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Influence and interactions of laryngeal adductors and
cricothyroid muscles on fundamental frequency and glottal

posture control

Dinesh K. Chhetri,® Juergen Neubauer, Elazar Sofer, and David A. Berry
Laryngeal Physiology Laboratory, CHS 62-132, Department of Head and Neck Surgery,
10833 Le Conte Avenue, Los Angeles, California 90095

(Received 19 June 2013; revised 31 January 2014; accepted 3 February 2014)

The interactions of the intrinsic laryngeal muscles (ILMs) in controlling fundamental frequency (F0)
and glottal posture remain unclear. In an in vivo canine model, three sets of intrinsic laryngeal
muscles—the thyroarytenoid (TA), cricothyroid (CT), and lateral cricoarytenoid plus interarytenoid
(LCA/TIA) muscle complex—were independently and accurately stimulated in a graded manner using
distal laryngeal nerve stimulation. Graded neuromuscular stimulation was used to independently
activate these paired intrinsic laryngeal muscles over a range from threshold to maximal activation,
to produce 320 distinct laryngeal phonatory postures. At phonation onset these activation conditions
were evaluated in terms of their vocal fold strain, glottal width at the vocal processes, fundamental
frequency (F0), subglottic pressure, and airflow. FO ranged from 69 to 772 Hz and clustered into
chest-like and falsetto-like groups. CT activation was always required to raise F0O, but could also
lower FO at low TA and LCA/IA activation levels. Increasing TA activation first increased then
decreased FO in all CT and LCA/IA activation conditions. Increasing TA activation also facilitated
production of high FO at a lower onset pressure. Independent control of membranous (TA) and
cartilaginous (LCA/IA) glottal closure enabled multiple pathways for FO control via changes in

glottal posture. © 2014 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4865918]

PACS number(s): 43.70.Gr, 43.70.Jt, 43.70.Bk, 43.70.Aj [BHS]

. INTRODUCTION

It is generally understood that phonation is achieved
when the intrinsic laryngeal muscles (ILMs) are activated
while a sufficiently large transglottal pressure drop is
induced by the airflow from the lungs (Titze, 1994). Due to
the technical challenges of in vivo experiments, mostly theo-
retical studies have been used to understand the influence of
neuromuscular activation and laryngeal posture on phonation
dynamics. For example, Titze and Talkin (1979) found that
fundamental frequency (F0) of phonation was primarily con-
trolled by longitudinal tension (associated with glottal
length) and that trans-glottal pressure was less effective.
Actively controlled muscular contraction appears to provide
the necessary flexibility for the glottis to allow a broad FO
range and the many varieties of phonation (Titze, 1994;
Titze and Talkin, 1979). However, the interactions of ILMs
and their influence on phonatory posture and resulting
dynamics remain poorly understood and have not been sys-
tematically investigated in experimental in vivo models.

FO variations carry important linguistic information in
speech and are also widely used in non-speech communica-
tion and singing. Van den Berg (1968) proposed that the
highest F0 is reached when (1) airflow, (2) glottal adduction,
and (3) vocal fold tension were maximal. Hirano (1974)
introduced the “body-cover” biomechanical model of phona-
tion, and proposed that FO is controlled through changes in
length or stiffness of the vocal fold cover layer through
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activation of the CT and TA muscles. This remains the basis
for our current understanding of F0 control (Hirano, 1974).
It has also been well understood from studies of mathemati-
cal (Lowell and Story, 2006; Farley, 1994, 1996), animal
(Choi et al., 1993a,b), and human (Ohala, 1970; Atkinson
et al. 1978; Kempster et al., 1988; Titze et al., 1989) models
that the cricothyroid (CT) muscle plays an important role in
increasing FO. However, the roles for other laryngeal
muscles, specifically the thyroarytenoid (TA) and lateral
cricoarytenoid (LCA) muscles in phonation have remained
less clear. Systematic in vivo investigations of these muscles
would be useful in highlighting their phonatory roles.
Furthermore, while there has been a general agreement that
FO elevation is achieved by CT activation the mechanisms
for FO lowering have not been well understood (Lofqvist
etal., 1989).

In addition to CT activation, voice production by the
larynx over its entire possible FO range likely requires
adjustments of the adductory ILMs, especially during regis-
ter transitions (Roubeau et al., 2009; Kochis-Jennings et al.,
2012). While the definition of register has been a subject of
much controversy it is generally agreed that speech and sing-
ing involve two registers: a “chest” register encompassing
the lower FO range and a “falsetto” register encompassing
the higher FO range (Svec et al., 2008, Kochis-Jennings
et al., 2012). For both male and female larynges the transi-
tion between chest and falsetto seems to consistently occur
around FO range of 300-350Hz (Titze, 1994). A “register
transition” is said to occur when a large jump in FO occurs
while other phonatory control parameters (such as vocal
fold strain, subglottal pressure, etc.) are changed gradually
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(Svec et al., 2008; Berry et al., 1996). The proposed mecha-
nisms for register transitions have included a “bifurcation”
phenomenon (Svec et al., 2008; Berry et al., 1996), as well
as subglottal resonances and the stress state of the TA mus-
cle (Titze, 1994). However, the in vivo physiologic correlates
of register transitions remain poorly understood and have not
been studied adequately.

