continence during
dynamic tasks in healthy men.Neurourol. Urodyn. 31, 36–43. doi: 10.1002/nau.
21178

Stapley, P. J., Pozzo, T., Cheron, G., and Grishin, A. (1999). Does the
coordination between posture and movement during human whole-body
reaching ensure center of mass stabilization? Exp. Brain Res. 129, 134–146.
doi: 10.1007/s002210050944

Stapley, P., Pozzo, T., and Grishin, A. (1998). The role of anticipatory postural
adjustments during whole body forward reaching movements. Neuroreport 9,
395–401. doi: 10.1097/00001756-199802160-00007

Sundin, T., and Petersén, I. (1975). Cystometry and simultaneous
electomyography from the striated uretheral and anal sphincters and
from levator ani. Invest. Urol. 13, 40–46.

Takakusaki, K. (2017). Functional neuroanatomy for posture and gait control.
J. Mov. Disord. 10, 1–17. doi: 10.14802/jmd.16062

Takeuchi, H., Sekiguchi, A., Taki, Y., Yokoyama, S., Yomogida, Y., Komuro, N.,
et al. (2010). Training of working memory impacts structural connectivity.
J. Neurosci. 30, 3297–3303. doi: 10.1523/JNEUROSCI.4611-09.2010

Frontiers in Human Neuroscience | www.frontiersin.org 7 September 2017 | Volume 11 | Article 475

https://doi.org/10.1093/cercor/6.4.551
https://doi.org/10.1093/cercor/6.4.551
https://doi.org/10.1159/000281894
https://doi.org/10.1002/nau.20232
https://doi.org/10.1136/jnnp.47.9.1020
https://doi.org/10.1016/0006-8993(79)90349-4
https://doi.org/10.1016/0304-3940(82)90379-2
https://doi.org/10.1016/0304-3940(82)90379-2
https://doi.org/10.1016/s0301-0082(98)00046-x
https://doi.org/10.1097/01.ju.0000161216.45653.e3
https://doi.org/10.1113/jphysiol.2002.019042
https://doi.org/10.1113/jphysiol.2002.019042
https://doi.org/10.1016/0006-8993(84)90378-0
https://doi.org/10.1067/mob.2002.123939
https://doi.org/10.1136/thx.2005.057901
https://doi.org/10.1016/j.neuroimage.2007.12.053
https://doi.org/10.1113/jphysiol.1979.sp012918
https://doi.org/10.1113/jphysiol.1979.sp012918
https://doi.org/10.1016/j.pupt.2011.01.007
https://doi.org/10.1016/0301-0082(92)90034-c
https://doi.org/10.1016/S0149-7634(97)00031-6
https://doi.org/10.1016/j.coph.2011.05.005
https://doi.org/10.1186/1745-9974-9-7
https://doi.org/10.1164/rccm.200612-1856oc
https://doi.org/10.1016/j.neuroscience.2012.01.029
https://doi.org/10.1016/j.neuroscience.2012.01.029
https://doi.org/10.1016/j.jneumeth.2012.05.035
https://doi.org/10.1113/jphysiol.1982.sp014271
https://doi.org/10.1113/jphysiol.1982.sp014271
https://doi.org/10.1007/bf00290310
https://doi.org/10.1007/bf02616644
https://doi.org/10.1002/ana.410340113
https://doi.org/10.1002/ana.410340113
https://doi.org/10.1053/apmr.2001.24297
https://doi.org/10.1016/j.bandc.2009.06.005
https://doi.org/10.1016/j.bandc.2009.06.005
https://doi.org/10.1007/s002210050729
https://doi.org/10.1080/03008880410015219
https://doi.org/10.1016/j.neuroimage.2007.05.021
https://doi.org/10.1016/j.neulet.2010.12.061
https://doi.org/10.1016/j.neulet.2010.12.061
https://doi.org/10.1002/nau.21178
https://doi.org/10.1002/nau.21178
https://doi.org/10.1007/s002210050944
https://doi.org/10.1097/00001756-199802160-00007
https://doi.org/10.14802/jmd.16062
https://doi.org/10.1523/JNEUROSCI.4611-09.2010
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Cavallari et al. Cough-Anal Reflex and APAs

