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Movements of the Glottis During Horn Performance

A Pilot Study

Peter W. Iltis, PhD,'* Sarah L. Gillespie, DMA,? Jens Frahm, PhD,® Dirk Voit, PhD,3
Arun Joseph, PhD,* and Eckart Altenmdller, MD, PhD*

OBJECTIVE: The functional role of the glottis in brass per-
formance is poorly understood and controversial, particu-
larly with respect to pedagogy. Technological limitations
have prevented the non-invasive, systematic study of the
glottis in the past, but developments in real-time magnetic
resonance imaging (RT-MRD) allow representations of glot-
tal movement during performance on a MRI-compatible
horn to be recorded and guantified. METHODS: We pres-
ent RT-MRI data obtained on 6 advanced-level horn play-
ers from serial images acquired at an acquisition time of
33.3 ms as they performed sustained note exercises on
three notes (concert Eb2, Eb4, and Bb4) at each of three
cdynamics (pp, mf. and ff) and a staccato exercise. An
advanced-level trumpet player was also studied perform-
ing a modification of the staccato exercise designed to
minimize vertical movement of the larynx. Glottal move-
ments and positions in the coronal plane were analyzed
using a customized MATLAB toolkit. RESULTS: In sus-
tained note playing, there is a significant influence of
dynamic on the degree of glottal adduction/abduction
There is greater adduction with softer notes, and greater
abduction with louder notes. In slow staccato playing,
glottal closure accompanies the cessation of each note
and persists until iteration of the next note in the
sequence. CONCLUSIONS: We demonstrate that RT-MRI
provides a suitable method to identify and quantify glottal
movement during horn playing. We further show that
there is a direct relationship between dynamic level and
glottal adduction/abduction, and that the glottis is
involved in performing notes during slow staccato playing
Med Probl Perform Art 2017; 32(1):33-3S.

From the 'Department of Kinesiology, Gordon College,
Wenham, MA, USA, ?Department of Music, University of Wis-
consin, Madison, WI USA’ 3Biomedizinische NMR
Forschungs GmbH am Max-Planck-institut far biophysikalis-
che Chemie, Gottingen, Germany, and *Hochschule fr
Musik, Theater und Medien, Hannover, Germany.

The authors declare no funding or conflicts of interest
related to this study.

Address for correspondence: Dr. Peter W. litis, Dep. of
Kinesiology, Gordon College, 225 Grapevine Rd., Wenham,
MA 01984, USA. Tel: 978-86/-4088. peter.iltis@gordon.edu

https./doiorg/10.21091/mppa.20171007
®© 2017 Science & Medicine. www.sciandmed.com/mppa

Adduction and abduction of the vocal folds compris-
ing the glottis are common phenomena during wind

I8 and are presumed to be under

instrument performance
subconscious control. Some horn teachers, however, advo-
cate for maintaining an “open throat” duting breathing
and playing, particulatly in the low range.”'" The system-
atic study of glottal involvement in various aspects of horn
playing skill has not been done, in part because of the lim-
itations of data acquisition methods. Laryngoscopy during
playing allows excellent visualization of the glottis,'8 but is
uncomfortable, unnatural, and may interfere with normal
movement. X-ray cinematography has also been used,? but
its systematic employment in controlled studies is not pos-
sible because of the health risks associated with radiation
exposure.

Real-time magnetic tesonance imaging (RT-MRI) is a
technology that has seen broad use in studying speech and

A 418 and, most

swallowing, cardiovascular function,
recently, motor function inside the mouths and throats of
brass musicians.'”?* RT-MRI is noninvasive and can be
conducted very easily while performing on MRL-comparti-
ble instruments.”®?* These factors, along with its ability to
provide dynamic quantitative data, make RT-MRI a logi-
cal candidate for extended study of glottal tunction during
horn performance.

The purpose of the current investigation was two-fold:
1) to establish a method for obtaining objective measure-
ments of glottal movement from RT-MRI films during
horn playing, and 2) to examine these filims for furcher
clarification of glotral involvement during a selection of

PCT{L)YITI ance exercises.

