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Humans modulate the frequency of the sound they emit by 
manipulating the tension of the vocal cords, yet it is still unknown 
how much neuromuscular control is involved in speech production. 
Speech, although requiring a large repertoire of sound formations, 
contains basic elements of sound formation that may be controlled by a 
high degree of brain control. There is still debate as to how much brain 
signaling is required to command the vocalization organs and to what 
degree complex phonation can be attributed such higher order control. 
To better understand what level of neural complexity may be required to 
produce complex vocalizations, studies must first be performed on the 
denervated tissue. Thus, the purpose of the present study is to discover 
what may be produced by a denervated vocal organ by altering simple 
parameters such as air pressure and vocal fold tension. 
 Previous literature indicated that all complex vocalizations 
required complicated neuromuscular control. Gaunt1 and Simpson 
and Vicario2 proposed that greater vocal repertoire might require 
greater complexity of the neural pathways that control the vocal organ. 
However, many experiments have been performed on the isolated 
vocal tracts of various vertebrate species that naturally emit complex 
nonlinear sound patterns during communication3-8. These studies 
demonstrate the increased interest in how vocal organs may be more 
capable of nonlinear sound production than previously thought.
 Echolocating bats are a special model of animal communication 
because they are also models of auditory feedback mechanisms. 

Specifically, they depend on the echo return of echolocation pulses 
to determine the distance, size and even the texture of objects during 
foraging and hunting for prey. R. ferrumequinum, also known as the 
Greater Horseshoe Bat, is a species that is characterized Doppler-shift 
compensation (DSC), a special behavior based on auditory feedback. 
When approaching a target, these bats experience a return echo higher 
than their preferred hearing range and react by lowering the frequency of 
their own echolocation pulses. The neurological basis of this behavior has 
been studied9-11 and is based upon interaction between the components 
of the auditory feedback loop: the sender (larynx and associated muscles 
affecting vocalizations), the receiver (hearing and sound transduction), 
neurological processing, and finally modified input back to the sender 
(Fig. 1). By identifying the sender’s intrinsic capacity for producing 
modified sound, we can better understand how neurological input may 
adjust the modified sound to produce the appropriate vocalization. 
 In addition to echolocation pulses, bats also produce social 
calls, which are typically longer in duration, more complex, and have 
a lower dominant frequency band. Vocalizations in bats have been 
characterized only recently to reveal a large array of calls strikingly 
different from typical echolocation calls. Ma and colleagues first 
classified the communication calls of the Greater Horseshoe Bat with 
regard to social context12. The calls of Greater Horseshoe Bats have also 
been analyzed for their spectro-temporal properties to reveal that they 
differ from echolocation pulses in that they have a lower dominant 
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The Greater Horseshoe Bat, Rhinolophus ferrumequinum, is a useful model for studying audio-vocal feedback mechanisms, 
since its vocal motor patterns change in a precisely defined manner based on received auditory feedback. In addition, these 
bats produce complex communication calls that have yet to be thoroughly characterized. In the present study, larynges of 10 
bats were isolated post-mortem to produce an in vitro model of vocalization by varying tracheal air pressure. Small changes 
in airflow caused rapid changes in emitted sounds, shifting their fundamental frequency from that of echolocation pulses to 
the frequency band typically used for communication calls. Additionally, periodic to aperiodic shifts occurred within a few 
cycles, a phenomenon that can also be found in natural bat communication calls. In a second experiment, the position of the 
thyroid cartilage was changed by mimicking the activity of the cricothyroid muscle (CTM). As a result, frequencies changed 
in a linear fashion over a wide range. All frequency changes elicited by changes in pressure or mimicking of the CTM covered 
the physiological range. These results will allow us to investigate which features of bat vocalizations (pitch, amplitude and/
or frequency modulations) are based upon intrinsic biomechanical properties of the larynx and which are controlled by the 
neuronal input from the brain.
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frequency, greater duration and a higher degree of complexity.
 One manipulation in sound production that is not affected 
by complex neurological input is the amount of pressure applied 
through the trachea. Sub-glottal pressure has been studied in other 
species of bats to show that very high pressures are required to produce 
echolocation pulses13. Echolocation pulses are required to have enough 
energy to travel twice the target distance, while communication calls 
are intended to travel only the distance necessary to communicate with 
another bat. Thus, louder vocalizations are required for echolocation 
and bats produce this additional sound wave magnitude by building up 
higher air pressure in the trachea. However, effective communication 
vocalizations can be produced with lower pressures. This means that the 
energy requirements for communication calls would be less than that 
required for echolocation calls.
 Several studies have found that the CTM is responsible 
for controlling call frequency14-15. Knowledge of the differences in 
frequency control between in vitro and in-vivo models may reveal the 
range of sound output that can be produced by simple muscle control. 
This would in turn lead to further insight into the neurological control 
of the biomechanical properties of the larynx. With this aim, the affects 
of CTM activation on sound output in an in vitro preparation of the 
larynx were investigated.
 To determine how much of a vocal repertoire can be produced 
by simple CTM control, the experimental design must isolate the 
sound produced solely by the larynx and laryngeal muscles regardless 
of whether that sound may also be affected by biological structures 