To study the roles of various ILMs in neuromuscular
control of phonation we previously developed a methodol-
ogy to incrementally activate individual ILMs from thresh-
old to maximal activation using graded neuromuscular
stimulation in an in vivo canine model (Chhetri et al., 2010).
We then investigated the interactions of the following pairs
of muscle groups on FO and phonatory posture (Chhetri
et al., 2012): CT and all laryngeal adductors (TA/LCA/TIA)
(TIA: interarytenoid muscle); CT and LCA/IA; CT and TA;
and TA and LCA/IA. These interactions were reported: CT
activation elongated the vocal folds, TA activation shortened
and caused medial bulging of the vocal folds thus closing the
mid-membranous glottis, and LCA/IA closed the posterior
cartilaginous glottis but had negligible effects on vocal fold
strain. CT activation was always required to increase FQ but
the adductor muscles had a more complex influence on FO.
Activation of all adductors together (LCA/IA/TA) was
antagonistic to CT effects for FO and vocal fold strain. This
antagonistic relationship for F0 and strain disappeared when
LCA/IA was activated without concurrent TA activation,
except at very high activation levels of both CT and
LCA/TA. When TA was activated without concurrent
LCA/IA activation the antagonistic relationship reappeared
for strain but not for F0. Finally, in the LCA/TIA versus TA
activation conditions, minimal changes in F0O were seen
from baseline, as compared to CT activated conditions, but
the adductors were synergistic in decreasing strain.

The previous investigation on the role of ILMs in pho-
natory control was limited by the number of muscles concur-
rently activated (Chhetri et al., 2012). In that study,
left-right paired graded stimulation was applied to two
nerves on each side of the larynx. Thus, the CT versus LCA
parameter space was only studied for the condition of zero
TA stimulation, and the CT versus TA parameter space was
studied only for the condition of zero LCA stimulation. Note
that the CT versus LCA condition corresponds to an excised
larynx model where concurrent evaluation of the medial
bulging effects of TA activation is not possible. On the other
hand, the CT versus TA conditions were tested at a relatively
large posterior glottal gap due to zero LCA/IA activation,
and therefore there were many conditions without phonation
onset events, thus failing to reveal the full range of possible
CT versus TA phonatory interactions as a function of glottal
width (LCA activation). Thus, this study was undertaken to
gain a more comprehensive understanding of the role of
ILMs in phonatory control of FO. In this investigation we
applied concurrent graded stimulation to six nerves (three on
each side of the larynx), and thus we studied the CT versus
LCA/IA parameter space at multiple levels of TA activation
(previously only at zero TA stimulation level), and the CT
versus TA parameter space at multiple levels of LCA/IA
activation (previously only at zero LCA/IA stimulation

J. Acoust. Soc. Am., Vol. 135, No. 4, April 2014

level) using concurrent graded stimulation of three nerve
pairs (bilateral CT, TA, and LCA/IA nerve branches). The
results thus provide a more comprehensive and currently the
most extensive evaluation of the neuromuscular control of
phonation in an in vivo model.

Il. METHOD
A. Invivo canine larynx preparation

The canine larynx is a close match to the human larynx
in terms of its gross, microscopic, and histologic anatomy,
and the validity of the in vivo canine model in voice research
is well established (Berke et al., 1987; Garrett et al., 2000;
Chhetri et al., 2010, 2012). The study protocol was approved
by the Institutional Animal Research Committee (ARC) of
the University of California, Los Angeles.

Surgical exposure of the larynx and graded stimulation
of the laryngeal nerves were performed as described previ-
ously (Chhetri et al., 2010, 2012). The neck was exposed
surgically and the recurrent laryngeal nerves (RLNs) were
identified at the tracheo-esophageal grooves bilaterally and
followed distally toward the larynx. The nerve branches to
Galen’s anastomosis and to the PCA muscles were divided
to eliminate the effects of these nerves during neuromuscular
stimulation. The anterior RLN branches were then followed
until the TA and LCA/IA branches could be identified. The
TA branches were tied off with silk sutures and appropri-
ately sized tripolar cuff electrodes (Ardiem Medical,
Indiana, PA) were placed on the distal TA branches to acti-
vate the TA muscles. To activate the LCA/IA muscles, cuff
electrodes were placed on the main RLN trunks about 5cm
from the larynx after the TA branches were tied off. The
superior laryngeal nerve (SLN) external branches were then
identified bilaterally at the level of the larynx adjacent to the
inferior constrictor muscles and appropriately sized cuff
electrodes were placed for activation of the CT muscles. For
improved visualization of the larynx for high-speed video
recording the larynx was exteriorized in the neck by per-
forming a suprahyoid pharyngotomy and then a supraglottic
laryngectomy. The internal branches (sensory) of the SLN
were also divided bilaterally during this maneuver.

For each nerve the stimulation grade ranged from
threshold muscle activation, where just a hint of muscle con-
traction was visible, to maximal activation, where no further
change of vocal fold posture to stimulation was seen. Nerve
stimulation pulse trains were generated with a LabVIEW
(National Instruments Corp., Austin, TX) custom computer
program that controlled an AD/DA board (PCle-7841R,
National Instruments Corp., Austin, TX) to generate the six
individual stimulation pulse trains with individually different
amplitudes. The voltage pulse trains were transformed into
current pulse trains with constant current stimulus isolators
(A-M Systems Analog Stimulus Isolator model M 2200,
A-M Systems, Sequim, WA). The LabVIEW program also
controlled the generation of a linear ramp of the glottal
airflow, acquisition of acoustic and aerodynamic data, and
triggering of the high speed digital camera recording.
Neuromuscular stimulation was performed for 1500 ms with
100 ps long rectangular unipolar cathodic pulses at pulse
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repetition rates of 100 Hz. To allow time for muscle recovery
and transfer of high speed video data to the host computer,
each stimulation pulse train was followed by a 3.5s pause
prior to the next stimulation.