METHODS

Participants

Six horn players without known illness volunteered to
participate in this study. Three players were students at
various German universities with accredited schools of
music, two were professional hornists in regional sym-
phontes in Germany, and the sixth was a doctoral candi-
date on horn from the United States. Three of the partici-
pants were male, and three were female, with the average
age being 28 + 5.1 years, In addition, one male, a 24-year old
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FIGURE 1. The staccato exercise

semi-professional trumpet player, was studied in a follow-
up trial designed to refine our techniques of measuring glot-
tal movement during staccato playing. None of the subjects
had any known movement disorder involving the struc-
tures of the oral cavity and throat, and all reported that
they had no other health disorders at the time of testing,

The study was done in accordance with the recom-
mendations of the local ethics committee at the Max
Planck Institute in Gottingen, Germany, and all subjects
submitted written informed consent in compliance with
the regulations established by this committee prior to
their participation.

Procedures

Performance Tasks and Equipment

All horn-playing subjects performed a set of exercises on a
custom-made (Richard Seraphinoff, Bloomington, IN)
MRI-compatible, valve-less horn while lying supine within
the MRI scanner. The instrument is made of graduated-
diameter plastic tubing terminating in a non-ferromagnetic
bell flare at one end, and a plastic mouthpiece at the other.
Further details concerning the instrument and testing
apparatus have been described previously.**"* A similar
custoni-made trumpet (Richard Seraphinoff, Bloomington,
IN) was used for the pilot work on staccato playing.

The first exercises consisted of playing 3 sustained notes
i8 beats duration at 60 beats/min) representing the low,
middle, and upper-middle ranges of the instrument (concert
Eb2, concert Eb4, and concert Bb4, respectively) at each of
3 dynamic levels (pp, mf, and ff). Each note was repeated

two times. Thus, 9 movies were obtained for each subject
from these exercises, and these were subsequently analyzed.
[n addition, a staccato exercise at the same tempo was per-
formed (Fig. 1) providing a 10th film. The subjects were
instructed to play each note with as short a staccato as pos-
sible by any means they desired except by using the tongue
to stop the note, as this method has been deemed inferior
in sound quality by numerous auchors.#*#% As explained
in the Results and Discussion sections of this paper, this
exercise was modified for the trumpet player to consist of

staccato repetitions of only the first note in the sequence.

Real-Time MRI and Audio Data Acquisition

As in previous studies,”#** a 3T MRI system (Magnetom
Prisma, Siemens Healthcare, Erlangen, Germany) equipped
with a 64-channel head coil was used to obtain the images.
RT-MRI was based on previously established tech-

21,2728

niques, producing radially encoded gradient-echo
images (1.96 ms repetition time, 1.28 ws echo time, 5° flip
angle) at a rate of 30 fps (33.32 ms resolution) with 1.4 mm
in-plane resolution, 5-mm slice thickness, and 192 = 192
mm? field-of-view. Movies and images were obtained in a
coronal orientation to allow identification of a region of
interest (ROI) comprising the distance between the ary-
tenoid cartilages (Fig. 2 panel A). These structures attach to
the posterior vocal folds, and their medial and lateral move-
ments tepresent adduction and abduction of the vocal
folds, respectively. This orientation was chosen rather than
a morte traditional transverse view, as typically seen during
laryngoscopy, because of the thinness of the vocal folds (2~
3 mm) and their tendency to move vertically during the

FIGURE 2. Coronal image (panel A) and corresponding unfiltered line profile graph (panel B) during performance of a
sustained (-4.8 s) Eb4 at ff dynamic. The horizontal line in panel A transects the left and right arytenoid cartilages at the
point of glottal fissure measurement. lllustrated sampoling time is -5.3 s. See text for more details
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FIGURE 3. Example of an image-processed line profile
graph depicting the left and right glottal borders (upper
and lower lines, respectively) during a sustained Bb4/pp
trial. Sampling time iilustrated is -8 3 s. See text for expla-
nation of image processing.

playing of different notes. In preliminary testing, this verti-
cal movement brought them into and out of the imaging
plane of the MRI acquisition and was unacceptable.