superior to the larynx in vivo. Studies have shown that resonating 
nasal cavities dampen and enhance various frequencies, particularly 
enhancing the third harmonic, which is typically the strongest harmonic 
in bat vocalizations16-17. Thus, the experimental design must isolate the 
larynx from these other modulatory structures in order to examine the 
range of laryngeal influence on the fundamental frequency.
 The purpose of this study was to record the output of an 
isolated larynx of the Greater Horseshoe Bat while manipulating 
pressure input and the action of the CTM. By manipulating two factors 
of sound output, this study demonstrates how muscular contraction 
and the basic biomechanics of the larynx might function together to 
produce complex sound. Ultimately, the general aim of the study was 
to determine which sounds typical of communication or echolocation 
calls of the bat in vivo may be produced from an in vitro bat larynx 
preparation. In addition, this study determined the nonlinear properties 
of vocalization that are inherent to the isolated vocal organ. Knowledge 
of the products of a larynx may lead to future insights into how neuronal 
control may be facilitated to produce and alter vocalizations.

Animals. Larynges of 10 Greater Horseshoe Bats, Rhinolophus 
ferrumequinum, (5 males, 5 females obtained in the People’s Republic of 
China) were used in this study. Bats died of natural causes. All animals 
were held in captivity in a flight facility at the University of California, 
Los Angeles. Procedures were in accordance with National Institutes of 
Health guidelines for the care and use of animals and no animals were 
harmed during experimentation. 

In Vitro Preparation. The tongue and bronchi were removed, leaving 
an intact larynx connected to the trachea. Molding clay was used to 
form a mounting for the larynx to be positioned during experiments in 
such a way as to mimic the normal physiological position of the larynx 
as it hangs from the hyoid bone inside the throat of the animal. The 
trachea was stabilized on a mounting slide with a series of crimped wires 
inserted through two holes on either side of the trachea.Atmospheric air 
was humidified through a water filter submerged in heated  distilled H2O 
(45° C) to approximately 90% humidity. Tubing from an air source to the 
humidifier had an outer diameter = 5.15 mm and inner diamater = 3.41 
mm. Humidified air passed through more tubing (outer diameter, 8.00 
mm; inner diameter, 5.00 mm), which bifurcated at a plastic split that 
delivered half of the air to a differential pressure sensor (±20 inch H2O, 
Mouser Electronics; Austin, Texas) and half to a syringe needle leading to 
the larynx preparation. Polyethylene tubing (outer diameter = 1.50 mm, 
inner diameter = 0.80 mm) was connected to the syringe needle and 
sealed to the trachea with a series of knots. A hypotonic saline solution 
(0.1% NaCl) was delivered every five minutes to the larynx during the 
experiment to prevent drying out. The CTM was manipulated using a 
custom-made manipulative caliper: a linear motion slide potentiometer 
(Type V448 MONO, CTS electronic components; Taiwan; see Figure 1) 
was attached by dental cement to the forceps to measure displacement as 
a function of voltage. The instrument was calibrated to a series of objects 
with known lengths to ensure a linear relationship between voltage 
output and forceps displacement. 