For this investigation, bilateral CT and LCA/IA nerve
branches were activated over 7 evenly spread levels of
graded stimulation from threshold to maximal muscular acti-
vation (8 levels of graded stimulation for both CT and
LCA/IA including zero stimulation, and total of 64 distinct
laryngeal activation states per set). This was repeated over 4
levels of graded stimulation of bilateral TA branches (total 5
TA levels including zero stimulation). Thus 320 distinct la-
ryngeal activation states were tested. Previously (Chhetri
et al., 2012) we tested 10 levels of graded stimulation per
muscle (11 levels including zero stimulation) but subse-
quently we have determined that 4-7 levels of graded stimu-
lation (5-8 levels including zero stimulation) provide
adequate resolution for glottal posture and FO control. In
addition, in an in vivo preparation the muscle activation
stimulation thresholds conditions can sometimes change
due to tissue fluid collecting around the electrodes and thus
testing fewer levels of graded activation also allows for the
entire data set to be collected from a larynx where muscle
activation responses to neuromuscular stimulation are stable
throughout. The threshold and maximal activation levels
for each nerve were tested at the end of stimulation runs to
check for stability during the experiment. The LCA and TA
were activated together as the TA branch is short and difficult
to dissect without jeopardizing the LCA branch. Furthermore,
while the LCA and IA play similar functional roles in closing
the posterior glottis to facilitate phonation the TA is not
expected to alter the stiffness of the vocal fold compared to
other ILMs (Choi et al., 1995; Nasri et al., 1994).

B. Invivo canine phonation

With a tracheotomy providing intraoperative ventilation
through an endotracheal tube, a rigid subglottal tube to pro-
vide rostral airflow for in vivo phonation was attached and
connected to an airflow controller (MCS Series Mass Flow
Controller, Alicat Scientific, Tucson, AZ), which was used
to increase the airflow linearly from 300 to 1600 ml/s during
each stimulation pulse train. The airflow was increased in
such manner because phonation onset pressure (Py,) for each
condition could not be predicted in advance and the goal was
to allow subglottic pressure (Pg,,) to increase to Py, and con-
tinue rising beyond phonation onset. The airflow controller
was connected to a heated humidifier (HumiCare 200,
Gruendler Medical, Freudenstadt, Germany) capable of sup-
porting airflow levels up to 1600 ml/s. The airflow through
the larynx was warmed to 37 °C and 100% relative humidity.

C. Measurement of experimental parameters

A high-speed digital video camera (Phantom v210,
Vision Research Inc., Wayne, NJ) imaged laryngeal defor-
mation and vibration at 3000 frames/s during nerve stimula-
tion. The distance from the camera to the larynx remained
constant for all conditions. The camera was triggered when
the nerve stimulation pulse train started and recorded
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laryngeal deformations for the entire 1500ms stimulation
duration. Measurements of acoustic and aerodynamic param-
eters were made at phonation onset (described below), as
this was a well-defined condition for all activation states and
we also expect the onset conditions to more accurately repre-
sent the stress state of each glottal posture. In addition, as
airflow was continuously increased beyond phonation onset,
increasing aerodynamic forces act on the larynx beyond
onset and can often change vibratory behavior and bifurca-
tions can be encountered. Phonatory behavior beyond onset
was not evaluated in this study and is a topic of future
investigations.

To quantify glottal posture, several landmark locations
on the superior vocal fold surface and the vocal processes
were marked with India ink. The timing of phonation onset
was determined primarily from the acoustic signal (sampling
rate S0kHz) and confirmed on high speed video (HSV) and
digital kymograhy (DKG) images by observing the onset of
sustained glottal cycles. Vocal fold strain was determined
from measurements of membranous vocal fold length (from
anterior commissure to the vocal process) at phonation onset
L; and at baseline L, at the beginning of each stimulation
pulse train: strain (¢) = (L; — Lo)/Lo. The distance between
the left and right vocal processes was also similarly meas-
ured, and the normalized vocal process distance D,, was
calculated as follows: D,,=D;/Dy (D;=distance between
vocal processes at phonation onset, and D,=distance
between vocal processes at the beginning of each stimulation
pulse train).

Acoustic and aerodynamic data were recorded using a
probe microphone (model 4128, Bruel & Kjaer North
America, Norcross, GA) and a pressure transducer (MKS
Baratron 220D, MKS Instruments, Andover, MA) mounted
flush with the inner wall of the subglottic inflow tube about
5 cm below the inferior border of the glottis. The subglottal
acoustic pressure signal (recorded at a sampling rate of
50kHz) was used to manually determine the fundamental
frequency (F0) at phonation onset using Sound Forge (Sonic
Foundry Sound Forge Version 6.0, Sonic Foundry Inc.,
Madison, WI). The first four acoustic glottal oscillation
cycles from onset were used to calculate the onset FO. The
corresponding mean subglottal pressure (Pg,,) and airflow
represented the phonation onset pressure (Py,) and phonation
onset flow rate. When no phonation onset occurred, we
measured the strain, vocal process distance, subglottal pres-
sure, and airflow at the end of the stimulation pulse train to
estimate lower bounds for onset conditions.