Tamnes, C. K., Østby, Y., Walhovd, K. B., Westlye, L. T., Due-Tønnessen, P.,
and Fjell, A. M. (2010a). Intellectual abilities and white matter microstructure
in development: a diffusion tensor imaging study. Hum. Brain Mapp. 31,
1609–1625. doi: 10.1002/hbm.20962

Tamnes, C. K., Østby, Y., Walhovd, K. B., Westlye, L. T., Due-Tønnessen, P.,
and Fjell, A. M. (2010b). Neuroanatomical correlates of executive functions in
children and adolescents: amagnetic resonance imaging (MRI) study of cortical
thickness. Neuropsychologia 48, 2496–2508. doi: 10.1016/j.neuropsychologia.
2010.04.024

Thind, P., and Lose, G. (1992). Urethral stress relaxation phenomenon in healthy
and stress incontinent women. Br. J. Urol. 69, 75–78. doi: 10.1111/j.1464-410x.
1992.tb15463.x

Thind, P., Lose, G., Jørgensen, L., and Colstrup, H. (1990). Variations in urethral
and bladder pressure during stress episodes in healthy women. Br. J. Urol. 66,
389–392. doi: 10.1111/j.1464-410x.1990.tb14960.x

Thüroff, J. W., Casper, F., and Heidler, H. (1987). Pelvic floor stress response:
reflex contraction with pressure transmission to the urethra. Urol. Int. 42,
185–189. doi: 10.1007/978-3-642-72735-1_19

van der Kooi, J. B., van Wanroy, P. J., De Jonge, M. C., and Kornelis, J. A.
(1984). Time separation between cough pulses in bladder, rectum and urethra
in women. J. Urol. 132, 1275–1278. doi: 10.1016/s0022-5347(17)50122-6

Widdicombe, J. G. (1995). Neurophysiology of the cough reflex. Eur. Respir. J. 8,
1193–1202. doi: 10.1183/09031936.95.08071193

Yakovlev, P. I., and Lecours, A. R. (1967). ‘‘The myelogenetic cycles of regional
maturation of the brain,’’ in Regional Development of the Brain in Early Life,
ed. A. Minkowski (Oxford, UK: Blackwell), 3–70.

Zaino, C., and McCoy, S. W. (2008). Reliability and comparison of
electromyographic and kinetic measurements during a standing reach
task in children with and without cerebral palsy. Gait Posture 27, 128–137.
doi: 10.1016/j.gaitpost.2007.03.003

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Cavallari, Bolzoni, Esposti and Bruttini. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Human Neuroscience | www.frontiersin.org 8 September 2017 | Volume 11 | Article 475

https://doi.org/10.1002/hbm.20962
https://doi.org/10.1016/j.neuropsychologia.2010.04.024
https://doi.org/10.1016/j.neuropsychologia.2010.04.024
https://doi.org/10.1111/j.1464-410x.1992.tb15463.x
https://doi.org/10.1111/j.1464-410x.1992.tb15463.x
https://doi.org/10.1111/j.1464-410x.1990.tb14960.x
https://doi.org/10.1007/978-3-642-72735-1_19
https://doi.org/10.1016/s0022-5347(17)50122-6
https://doi.org/10.1183/09031936.95.08071193
https://doi.org/10.1016/j.gaitpost.2007.03.003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive

	Cough-Anal Reflex May Be the Expression of a Pre-Programmed Postural Action
	INTRODUCTION
	ANTICIPATORY POSTURAL ADJUSTMENTS AND VOLUNTARY MOVEMENTS
	COUGH-ANAL REFLEX
	Cough
	Pelvic Floor Muscles
	Cough and Pelvic Floor Muscles Activity

	ONTOGENESIS OF POSTURAL AND SPHINCTER ANTICIPATORY ADJUSTMENTS
	SIMILARITIES BETWEEN APAs AND COUGH-ANAL RESPONSE
	CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	REFERENCES


