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Forward

It is gratifying to see that the majority of investigators in the NCVS consortium are accom-
plishing two major goals: (1) to interact more across research sites, and (2) to translate their research
findings into the language of the consumer. To mention only two examples of the latter, Dr. Patricia
Zebrowski has had multiple opportunities to explain her parent-child interaction research in stutter-
ing to large audiences through the media. Dr. Lorraine Ramig was invited to contribute to the
telerounds sponsored by the National Center for Neurogenic Communication Disorders. These
opportunities are highly treasured. When one gets a chance to explain research findings the way one
would to grandma at home (or to a nationwide audience), a new level of accountability for tax
dollars spent is reached. I hope all of us get a turn at this.

Our trainees are a big part of the NCVS action. Several are learning how to take responsibil-
ity for first authorship of publications, and all of them are studying with more than one principal
investigator. With the Center concept, we can proudly say that we have a trainer/trainee ratio that
exceeds 1.0.

As in any dynamic organization, responsibility and personnel changes occur quite often. The
departure of John Folkins as Deputy Director and Director of Training is bittersweet--not at all
sweet for us. John has given enormous strength and wisdom to the Center and will be sorely missed.
We hope that for him the move to Associate Provost is sweet. There is no doubt that The University
of Iowa administration is the winner in all of this.

Other changes have occurred. Julie Ostrem and Barbara Bustillos now coordinate Continuing
Education and Dissemination, respectively. This has given Dr. Diane Bless and Dr. Ronald Scherer
more time to direct two important research components. I again express my deep appreciation to
Ron and Diane for their leadership and continuing efforts to bring excellence to all phases of the
Center.

Ingo Titze, Director
June 1993
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Finite Element Simulation
of Glottal Flow and Pressure

Chwen-Geng Guo, M.S.

Ronald C. Scherer, Ph.D.
The Recording and Research Center, The Denver Center for the Performing Arts

Abstract

Computational studies of laryngeal aerodynamics should help clarify the relationships among
configuration, airflow, surface pressure, and vocal fold movement within the larynx, and the acous-
tic consequences of the output glottal airflow. The penalty finite element method (Kim, 1988a,
1988b; Kim & Decker, 1989) was adopted to simulate steady air flow and air pressure through the
larynx. A total of 133 conditions of different glottal configurations and inflow rates were studied.
The computational results were compared to empirical data from earlier experiments. Two cases are
reported, (1) constant glottal divergence (42°) but variable diameter, and (2) constant glottal diam-
eter (0.04 cm) but variable glottal angle. For case (1), the average discrepancy for translaryngeal
pressure drop between the computational results and empirical data was 6.8% for pressures between
3 and 15 cm H,O. Flow separation occurred just downstream of the minimal glottal diameter. For
case (2), the computational results for translaryngeal pressure drop differed from the empirically-
derived equation predictions by an average of 89% for pressure between 3 and 13 cm H,O. Pressure
recovery in the glottis suggested that the optimal glottal diffuser angle was near 10°. Results suggest
that the computational method should be sufficient to study glottal aerodynamics (assuming quasi-
steady flow).

Introduction

Laryngeal aerodynamics is the study of the interrelationship among air pressures in the
larynx, air flows through the larynx, and laryngeal airway geometry (Scherer, 1981, 1992; Scherer
et al., 1983a). During phonation these factors change quickly with time and depend upon tissue
biomechanics of the vocal folds, prephonatory glottal configuration, lung pressure, and acoustic
characteristics of the respiratory tract (Titze, 1988; Rothenberg, 1981, 1983). Of primary impor-
tance in phonation is the air pressure distribution along the surface of the vocal folds. This
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distribution defines the external driving forces that interplay with the vocal fold surface configura-
tion and tissue biomechanics to allow vocal fold oscillation (Titze, 1986; Scherer & Guo,

1990a). In order to adequately study laryngeal function and test theories of phonation, the pressure
distributions on the vocal fold surfaces need to be known for the wide range of glottal configurations
that are expected in phonation. In addition, the surface pressures are accompanied by and depend
upon the airflow distributions within the laryngeal airway.

There have been relatively few studies of pressure distributions within the larynx for well
defined laryngeal configurations (Scherer, 1981; Scherer & Titze, 1983; Binh & Gauffin, 1983;
Gauffin et al., 1983; Scherer & Guo, 1990b). Static physical models give information on surface
pressures, but are difficult to construct with adequate sampling of surface pressures. Computational
procedures are needed to predict pressure distributions along all surfaces of the larynx region for any
realistic configuration. Although it is conceivable that the flow field could be sampled using tech-
niques such as hot-wire anemometry, computational techniques are also needed to predict the
entire flow field within the larynx.