D. Data presentation and interpretation

Muscle activation plots (MAPs) are used to illustrate the
experimental findings as used previously (Chhetri et al.,
2012). These two-dimensional plots visually illustrate the
interactions between two sets of laryngeal muscles (e.g., CT
versus TA) and use color coding to graph the data values of
measured phonatory variables. The plots contain 8 CT acti-
vation levels (stimulation grades 0-7) on the y axis and
either the 8 LCA/IA activation levels (stimulation grades
0-7) or the 5 TA activation levels (stimulation grades 0—4)
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on the x axis. Each block of color in the MAP represents the
quantity of data value for that variable as defined in the side
bar color scale, at that particular graded level interaction of
the two muscles. Color coded MAPs allows for easier and
improved assessment of data trends. In addition, isocontour
lines representing equal measured values are included in the
plots to further improve data trend visualization and
interpretation.

The interaction between pairs of muscles in controlling
the following phonatory variables at phonation onset are
illustrated: glottal posture parameters of glottal distance
between the vocal processes (D,p) and vocal fold strain (&);
acoustic parameter phonation onset frequency (F0); and aer-
odynamic parameters phonation onset pressure (Py,), and air-
flow (Qw). The entire data set (320 stimulation conditions)
was acquired from one animal in about 35 min consecutive
measurement times, thus allowing for consistent and com-
prehensive evaluation of the interactions of the ILMs in the
same larynx. We monitored the behavior of the in vivo lar-
ynx preparation visually during this time to assure that the
stimulated muscles were activated as expected. We repeated
the entire set of 320 activation conditions a second time,
with similar observed findings. As mentioned before, the
threshold and maximal activation levels for each nerve was
rechecked at the end of the stimulation run and remained
unchanged. These findings are also consistent with the laryn-
geal behavior in previous reports (Chhetri et al., 2012, 2013)
where the number of concurrently and independently acti-
vated muscles was smaller.

lll. RESULTS

A. General observations on FO, glottal posture, and
aerodynamics

The overall interactions between FO, strain, glottal
adduction, and aerodynamics over the entire set of 320 dis-
tinct laryngeal activation conditions involving the CT, TA,
and LCA/IA muscles are presented in Figs. 1-4. Figure 1
shows FO as a function of glottal strain. There were two FO
clusters: a low-frequency cluster with “chest-like” register
quality containing FO values between 69 and 380 Hz, and a
high-frequency cluster with “falsetto-like” register quality
containing FO values between 38 and 772 Hz. Perceptually,
the low frequency cluster was richer (e.g., had stronger har-
monics) and the high frequency cluster exhibited a more
tonal quality (e.g., had weaker harmonics). Acoustically,
these differences in harmonic strength were demonstrated by
spectral analysis. When viewed by TA levels, distinct areas
of large change in FO value with incremental change in
strain could be observed, consistent with the definition of FO
jumps between the chest-like and falsetto-like registers
(Svec et al., 1999; Tokuda et al., 2010). These two FO clus-
ters variably overlapped in terms of strain: at TA level 0,
only two FO data points were in the higher FO cluster and
there was no overlap in strain [Fig. 1(b)]; at TA level 1, FO
jump occurred around 18% strain with FO overlap between
18%—28% strain [Fig. 1(c)]; at TA level 2, FO jump occurred
around 12% strain and there was FO overlap only with a
cluster of lower FO data points at the highest strain levels
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FIG. 1. Fundamental frequency (F0) as a function of vocal fold strain in (a)
the 320 distinct laryngeal neuromuscular activation conditions. The chest-
like (green) and a falsetto-like (red) registers are shown and vertical blue
lines indicate conditions where phonation onset was not reached at the
airflow levels used. FO versus strain data points are separated by TA activa-
tion levels 0—4 in subplots (b)—(f).

(discussed below in Sec. III C) [Fig. 1(d)]; at TA level 3, FO
jump occurred around 18% strain and there is no FO overlap
between registers in strain [Fig. 1(e)]; finally, at TA level 4,
only a few FO data points at the low end of the higher FO
cluster occurred around 23% strain and there is overlap of
only several FO data points for strain [Fig. 1(f)].

When the effect of glottal adduction on FO was eval-
uated the higher FO values primarily clustered around lower
D,, (Fig. 2). However, while higher FO was generally
achieved only with increased glottal adduction, a wide FO
range was still possible even at maximal adduction. The
lower FO values at maximal adduction were primarily seen
with lower CT activation levels. This influence between
strain and glottal adduction on FO is best seen in Fig. 3,
where maximal FO values clustered around maximal strain
and glottal adduction. Figure 4 shows that higher register
could be achieved at a wide range of Py,. For the higher
register, lower Py, values are seen with increasing TA activa-
tion, in particular TA levels 2 and 3. At TA level 4 the FO
range is significantly contracted and limited to the low end
of the higher register. Correlation analysis of FO versus

Chhetri et al.: Control of fundamental frequency and posture 2055



80

t A ® chest-like cluster
A falsetto-like cluster

70 A

EIQA““ L

no onset

‘.. X i

20 20 60 30 100
Dvp [%]

FIG. 2. Fundamental frequency (F0) as a function of glottal distance at the
vocal processes (D). The falsetto-like register (red) is grouped closer to
the lower D, values, compared to the chest-like register (green). Vertical
blue lines indicate conditions where phonation onset was not reached at the
airflow levels used.

strain, D,,,, and Py,, and airflow yielded Pearson correlation
coefficients (r values) of 0.84, —0.18, 0.66, and 0.24,
respectively.