A MR-compatible optical microphone (Dual Channel-
FOMRI, Optoacoustics, Or Yehuda, Israel) was attached to
the bell of the horn outside the bote of the magnet, and
sound recordings were subsequently synchronized to image
acquisition, as described by Niebergall et al.'* The audio
track for the harmonic sequence exetcises was examined
using standard audio-processing software {Audacity:
http:/ /audacity.sourcetorge.net) to assess note quality and
to determine the frame number range cotresponding to the
portion of the exercise to be analyzed. For the sustained
note exercises, the analyzed portion comprised approxi-
mately 100 frames of data {~3 s) when the sound of the note
was steadiest as determined by the experimenter using both
visual {waveform) and audio information made available
within the Audacity software. This software also makes
possible the determination of the time and frame number
for the beginning and ending of each note during staccato
playing. For the staccato exetcise, line profile graphs were
descriptively examined (see Fig. 5 and accompanying text).

dentification und Analysis of Glottal Fissure

Quantitative information from the RT-MRI films was
obtained using a customized RT-MRI toolbox developed
for MATLAB (MATLAB R2014a, Nactick, MA, including
the Image Processing and Signal Processing Toolboxes), as
described previously.”%?> A reference line was positioned
hotizontally over the left and right arytenoid cartilages
(Fig. 2 panel A). Movements of the glottis caused the pixel
luminescence values along this line to vary with time
during the exercises, and corresponding line profile graphs
depicting this movement wete created by the customized

MATLAB software. Figure 2 panel B depicts such a graph
during a sustained note exercise, with a vertical line indi-
cating the precise moment (frame 80, 2.66 s) at which the
coronal view (panel A) is seen during the exercise. Note
that the orientation of panel B is rotated 907 clockwise
with respect to panel A, so that the vertical line in panel B
is a full-scale depiction of the reference line in panel A
with a length of ~58 pixels. The dark area between approx-
imately the 25th and 35th pixels in panel B represents the
magnified distance between the arytenoid cartilages
{henceforth referred to as the glottal fissure) in panel A.
The image in panel B contains blurring on either side of
the glottal fissure. In order to obtain objective determina-
tion of the inner borders, the customized RT-MRI toolbox
allows a Wiener?2 filter to be applied to the raw image, and
enables the calculation of gradients (derivative profiles)
which conduct differentiation of luminescence values
across the vertical (spatial) dimension. It is then possible to
calculate the point along the reference line (Fig. 2 panel B)
at which the greatest rate of change in pixel luminescence
is found in each frame for the left (upper edge, Fig. 2 panel
B! and right (lower edge, Fig. 2 panel By borders of the ¢glot-
tal fissure. These are luminescence centroid values for
each frame that, when plotted as a function of time, yield
objective depictions of both the left and right edges of the
glottis (Fig. 3). The resulting mean distance between these
edyes during the sampling period is calculated as the size of
the glottal fissure. Both within-rater and between-rater reli-
ability of this edge detection method have been assessed in
our laboratory in a blinded, unpublished study. Intra-class
correlation coefficients for both within- and between-rater
reliability are excellent (20.918 and 0.968, respectively).

Statistical Analysis of Glottal Fissure Data

The glottal fissure data in this study were analyzed using a
2-way ANOVA with repeated measures using the IBM-
SPSS program, version 2.4 (IBM-SPSS, Armonk, NY,
USA), The model contained two within-subjects factors,
each with three levels: pitch (Eb2, Eb4, and Bb4) and
dynamic (pp, mf, and ff). Mauchley’s test for sphericity was
used to determine the degrees of freedom required adjust-
ments for both main and interaction effects. All statistical
analyses were run at the p<0.05 level of significance. Tech-
nical limitations on several trials involving the perform-
ance of Eb4 yielded images in which the RT-MRI software
was unable to distinguish the glottal border, creating miss-
ing values for two subjects at both the pp and mf dynamics,
and for three subjects at the ff dynamic. This reduced the
data set to only three subjects for the complete analysis.
Subsequently, the Eb4 trial was eliminated, and the analy-
sis run a second time to allow for all six subjects to be
included. Both sets of resules are reported.