Acoustics. Sound produced during the experiment was captured by a 
condenser microphone (Brüel and Kjaer, type 4135) placed 15 cm away 
from the larynx. Data recording and analysis was done with an Avisoft 
program (Avisoft Bioacoustics; Berlin, Germany). All instruments were 
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Figure 1 | Vocalization schema and manipulation of cricothyroid. 
a, Generalized schema of audiovocal integration. b, Isolated R. 
ferrumequinum larynx, with manipulative caliper. c, Schematic of larynx, 
lateral view. 3, thyroid cartilage; 4, arytenoid cartilage; 5, cricoid cartilage; 
6, dorsal membranous air chamber; 7, lateral membranous air chamber; 
8, tracheal cartilages; A, cricothyroid muscles; B, thyroarytenoid muscles; 
C, cricoarytenoid muscles.



calibrated before use in experiments.

In Vitro Preparation Controls. To control for the effects of excising the 
larynx and cutting away tissue superior to the glottis, which could affect 
sound production, one larynx was removed as described before but 
without removal of the tongue or jaw, leaving all tissue surrounding the 
superior end of the larynx intact. Using this preparation, a superior view 
of the larynx was visualized using a video camera (Olympus America 
Inc; Pennsylvania) to record motion of the vocal folds during phonation. 
The experiment was repeated after isolation of the larynx to note any 
differences in results. Because phonation is thought to be produced by 
very thin vocal membranes that can be affected by the freeze and thaw 
cycle, another control was performed on a freshly dead bat. Freshly dead 
bats were assumed to have died within twenty-four hours due to daily 
inspection of the flight facility. The larynx of the bat was harvested and 
experiments were carried out, both on the larynx of a recently dead 
bat and after the same larynx was frozen for two days and thawed as 
previously described. 

Air pressure is a parameter that is independent of complex vocal motor 
control, as it is produced by the use of breathing muscles such as the 
diaphragm and other accessory muscles outside the local region of 
the larynx. Thus, air pressure may be altered in an isolated larynx to 
determine results from simple motor commands. We measured the 
typical effect of slowly increasing and decreasing air pressure through 
the isolated bat larynx (Fig. 2). Altering air pressure produced changes 
in frequency ranging from gradual to dramatic based on the magnitude 
of the applied pressure. At lower pressures, the dominant frequency 
band appeared at a relatively high frequency, beginning at roughly 
31 kHz as the sound increased in intensity. As pressure increased, so 
did frequency, until the frequency reached approximately 35 kHz. 
As pressure increased further, there was a frequency jump down of 
a magnitude of 8 kHz and again a slight increase in frequency before 
reaching deterministic chaos or aperiodic sound. The difference in 
frequencies correlated with the differences in dominant frequency 
bands of naturally produced echolocation and communication calls 
from the same bat, with the low pressure frequency correlating with 

echolocation pulses and high pressure emitted frequency correlating 
with communication call frequency.
 As pressure decreased, a pure tone reappeared at a lower 
frequency than that which was produced just before an increase in 
pressure resulted in chaos. Another frequency jump appeared that 
mirrored the jump in increasing pressure but with a slightly lower 
frequency. Thus, increasing and decreasing air pressure produced a 
frequency hysteresis based on the lower frequencies emitted during 
frequency jumps. 
 Data from trials of increasing and decreasing pressure like that 
obtained in Figure 2 was quantified from repeated trials on one larynx 
(Fig. 3). The data shows the way frequency changed through each 
measured stage of the trial: the first audible sound, just before a frequency 
drop, just after a frequency drop, just before and after chaos, just before 
and after a frequency jump and as the sound becomes inaudible. The 
data shows the difference in frequency before and after the frequency 
jump as pressure increased and decreased. There appeared to be more 
of a difference between frequencies as pressure increased (white squares 
in Fig. 3). 
 The action of the CTM is governed by simple motor commands 
that do not require complex neuronal motor coordination. The CTM, 
which is responsible for changes in call frequency, was manipulated to 
show the range of frequencies that could be produced at constant air 
pressure. The spectrogram in Figure4 shows sounds typically produced 
by an isolated larynx at an air pressure corresponding to the frequencies 
used for echolocation pulses. As the forceps decrease the distance 
between the cricoid and thyroid cartilage, there is a synchronous increase 
in the emitted frequency over a range of 5 kHz. The frequency range 
produced by mimicking the action of the CTM correlated with the range 
of fundamental frequencies produced naturally by the subject. Next, the 
larynges of three additional subjects were manipulated in a manner 
similar to that just used and data from these larynges revealed a positive 
linear relationship (R ≥ 0.67, Pearson’s Correlation) between frequency 
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Figure 2 | Downward jumps in frequency over small changes in pressure. 
a, Measurement of tracheal pressure (10.2 cm H