B. Laryngeal Posture at phonation onset: Glottal
adduction (D,,) and strain ()

The relative interactions (isocontour lines) of CT versus
TA for D, were similar for all LCA/IA levels and therefore
a representative condition, CT versus TA at LCA/IA level 5,
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FIG. 3. The interaction between strain and glottal distance (D,;,) for funda-
mental frequency (F0). The highest frequencies generally cluster around the
high strain, low D, region. Starred symbols indicate conditions where pho-
nation onset was not reached at the airflow levels used.
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FIG. 4. Fundamental frequency (F0) as a function of subglottic pressure (ps)
reveals that the same FO can be achieved with a wide range of subglottic
pressure. TA activation levels are shown for the falsetto-like O cluster.

is shown in Fig. 5(a). The nearly vertical isocontour lines for
D, show that as TA activation increased D, decreased, and
increasing CT activation had very little effect on D,.
LCA/TA and TA were synergistic for glottal closure (i.e.,
absolute D, values were less with increasing LCA/IA acti-
vation at the same TA level, data not shown). In contrast, the
interactions of CT and LCA/IA on D, were variable, espe-
cially at low TA levels, as illustrated in Figs. 5(b)-5(d).
When TA activation was absent [TA =0, Fig. 5(b)], increas-
ing LCA/IA activation led to a decrease in D,,,, while CT
activation had no effect until higher LCA/IA levels where a
slight increase in D, is seen. As CT activation levels
increased, phonation onset was not reached in many activa-
tion conditions [blank area in Figs. 5(a)-5(c)]. However, as
TA activation levels increased [Figs. 5(c) and 5(d)], more
activation states reached phonation onset and revealed fur-
ther interactions. Figures 5(c) and 5(d) show that at lower
levels of LCA/IA activation, increasing CT activation tended
to increase D, This interaction was eliminated at higher
activation levels of TA and/or LCA/IA. In the regions where
phonation onset did not occur, review of the high speed
images at a time after final posture was set also confirmed
increased D,,, with CT activation at low levels of LCA/IA
activation. Thus, during phonation CT activation increased
D, only at the lower LCA/IA and TA activation levels
[Figs. 5(c) and 5(d)].

The effects of ILM contraction on vocal fold strain are
illustrated in Fig. 6. The slopes of the isocontour lines for
strain were similar within each parameter space evaluated
(i.e., CT versus LCA/IA and CT versus TA) and thus repre-
sentative figures are shown in Figs. 6(a)-6(d) to illustrate the
general behavior. CT activation always increased strain,
whereas LCA/IA and TA activation both decreased strain in
a synergistic manner. In the CT versus LCA/IA parameter
space [Figs. 6(a) and 6(b)] the almost horizontal isocontour
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FIG. 5. (Color online) Representative muscle activation plots for glottal distance between vocal processes (D,;,) at phonation onset as a function of graded acti-
vation of (a) CT versus TA at LCA/IA level 5, (b) CT versus LCA/IA at TA level 0, (c) CT versus LCA/IA at TA level 1, and (d) CT versus LCA/IA at TA
level 2. D, was calculated as a percentage of glottal width at the baseline non-stimulated resting condition.

lines at low LCA/IA levels show strain was mostly con-
trolled by CT activation in this region. As LCA/IA activation
increased, the slightly upward-sloping isocoutour lines show
that strain decreased slightly at the higher end of LCA/IA
activation levels. At the highest level of TA activation
[Fig. 6(b)], the general interactions of CT and LCA/IA for
strain remained the same but the observed values shifted
toward lower range and the strain became negative at zero
CT activation. Thus, TA activation was needed to achieve
negative strain [Fig. 6(b)] and LCA/IA activation was mildly
antagonistic to CT for strain but could not achieve negative
strain [Fig. 6(a)].

The role of TA on strain is better illustrated in the
MAPs for parameter space CT versus TA [Figs. 6(c) and
6(d)]. At zero TA activation, strain is primarily controlled by
CT activation. With increasing TA activation there is
decrease in strain but the effect is more pronounced at higher
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activation levels (TA levels 3—4) and TA is more effective in
decreasing strain [Figs. 6(c) and 6(d)] compared to LCA/IA
[Figs. 6(a) and 6(b)]. Comparing Figs. 6(c) and 6(d) with
Fig. 5(a) shows that TA activation first adducts the vocal
fold then shortens the vocal fold. In addition, as shown by
the steeper isocontour lines in Figs. 6(c) and 6(d) compared
to Figs. 6(a) and 6(b), TA activation ultimately leads to a
larger decrease in strain (i.e., vocal fold shortening) com-
pared to LCA/IA activation.