Glotta! Involvement in Staccato Exercises

Quantitative analyses were not performed in assessing the
role of the glottis in staccato playing. Rather, descriptive

March 2017 35



Glottal Fissure Size (Estimates)
All Subjects Combined Ali Notes Combined

100

g0

6.0 t
6.0
4.0

Glottal Fissure (mm)

2.0

0.0

Opp Omf @Ff

FIGURE 4. Estimated marginal means (+SE) showing the
effect of dynamic on glottal fissure size, using all three
notes combined. across three subjects. Fissure size differ-
ences between the pp and ff dynamic approached statis-
tical significance (p=0.056)

observations were made from the RT-MRI films. In addi-
tion, line profile graphs of glottal movement were pro-
duced using the RT-MRI toolbox, using the same reference
line positioning and analysis methods described for the
sustained note exercises. Finally, in subsequent pilot test-
ing with the trumpet performer, the precise position of the
vocal folds was determined for the start and end of each
note iteration and marked with vertical lines (see Fig. 7).

RESULTS
Sustained Note Exercises

Mauchley’s test of sphericity was not significant for pitch
ot dynamic (p=0.927 and 0.964, respectively), so no adjust-
ments to the degtees of freedom were required. The 2-way
repeated measures ANOVA revealed a main effect demon-
strated for dynamic level (F (2, 4) = 8.266, p=0.038, observed
powet 0.675), but there was no main effect for pitch (F (2, 4)
=1.567, p=0.314), or for pitch /dynamic interaction (F (4, §)
= 3.060, p=0.083). The adjusted mean gloctal fissure size
{estimated marginal means + SE) for dynamic level are pre-
sented in Figure 4, showing a clear influence of dynamic on
glottal fissure size. Subsequent pairwise compatisons
tevealed the primary source of the observed difference to
be nearly significant differences between glottal fissure size
at pp vs ff (mean difference = 3.33 mm, p=0.056.

When the repeated measures ANOVA was run a second
time using all six subjects on only Eb2 and Bb4 (Fig. 5), the
main effect for pitch and the interaction effect {pitch x
dynamic) both remained insignificant, but again, differ-
ences were apparent with respect to the effect of dynamic
on glottal fissure size (F (2, 10) = 11.356, p=0.003, observed
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FIGURE 5. Estimated marginal means (£SE) showing the
effect of dynamic on glottal fissure size, using Eb2 and
Bb4 only, combined across all six subjects. Fissure size
differences between the pp and mf as well as between pp
and ff were statistically different (p=0.032 and 0.000,
respectively)

powet = 0.961). Subsequent pairwise comparisons revealed
significant differences in glottal fissure size between both pp
and mf (mean difference = 1.77, p=0.032) and between pp
and ff (mean difference = 2.37, p=0.000).

Staccato Exercises

Figure 6 shows an example of a profile line graph of one
subject that is analogous to Figure 2 panel B. The vertical
line appearing at approximately tframe 30 represents the
beginning of the first note initiation, and the subsequent
vertical “striping” that is seen cortesponds to intermittent
adduction of the glottis occurring during the exercise. This
“striping” is not equally visible during the entire trial, and
the degree of glottal closure does not appear to be perfectly
consistent. In addition, there is apparently a narrowing of
the dark region representing the glottal fissure as the exer-
cise progresses.

Subsequent study of the coincidence of this “striping”
with note initiation and cessation was inconclusive in this
subject and in the others. Indeed, in several subjects, clear
visualization of the botders of the glottal fissure was very
difficult, and line profile graphs like Figure 6 could not be
generated. The implications of this and the suggestion of a
proposed solution will be described later in the Discussion
porttion of this paper.