2
O per kPas) vs. time. 

b,Frequency spectrogram showing an abrupt frequency jump from a 
high to low fundamental, indicating a pressure-correlated shift between 
echolocation and communication calls. Broadband chaos resulted from 
excessive positive pressure after a short increase from the beginning 
of communication calls, indicating a short range of pressure for sound 
emission.

b

a

Figure 3 | Ranges of air pressure correlate with frequencies corresponding 
to echolocation or communication vocalizations. Boxplot of fundamental 
frequency and type of frequency emitted, with low corresponding to 
the frequency emitted at higher pressures after a frequency jump from 
a higher fundamental. Each box corresponds to the upper or lower 
limit of frequency of a type of sound, with white boxes referring to 
increasing pressure and black boxes referring to decreasing pressure. 
The fundamental frequency difference from the upper portion of the high 
group to the lower portion of the low group is statistically significant.
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and the simulated contraction of the CTM (Fig. 5). The relationship is 
the same for fundamental frequencies relating to both echolocation and 
communication. The reference fundamental frequency, the dominant 
frequency band at which the subject normally calls during echolocation, 
was plotted for one subject. The plotted reference frequency was higher 
than the average frequency produced in vitro. For both echolocation 
pulses and communication calls, the range of frequencies produced 
by mimicking the CTM was similar to the range produced in the live 
animal. 
 Control experiments were performed to ensure there was 
no effect of freezing or from the removal of accessory respiratory tract 
tissues such as the tongue or surrounding supportive tissue, which 

holds the larynx in a fixed position inside the throat. No differences 
were found in the frequencies emitted by each larynx when it was fresh 
compared to those emitted after the larynx had been frozen and thawed. 
Additionally, there was no difference in the frequency range produced 
by an intact larynx compared to an isolated larynx. Despite their delicate 
appearance, the vocal folds that produce ultrasonic sounds proved to be 
highly stable under standard tissue storage conditions. The biological 
structures are remarkable in that they can still produce pure tone sounds 
similar to what is naturally produced.

The two components that form vocal sound include the intrinsic 
properties of the vocal organ and neuromuscular control of the organ. 
By first elucidating the ways in which the vocal folds alone can change 
sound, the neurological modifications of the sound output can better be 
understood. Subsequently, the role of auditory feedback in vocalization 
may be studied as the auditory feedback loop has connections to efferent 
motor neurons that effect muscular contraction related to vocalization. 
The present study shows how pressure and CTM action influence the 
sound production of the larynx in an echolocating bat. 
 As found in previous studies6,8, the vocal organ produces 
a degree of nonlinearity. Frequency jumps over small changes in 
pressure show a correlation between low pressure and high frequency 
(echolocation calls), as well as high pressure with low frequency 
(communication calls). This result (Fig. 2) was unexpected considering 
that bats presumably communicate without the need to hear an echo 
return and thus would not put extra energy into a call that only needs 
to travel half as far echolocation call. This finding indicates how 
neurological stimulation of muscles effecting sub-glottal air pressure 
differs depending on the needs of the animal.
 A frequency hysteresis exists based on how pressure changes 