C. Control of fundamental frequency (F0)

The effects on FO for parameter space CT versus
LCA/IA at four activation levels of TA (levels 1-4) are
shown in Figs. 7(a)-7(d). At low TA activation [Fig. 3(a),
TA 1] the horizontal isocontour lines show that F0 was con-
trolled by CT activation regardless of LCA/IA activation. FO
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increased as CT activation level increased. Distinct regions
of FO jumps occurred at CT levels 3 to 4 as seen by the high
density of the equidistant isocontour lines indicating rapid
change in F0 values. In addition, perceptually this correlated
with FO jumps with chest-like and falsetto-like qualities
described above. The blank areas in the plots indicate activa-
tion conditions where no phonation onset occurred within
the applied air flow range: in the low LCA/IA activation
region, phonation onset was not reached as CT activation
levels increased to higher levels. However, with further
LCA/IA activation, phonation onset events reappeared with
FO still mostly dependent on CT activation level but at the
higher register. As TA activation level increased [Fig. 3(b),
TA 2], phonation onset was reached in all activation condi-
tions, and FO register jump was occurred at a lower level of
CT activation (CT level 1-2). Interestingly, at the low
LCA/IA levels, increasing CT activating first caused
increase in FO to a higher register then as CT activation
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reached the higher levels a decrease in FO with shift to the
lower register occurred [left upper quadrant in Fig. 7(b)].
Evaluation of laryngeal posture in this region showed that
the strain continued to increase with all levels of CT activa-
tion [Fig. 6(a)] but D,, increased at the higher levels of CT
activation where FO decrease occurred [Fig. 5(d)]. Further
increased activation of LCA/TA from this region then led to
transition to the falsetto-like register [Fig. 7(b)] that was
associated with decreased D, [Fig. 5(d)] without significant
change in strain [Fig. 6(a)].

As TA activation was increased further to level 3
[Fig. 7(c)], FO increase was again controlled by CT activa-
tion and there was again a distinct register change as CT
activation increased to levels 4-5 at all levels of LCA/IA.
However, here the gently upward-sloping isocontour lines at
the higher levels of both CT and LCA/IA activation demon-
strate that FO decreased slightly as strain decreased slightly
and D,, remained constant. Finally, at maximal TA
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activation [Fig. 7(d), TA 4] register jump occurred only at
high CT and low LCA/IA regions. At maximal TA activa-
tion, FO followed changes in strain [Figs. 6(d) and 7(d)].

The effects on FO for parameter space CT versus TA at
four levels of LCA/IA activation (levels 1, 3, 5, 7) are shown
in Figs. 8(a)-8(d). The results again illustrate that CT activa-
tion was always necessary for FO increase. In addition, at
TA activation level 0—1 phonation onset was not reached in
some conditions as CT activation levels increased. However,
phonation onset occurred upon increasing TA and LCA/IA
activation levels. A consistent pattern of FO control was
present in this parameter space: increasing TA activation
first led to an increase in O and then to a decrease in FO as
TA levels were increased further. Two mechanisms for F0
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jumps could be seen: first as TA was activated at high CT
level, and second while TA was maintained at levels 1-3 as
CT was slowly activated to higher levels. The overall effect
of TA activation on FO was similar regardless of the
LCA/IA level, although more activation states reached pho-
nation onset when both adductors were activated. Review of
glottal posture revealed that the initial increase in FO was
correlated with decreased D,, [Fig. 5(a)] and subsequent
decrease in FO was correlated with decreased strain [Figs.
6(c) and 6(d)]. The overall effect of LCA/IA activation in
this parameter space was to decrease D,,, and facilitate pho-
nation onset at lower levels of TA activation. In addition, as
LCA/IA levels increased, the higher FO range was concen-
trated toward higher CT activation levels [Figs. 8(a)-8(d)].
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At higher levels of combined TA and LCA/IA activation it
was possible to transition directly from regions where phona-
tion onset condition was not reached to a high-frequency
falsetto-like register [Figs. 8(c) and 8(d)].

D. Control of laryngeal aerodynamics: Phonation
onset pressure (Py,) and airflow Qy,

Subglottic pressure and flow were at the highest levels
at the laryngeal activation conditions adjacent to regions
where phonation onset was not observed (Figs. 9 and 10).
Figures 9(a) and 9(b) are illustrative cases showing Py, as a
function of CT versus LCA/IA at TA level 1 and 3, respec-
tively. Py, increased with CT activation. With increasing
LCA/TA levels, Py, decreased as shown by the slightly
upward-sloping isocontour lines, especially at higher levels
of CT activation. As TA level increased, this trend was the
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same: the highest Py, was in the region of high CT and low
LCA/IA activation [Fig. 9(a) versus 9(b)]. However, increas-
ing TA activation decreased Py, despite maintaining high F0
levels [compare Figs. 7(a) and 7(c) versus Figs. 9(a) and
9(b)]. P, in the parameter space CT versus TA was also sim-
ilar [Figs. 9(c) and 9(d)]. CT activation increased P, and TA
activation decreased it, especially at the higher CT activation
levels. Highest Py, was still found close to the regions where
no phonation onset was observed due to our limited air flow
range. Py, was reduced by TA and LCA/IA activation
although high FO was maintained (Figs. 7-9). Thus, phona-
tion onset with the adductors required lower subglottic pres-
sure. Activation conditions where phonation onset did not
occur had larger Dy, values. The results for airflow paral-
leled the results for Py, [Figs. 10(a)-10(d)]. CT activation
increased phonation onset airflow and LCA/IA activation
reduced it [Figs. 10(a) and 10(b). Higher TA activation lev-
els also lowered Qy, but the decrease was more dramatic
with TA activation compared to LCA/IA activation
[Figs. 10(c) and 10(d) compared to Figs. 10(a) and 10(b)].
Highest airflow levels were also found bordering regions
where no phonation onset event occurred.

