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REPLY TO RAVIGNANI AND KOTZ:

Physical impulses from upper-limbmovements
impact the respiratory–vocal system
Wim Pouwa,b,c,1, Alexandra Paxtona,d, Steven J. Harrisona,e, and James A. Dixona,d

The commentary by Ravignani and Kotz (1) affords us an
opportunity to clarify the interpretation of our recent
findings (2). We showed that “although listeners could
only hear and not see the vocalizer, they were able to
completely synchronize their own rhythmic wrist or arm
movement with the movement of the vocalizer which
they perceived in the voice acoustics” (ref. 2, p. 11364).
We interpreted these results as “corroborat[ing] recent
evidence suggesting that the human voice is con-
strained by bodily tensioning affecting the respira-
tory–vocal system” (ref. 2, p. 11364). Thus, we were
surprised to read that Ravignani and Kotz believed
that we “attribute[d] this rhythmicity [of the speak-
er’s voice] to voice modulation” (1). This is a misun-
derstanding of our position. In ref. 2 and elsewhere
(3–5) we have argued that gesture affects speech
through the forces it produces on the respiratory–
vocal system.

Physical impulses produced by upper-limb move-
ments can reach the respiratory–vocal system by a
number of routes, for example via direct respiratory-
related muscle tensioning around the chest to inter-
nally rotate the humerus (Fig. 1, Lower). Furthermore,
impulses away from the center of pressure (Fig. 1, Up-
per) will recruit a chain of anticipatory postural muscle
tensions around the trunk that are also implicated in
respiration (6). We have indeed shown that postural
instability modulates the effects of upper-limb move-
ments on vocalization (3).

Breathing entrains with movements of various
kinds, including arm movements (7), but our results
are not explainable through “breathing” rhythms
per se. Our participants vocalized continuously within
each trial; therefore, only the exhalation portion of the
breathing cycle was considered. We propose that
upper-limb physical impulses on the trunk affect sub-
glottal pressure, increasing expiratory flow and thus

impacting cooccurrent vocalization (4). If, as sug-
gested by Ravignani and Kotz (1), participants were
asked to merely exhale (not vocalize) while rhythmi-
cally moving their arms, we would predict that
the sound produced by the exhalation would also
carry information about those movements, just as vo-
calizations did. Whether one is using the respiratory–
vocal system for steady vocalization or exhalation,
the forces produced by arm movements should affect
those functions.

We focused on the effects of gesture on vocaliza-
tion, rather than breathing or other rhythmic physio-
logical functions, because vocalizations cooccur with
gestures in humans, and both are intended to convey
information to a listener. The implications of our results
are that vocalizations carry information about how a
speaker is moving via the effects of bodily tensioning
on the acoustic signal. Gestures are, in effect, heard as
well as seen.

The commentators attribute a common view (8) to
us that humans “were gestural apes before ... vocal
apes” (1). We, however, suggest that upper-limb
movements impacted the respiratory–vocal system
by biomechanical necessity at whatever moment
in phylogenetic history the environment started to
solicit their simultaneous activity. This is impartial
to whether gesture or vocalization emerged first in
our species.
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Fig. 1. Muscle tensioning involved in moving the upper limbs during speech. Human pose images credit: Dimensions.com. Anatomical images
credit: Wikimedia Commons/Mikael Häggström.
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LETTER

Breathing, voice, and synchronized movement
Andrea Ravignania,1 and Sonja A. Kotzb,c,1

When humans vocalize along with rhythmic armmove-
ments, the recorded voice shows the same rhythmic
pattern as these movements (1). When others listen to
this voice, their rhythmic movements synchronize with
those of the unseen vocalizer (1). Pouw et al.’s (1) out-
standingmultimodal research connects voice and ges-
ture, and—we suggest—even more so breathing and
movement.

Pouw et al. (1) report rhythmic modulation of fun-
damental frequency, which is the rate at which vocal
folds vibrate. They attribute this rhythmicity to voice
modulation. However, many mechanisms can give the
voice a rhythmic character; the most common one is
breathing. Try exhaling while rhythmically moving
your arm; the sound of your breath will become rhyth-
mic. Could breathing alone explain Pouw et al.’s re-
sults (1, 2) (Fig. 1)? Their data may show that muscular
contractions for movement propagate to the ribcage
and diaphragm, potentially affecting breathing. This
could explain stronger synchronization with (larger)
arm than (smaller) wrist movements. We propose that
frequency modulation of the voice while moving may
have a neuroanatomical basis. In fact, the larynx motor
area at the dorsal end of the orofacial division of motor
cortex integrates laryngeal and respiratory control
(3, 4). To counteract rhythmic muscular tension in-
duced by movement, this area may contract the vocal
folds rhythmically. These compensatory contractions
would generate the high-frequency peaks seen in
Pouw et al.’s data (1).

Pouw et al. (1) attribute their findings to how hu-
mans integrate gesture and vocalization. They report

that better synchronization correlates with increased
frequency modulation of the voice. While breathing
and vocalizing are rather likely coinvolved (5), we con-
sider that similar results could emerge without vocali-
zations. Had Pouw et al. asked participants to breathe
while moving, would breathing spectrograms also
contain rhythmic regularities? Could other listeners
synchronize their movements to recordings of breathing
alone? Likewise, we wonder whether movements other
than gestures could explain Pouw et al.’s data (1).
Physiology suggests that gestures are not strictly
needed for rhythmic sounds to emerge. For instance,
the tracheal sounds produced in human sleep con-
tain the regular rhythm of the heartbeat (6). This sug-
gests that rhythmic sound production in a phonatory
apparatus can, in principle, emerge without voice or
motor control.

Pouw et al. (1) conclude that “gestural movements
may thus have evolved as an embodied innovation for
vocal control,” that is, we were gestural apes before
becoming vocal apes. There is controversial support
for this intriguing “theremin model of speech control”
(Fig. 2). Indeed, evidence from other primates suggests
we evolved movement precision and dexterity (7, 8)
before direct corticobulbar projections for enhanced
laryngeal control (9). Why, then, have all other dexter-
ous primates not evolved similar capacities for embod-
ied vocal control? Until these questions are answered,
Pouw et al.’s (1) data are key to formulate evolutionary
hypotheses connecting breathing control and interac-
tive rhythms in movement (Fig. 1).
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Fig. 2. Playing theremin is an alternative example of howmovement flexibility can affect sound production. Here, the player moves her hands around the
musical instrument to shape the sounds it produces.Whatwe call the “thereminmodel of speech control” is based on the idea that, while the vocal tract of
participants in ref. 1 provides a sound flow (much like the depicted theremin), handmovements of participants in ref. 1 canmodulate and control this flow
(similar to what the theremin player does). In a (highly dexterous) musical duet of two theremin performers, the movements of players might also
synchronize by sound alone, akin to the voice-mediated movement synchrony in Pouw et al.’s experiment (1), but without enhanced vocal control. Image
credit: Wikimedia Commons/What’s On the Air Company.

Fig. 1. Alternative interpretations of Pouw et al.’s data (1). Gesture requires dexterity, which requires movement (Left). Vocal control requires
vocalizing, which requires breathing (Right). While the authors interpret their data as supporting a potential evolutionary link between gesture
and vocal control (Top), we consider that linking joint rhythmic movement with breathing (Bottom) is more parsimonious.
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