DISCUSSION
Sustained Note Exercises

We have shown that adjustment of the glottal fissure size is
] g
present during the performance of sustained notes at dit-
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FIGURE 6. Example line profile graph during perform-
ance of the staccato exercise performed by the horn
players. Sampling period is -117 sec. See text for details

ferent dynamic levels across a selected range of notes in
this sample of pre-professional horn players. Specifically,
notes played softly involve a smaller gloceal fissure than
loudly played notes. These findings affirm those of Carter?
who presented clear evidence of this in his work using x-
tay imaging. In contrast, it does not appear that pitch has
an independent effect on glottal fissure size. These findings
are consistent with the theory originally proposed by
Farkas,* who postulated that the glottis is one of several
points of resistance whereby brass players regulate airflow,
and chat its manipulation is particularly important at a pp
dynamic level. Whether these changes are made con-
sciously or unconsciously is unknown. However, the sub-
jects in the current study were given no instruction regard-
ing how they were to achieve the different dynamic levels,
but rather were simply told to play at each of the three
indicated dynamics. It is therefore possible that the adjust-
ments were completely subconscious.

As mentioned previously, the size of the glottal fissure
corresponds directly to the loudness of the dynamic being
played. It is therefore tempting to suggest that these
changes are altering the dynamic level. However, the glot-
tis is only one point along the length of the airway at
which adjustments can be made, and the degree to which
the size of the movements we measured actually affect
pressure within the oral cavity {and by extension, note
loudness) is unknown. Measuring intra-oral or trans-glot-
tal pressures during our RT-MRI trials would be extremely
difficult, but might help in clarifying this question. Future
studies should attempt to address this.

Brass pedagogues in response to these findings may raise
an important, related question. Should students be made
aware of the glottal mechanism and taught to employ ic? As
stated previously, most brass teachers advocate an open
throat during playing, suggesting that any conscious
attempts o restrict airflow may have a detrimental effect
on sound quality. To this objection, two ideas scem perti-
nent. First, do the very best horn players use this mecha-
nism? Second, might there be ways to teach glotral fissure
control that would not cause a detrimental effect on sound?

To the first question, the current investigation did not
study the “very best” horn players and was limited to six
pre-professionals. Though the subjects used were at an
advanced level and presumably had a horn sound that was
considered by many as very good, it is unknown whether
glottal movements are similarly employed by truly elite
horn players. Further study using such elite performers
clearly seems indicated, and many more subjects need to
be studied to bring greater statistical rigor to the findings.

Regarding the instruction of glottal manipulation to
assist in dynamic control, a clear answer is more difficult.
For students having difficulty producing an adequately
sott pianissimo dynamic level, it may be that talking about
this techniyue could be helpful. But excessive tension in
the throat and neck certainly has adverse effects on tone
guality, #7232 and it is possible that drawing atrention to
glottal manipulation could bring about this unwanted
result. Nonetheless, if elite performers successfully employ
this mechanism without adverse effects on their sound,
there must be a way to do it without such excess tension.
Further study experimenting with different ways of nar-
rowing the glottis while maintaining a relaxed throat and
neck should be conducted. The use of EMG biofeedback
to monitor tension in the throat and neck might be helpful
in such work.

[t appears that changes in gloctal fissure size are related
to playing at different dynamic levels. However, this is not
the only mechanism available to horn players. Air speed is
also altered by how hard the player blows, by the size of
the aperture formed by the embouchure, by the bore of the
mouthpiece, and by the resistance of the instrument
itself. 419 Furcher study will be required to elucidate the
degree to which glottal manipulation plays a role, but that
it does play a role seems likely based upon these results,

There may be additional mechanisms employed by
horn players to regulate air speed and dynamic levels. We
have seen two other phenomena in previous data that sug-
gest this. We have published data showing how changes in
oral cavity size seen in sagittal views accompany changes

202023 In chese same experi-

in pitch in elite horn players.
ments, we have also seen similar changes when playing at
different dynamic levels (unpublished data). Specifically,
softer dynamics on a given note appear to be commensu-
rate with reductions in oral cavity size, Likewise, in coro-
nal images of the channel formed between the roof of the
mouth and the superior surface of the tongue, there is ver-

ification of a narrowing of this channel at soft dynamic
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FIGURE 7. MATLAB image of glottal movement during performance of a repeated staccato note (C4. 262 Hz) on an MRI-
compatible trumpet. Sampling period is 10 sec. (See text for details.)

levels. Apparently, there is a complex coordination of
numerous mechanisms at play that as yet have not been
studied systematically. To date, we have only been able to
observe these phenomena in separate trials using different
RT-MRI views (slices), and the results of this work are
forthcoming. However, we are conducting additional
experimentation attempting to allow simultaneous assess-
ment of multiple views in multiple planes thac, it success-
ful, will allow a clearer understanding of the coordination
of these mechanisms.