IV. DISCUSSION

The acoustic output of the larynx is determined by (1)
the glottic phonatory posture which is controlled by the acti-
vation of intrinsic laryngeal muscles, and (2) aerodynamic
forces which are controlled by the respiratory system and
glottal resistance. Using a technique for automated graded
stimulation of intrinsic laryngeal muscles developed previ-
ously, we investigated the role of the CT, TA, and LCA/IA
muscles in controlling glottal posture, F0, and aerodynamics
at phonation onset. In particular, across 320 distinct laryn-
geal phonatory postures involving these muscles, we were
able to systematically and efficiently quantify the influence
of each of these specific laryngeal muscles on the aforemen-
tioned variables in an intact neuromuscular model of phona-
tion. We demonstrated high correlation between FO and
strain (Fig. 1) and moderate correlation between F0 and sub-
glottic pressure (Fig. 4). However, in contrast to the proposal
of Van den Berg (1968), maximum airflow is not always
required for high F0 as neuromuscular control can reduce
the aerodynamic energy required. Specifically, TA and
LCA/IA activation can decrease Py, while maintaining high
FO values (Figs. 4 and 7-9). In addition, separately control-
ling the two laryngeal adductors appears critical to achieving
the high FO values and register jumps. The FO range
achieved in this study by separately activating the TA and
LCA/IA nerve branches was at least twice that we and others
have previously encountered in an in vivo canine model of
phonation where all adductors were activated together by
stimulating the RLN (Chhetri et al., 2012, 2013). This would
support the notion that separate control of membranous and
cartilaginous glottis could significantly increase the variety
of phonation types (Herbst et al., 2011).

While there was high positive correlation between FO
and strain, which points to the essential role of CT activation
for FO increase, this phonatory posture parameter alone does
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not completely explain the mechanisms for the observed
register jumps. Review of the muscle activation plots reveals
that the TA muscle activation is essential for register
changes (Figs. 7 and 8). When TA activation was absent
(TA level 0) a register change was seen only once, when
LCA/TA activation level was the highest [Fig. 8(d)].
Concurrent TA activation allowed for a more varied and
expanded FO range than possible with CT and LCA/IA inter-
actions alone. Activation of the TA muscle causes medial
bulging of the glottis, and it has been proposed that the
changes to the vocal fold medial surface shape and angle is
one of the major configurational parameters influencing FO
(Titze and Talkin, 1979). Additionally, Titze has also pro-
posed that the TA muscle could either raise or lower FO
depending upon the amount of body layer “effectively in
vibration” (Titze et al., 1988; Titze et al., 1989). However,
Titze et al. (1988) stated that the vocal cover needed to be
lax in order for TA activity to increase FO since in these
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conditions more TA could contribute to effective vibration.
In falsetto and soft phonation, where the cover is expected to
contribute primarily to vibration, TA activation was pre-
dicted to lower FO due to vocal fold shortening. More specif-
ically, Titze et al. (1989) suggested that “when the cover is
very tense (large cricothyroid activity with elongated vocal
folds)... greater contraction of the muscle will lower F0.”
However, across all CT and LCA/IA conditions in our inves-
tigation, an increase in TA activity always first raised F0 and
then lowered FO. (Fig. 8). To our knowledge, such a finding
has not been previously reported in an in vivo model. Lowell
and Story reported similar findings in a three-mass model of
phonation, but only for low CT activation levels (Lowell and
Story, 2006). At high CT activation levels they found that
FO decreased with all levels of TA activation. In addition,
the MAP for FO in the CT versus TA parameter space
showed smooth iso-contour lines throughout and abrupt FO
jumps as found in our study were not encountered. Such
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differences between our study and mathematical models
allow for a better evaluation of lumped element models of
phonation.

This study suggests that as long as LCA/IA activation
can provide adequate posterior glottal closure, TA activation
can modulate 0 by membranous glottal adduction whether
the cover is lax or tense. Possible mechanisms for the initial
FO raising observed in this study include the following: (1)
as confirmed in the present experiment and in previous stud-
ies (Chhetri et al., 2010, 2012), initial TA activation does
not initially result in significant vocal fold shortening (which
would tend to lower F0), but significant vocal fold adduction
[e.g., see Figs. 5(a) and 6(c)-6(d)], (2) vocal fold adduction
without shortening allows for TA to contribute to increased
cover stiffness and/or modify the shape of the vibratory part
of the vocal fold, which eventually increases the resultant
F0. We measured F0 at onset conditions (similar to soft pho-
nation), and observed that TA is able to contribute positively
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to glottal stiffness and/or posture and modulate FO even at
phonation onset. Possible mechanisms for the subsequent F0O
lowering observed in this study includes the following: (1)
FO lowering begins to occur once vocal fold shortening
becomes the dominant result of increased TA activity as an
antagonist to the CT muscle action, In fact, we do see
decreased vocal fold strain due to TA contraction associated
with the decrease in FO.