b

a

Figure 4 | Action of cricothyroid on frequency. a, Contraction of CTM as 
a function of voltage output. As voltage decreases, the distance between 
thyroid and cricoid cartilages decreases, resulting in higher vocal fold 
tension. The length of the CTM is 1.2 mm. b, Frequency spectrogram of 
emitted sound during mimicking of CTM. The frequency corresponds to 
fundamental frequencies emitted during echolocation. A short lag time of 
a few ms illustrates a close relationship between muscle contraction and 
change in frequency.
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Figure 5 | Effect of cricothyroid manipulation on emitted frequency. a, Fundamental frequency as a function of distance from thyroid to cricoid cartilages 
in high type, echolocation call, frequency. Three different specimens are shown, with one specimen’s reference frequency (RF) shown with an arrow. 
Since in Doppler Shift Compensation (DSC) behavior the frequency typically only decreases from the RF, this illustrates how the action of the CTM is 
used for echolocation purposes. b, Fundamental frequency as a function of distance from thyroid to cricoid cartilages in low type, communication call, 
frequency. The frequency range covers ~5 kHz, covering nearly the entire range of frequencies produced in natural communication calls.



(Fig. 2). The frequencies before and after frequency jumps and just 
before and after deterministic chaos are higher from pressure increases 
compared to pressure decreases. This is illustrated in Fig. 3, which 
quantifies the frequencies of sound emitted around frequency jumps 
and chaotic noise. Because the bat emits constant frequency sounds, it 
may be inferred that pressure must remain constant over the duration 
of the pulse. Communication calls, inherently more complex than 
constant frequency echolocation pulses, may be under the influence of 
varying types of pressure that either are increasing or decreasing.
 Frequency jumps and changes from periodic to aperiodic are 
caused by pressure changes in vitro, and are present in bat vocalizations 
(unpublished data). Communication calls were found to be composed 
of similar alternating switches between chaotic and non-chaotic sound. 
Frequency jumps also occur in the communication calls. Although not 
relevant to echolocation pulses, these types of nonlinearities indicate 
how the communication signals are less dependent upon complex 
neuronal control. Neuronal motor control is required only at the basic 
level of pressure changes.
 Mimicking CTM action produces frequency modulations in 
a time-locked fashion to muscle contraction (Fig. 4). As the distance 
between the cricoid and thyroid cartilages is decreased, the length of 
the vocal folds is increased, thus producing more tension. Mimicking 
of CTM movement solely changes the frequency with a consistent short 
delay. The timing of this function shows a portion of the delay between 
neurological enervation to signal muscular contraction and the change 
in sound output. This may be important in determining a working 
model for vocalization.
 CTM mediated frequency modulation in echolocation 
fundamental frequency is produced in a relationship to the reference 
frequency similar to natural behavior. Figure 5 illustrates the connection 
between relevant frequency range and what may be produced in 
the in vitro model. In one bat, the reference frequency is indicated at 
being in the upper range of frequencies, typical of a Doppler-shift 
compensating bat that normally shifts frequency downward to account 
for shifting echo frequencies while approaching a target. Additionally, 
the range of frequencies produced at a high pressure, corresponding to 
communication calls, shows that mimicking the CTM may account for 
production of the physiological range of dominant frequency bands. 
Along with pressure changes, CTM mediated frequency modulations 
produce a frequency range found in natural echolocation and 
communication calls.
 Studying neurological manipulation of the vocal organ 
may now be better understood in a context of innate properties of an 
extracted larynx. Instead of modeling sound production off of complex 
neurological input, a simpler design may be fit to describe how the 
production of nonlinear spectro-temporal characteristics is possible. 
Simple arrangements of motor efferents are sometimes all that are 
needed, despite how convoluted the end sound product may be.

Many thanks to the Department of Physiological Sciences at UCLA, Dr. 
Rachelle Crosbie for her help in research presentation, and most of all to 
the Metzner lab: Dr. Steffen Hage, Dr. Kohta Kobayasi, Dr. Ying Liu, and 
Dr. Walter Metzner.
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