Staccato Exercises

A role for the glottis during the staccato exercise was clearly
seen, as depicted in Figure 5 where vertical “striping”
appears during the exercise. The stripes appear whenever
adduction of the arytenoid cartilages occurs. However, it
does not appear that the adduction involves complete clo-
sure of the glottis, as the vertical stripes fail tv connect and
actually appear to be quite variable in terms of the degree to
which closure occurs. Further, the glottal fissure appears to
vary during the exercise, as is indicated by the dark area
between the left (upper) and right (lower) arytenoid cartilage
borders. This glottal fissure variability seems to progres-
sively narrow during the exercise, and this is puzzling con-
sidering the note sequence of the task (see Fig. 1). Further,
the example presented in Figure 6 could not be reproduced
in all subjects, as it was difficult to clearly distinguish the
borders of the arytenoid cartilages in all subjects.

We believe that these difficulties are largely a function
of the exercise itself. When pitch changes, vertical move-
ment of the larynx occurs, and it is possible that horizon-
tal movements also occut, although using the coronal
view, the latter possibility cannot be conclusively verified.
These movements introduce variability in the images of
the gloteal fissure that interferes with conclusive state-
ments about changes in fissure size. Further, because the
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arytenoid cartilage borders may move into and out of
focus with these movements, spurious observations about
the degree of adduction or abduction of the arytenoid cat-
tilages are likely.

In follow-up pilot experimentation, a trumpet player
was studied while performing a staccato exercise on an
MRI-compatible trumpet (Richard Seraphinoff, builder,
Bloomington, IN). This exercise, in contrast to the current
study, was performed on a single note, C4 (262 Hz). The
results are shown in Figure 7.

In Figure 7, the dark areas enclosed by vertical lines in
the center of the image represent an open glottis, and the
arcas between open areas represent closure of the gloetis.
The pairs of vertical lines represent the instant of sound
production and sound cessation, respectively. This was
determined by analyzing the .wav sound files in Audacicy
(Sound Finder function) treating as silence all periods
below -26 dB. Adduction of the arytenoid cartilages vccurs
at the end of each note, and the glottis remains closed until
the beginning of cach subsequent note. Also, there is a
slight lag time in sound production with respect to abduc-
tion, and the lag time is reversed with respect to sound ces-
sation (i.e., sound cessation precedes complete glottal clo-
sure). Finally, the size of the glottal fissure, as suggested by
the vertical dimension of each dark blue area, seems to be
much more consistent than in the horn player presented
previously (Fig. 6).

CONCLUSIONS

This study confirms the involvement of glottal movement
during dynamic level changes and in producing staccato
notes at slow tempos. The arytenoid cartilages, to which
the vocal folds are attached, are adducted during the pro-
duction of soft notes, and they are progressively abducted
at louder dynamics. Further, adduction and abduction of

these structures also accompany staccato playing when



performing at a slow tempo (60 beats/min) on repeated,
unchanging notes as performed by the trumpet player.
Specifically, the cessation of staccato notes occurs when
the glottis closes, and the initiation of subsequent notes
involves opening the glottis. Vertical movements of the
larynx during staccato note changes (the horn players)
make detection of this impossible.

Future work needs to extend this study to include: a)
modified testing protocols that enhance imaging cuality by
minimizing accessory laryngeal movement, b) more sub-
jects (in particular, elite subjects to establish a “gold stan-
dard”), ¢) additional brass instruments, d) if possible, deter-
mination of the degree to which glottal movements
contribute to regulating pressure changes in the oral cavity
and thus, dynamic levels, and e) advancements in RT-MRI
technology that allow simultaneous multi-plane imaging to
study the coordination of multiple mechanisms of control.
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