A variety of possible FO control mechanisms and FO
pathways are suggested by the separate control of cartilagi-
nous adduction (adduction of the vocal processes, as pro-
duced by the LCA/TA muscles), and membranous vocal fold
adduction (as produced through medial surface bulging upon
TA activation). The influence of these two adduction control
mechanisms on FO is illustrated in Figs. 7(a)-7(d). For the
two lower levels of TA activation [Figs. 7(a) and 7(b)], the
FO dependence on CT and LCA/IA is fairly complex: (1) in
Fig. 7(a) (TA 1), a region exists in the high CT and low
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LCA/TA activation levels where phonation onset was not
reached, and a full range of FO variations is observed only at
the highest levels of LCA/IA activation; (2) in Fig. 7(b) (TA
2), a region of decreased F0 occurred with increasing CT at
the lower LCA/IA levels, and a transition from this region to
falsetto-like register could be achieved by increasing
LCA/IA activation. The areas of missing phonation onset
and decreased FO from CT activation are consistent with the
role of CT in voicing and devoicing control, as presented by
Lofqvist (1989); (3) The third level of TA activation
[Fig. 7(c)] showed the simplest dependence of O on CT and
LCA/TA, with an abrupt transition to a higher frequency
register occurring at CT level 4 or 5; (4) The fourth (maxi-
mal) level of TA activation [Fig. 7(d)] illustrates that a
full-range of FO variations cannot be achieved for this high
level of TA activation. A review of these four subplots
shows that through these two independent means of glottal
adduction (membranous and cartilaginous) a desired FO may
be achieved through a variety of neuromuscular strategies.
To achieve a specific FO, sometimes the choice of which
combination of glottal adduction maneuvers to implement
may be impacted by the corresponding Py, [Figs. 9(a)-9(d)].
For example, through a comparison of Figs. 7(a) and 9(a) [or
Figs. 7(b) and 9(b), etc.], with TA activation held constant,
one could select a given F0, but with a variable LCA/IA acti-
vation in order to minimize P, a common measure of pho-
natory effort. Similarly, LCA/IA could be held constant
while the TA and CT are varied to achieve the desired FO
and/or register changes using a variety of laryngeal activa-
tion pathways and phonation onset pressures [Figs. 8(a)-8(d)
and 9(a)-9(d). Herbst et al. (2009) noted that independent
control of membranous and cartilaginous adduction appeared
to facilitate production of a variety of phonation types in
singing. Moreover, through the use of vocal exercises, a
follow-up study showed that both singers and nonsingers
could be trained to produce phonatory output which required
the independent manipulation of both cartilaginous and
membranous vocal fold adduction (Herbst et al., 2011).

Our use of a canine larynx model to study FO control
might be perceived as limiting our understanding of F0 con-
trol in human phonation. However, it is not yet technically
possible to study human larynges in a detailed manner as
described in this paper. The canine larynx closely resembles
the human larynx in neuromuscular anatomy, overall dimen-
sions of the larynx and vocal folds, and morphology. The
canine larynx may possess a less developed vocal ligament
(Kurita et al., 1983), i.e., the intermediate and deep layers of
the cover layer, and it has been claimed that the prominent
vocal ligament in human larynx supports the majority of the
longitudinal stresses and thus facilitates the production of
higher fundamental frequencies in the upper vocal registers
of the singing voice (Titze and Hunter, 2004). However, the
literature is not consistent regarding the functional role of
the vocal ligament, and the micro-anatomy of canine vocal
ligament. For example, while Kurita ef al. (1983) described
a poorly developed vocal ligament in the canine larynx,
Garrett et al. (2000) found a trilaminar LP layer that
resembled the human larynx. In particular, Garrett et al.
(2000) found a similar morphological structure, dense
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ground substance over dense elastin, in the intermediate
layers of both human and canine larynges. Moreover, the
deep LP layer of canine larynges contained more ground
substance over collagen as compared to human larynges,
which had mostly collagen. In our canine larynx experiments
FO ranged from 80 to 772Hz, which covers the human
speaking and singing range very well. Therefore, our in vivo
canine larynx model is dynamically equivalent to an intact
human larynx. For investigations of phonatory vocal
fold behavior the similarities between the human and canine
larynx in terms of physical dimensions, neuromuscular con-
trol, and the trilaminar structure of the vocal folds make
the in vivo canine larynx a useful model of the intact human
larynx. This study yielded systematic data on neuromuscular
control of the larynx that has not previously been collected
or analyzed. Further systematic studies of this type are
needed to increase our understanding of neuromuscular con-
trol of phonation.

V. CONCLUSION

This in vivo canine study showed distinct roles and
interactions of intrinsic laryngeal muscles in controlling
glottal posture and fundamental frequency, and the aerody-
namic consequences at phonation onset. The CT muscle was
critical to raising FO, but could also decrease FO when
adductor muscle activation was low. The adductor muscles
modulated glottal adduction and strain to facilitate a more
detailed FO control, possibly in an aerodynamically efficient
manner by requiring less subglottal pressure to maintain
high FO. The TA muscle could both increase and decrease
FO at all levels of CT and LCA/IA activation and was pri-
marily responsible for register changes. The LCA/IA com-
plex generally supported the TA in FO control. Simultaneous
activation of CT and laryngeal adductors, and independent
control of the membranous and cartilaginous glottis allowed
the larynx to control glottal posture and achieve the desired
fundamental frequency along multiple laryngeal muscle acti-
vation pathways.
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