In recent years, computational approaches have been used by several research groups with
promising results (lijima et al., 1988, 1989, 1990, 1992; Liljencrants, 1991; Alipour & Patel, 1991).
They demonstrated that computational methods were informative in the study of laryngeal flow.
However, the accuracy of the computational methods was not extensively discussed. Because one
can not be sure that computational methods produce relevant results, the relationship between
computational results and empirical data should be established.

In this study, a penalty finite element method (Kim, 1988a, 1988b; Kim & Decker, 1989)
was adopted to analyze two-dimensional, steady glottal flow. Data will be compared to results from
earlier physical model studies, and criteria for adequate computational modeling will be discussed.
The computational approach used here appears to show satisfactory validity for the aerodynamic
study of static flow and pressure over a wide range of realistic laryngeal configurations.

Numerous computational methods can be adopted. Owing to the complexity of laryngeal
geometries, not every method can produce results with high computational efficiency and acceptable
accuracy. The computational method used in this study is compatible with the irregular boundaries
of the vocal folds. :

The use of static flow modeling, whether physical or computational, assumes that the aero-
dynamics of the glottis is essentially quasi-steady. Support for this assumption has come from
theoretical (Flanagan, 1958) and empirical (Mongeau et al., 1992) studies, although application of
this assumption over the wide range of possible phonation conditions may be challenged. In
this study, it is assumed that the resistive characteristics of the glottis are significant.!

'Physical models using static glottal configurations have been used to derive pressure-flow-geometry equations goveming the
aerodynamics of the glottis (Wegel, 1930; van den Berg et al., 1957; Ishizaka & Matsudaira, 1972; Scherer, 1981; Scherer et al.,
1983a, 1983b; Binh & Gauffin, 1983; Gauffin et al., 1983; Scherer & Titze, 1983; Scherer & Guo, 1990b, 1991). The validity of using
static shapes in physical models of the larynx, and similarly therefore for computational modefing using static glottal shapes,
depends on the quasi-steady flow assumption. This assumption means that the pressure and flow fields within the glottis for any
instant of a dynamically changing glottis are essentially the same as those existing for the static glottis of the same configuration
and translaryngeal pressure. There are theoretical and empirical studies that support the assumption over a significant range of
phonation. Arguments were made by Flanagan (1958, 1972) and Crystal (1966) that the ratio of glottal inertance to glottal resistance
was a time constant small compared to the fundamental period for frequencies up to about 400 Hz and for higher frequencies as
subglottal pressure became greater. That is, the reactive aspect of glottal impedance was small compared to the resistive aspect,
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A total of 133 conditions of different glottal geometries or inflow rates were studied. These
cases were divided into two groups. One group had geometries with a constant glottal angle but
variable diameters, and the other group had a constant diameter with variable glottal angles. For
most cases, there were parallel empirical data for the translaryngeal pressure drop or pressure
profile data for comparison so that the accuracy of the computational method could be examined.
Other concerns for computational studies, e.g., convergence criteria and number of iterations, are
reported so that the efficiency of the computational method can be discussed.

Finite element computational methods for fluid flow require the solution of Navier-Stokes
and continuity equations. The next section discusses this and other modeling aspects relative to the
penalty finite element method.

Computational Modeling

The Navier-Stokes equations for two-dimensional, laminar, steady, and incompressible flow
(reasonable simplifying assumptions for steady flow through the glottis), ignoring gravitational
forces, can be given as .

ov, ov, 1dp _ p v, v, (1)
x OVx , 19D _ =0
Vax T Vvay Teax  plax | oyt
dv, ov, 1 dp v, v
- =Y . 29 _ B y Yy =
ax T dy : pody p ( ax dy? =0 @
and
ov, N v, _ 0
i ©)

supporting the quasi-steady assumption. More recently, Mongeau, Coker and Kubli (1992) constructed a physical model of a
dynamic orifice simulating a uniform glottis. They found that up to about150 Hz (the highest frequencies reported), the dynamic flow
resistance sufficiently matched the static resistance to support the quasi-steady assumption. This held over the entire cycle except
for an initial onset acoustic transient and for flow entrainment at orifice closure. Their experimental arangement excluded a duct
downstream of the orifice. The onset transient might be minimized if the addition of the inductance of a downstream duct were
added, and the offset entrainment was found to be small (2% of the flowrate near closure).

The theoretical and experimental support for the quasi-steady assumption of laryngeal flow is insufficient at this time,
however, to declare it to be valid for all cases of glottal configuration, translaryngeal pressure, and phonatory frequency. This is
especially true for the diverging glottal shapes, where flow separation is likely for sufficiently large divergence angles. Davies,
McGowan and Shadle (1993) point out that, in general, flow separation can be sensitive to acceleration effects and therefore the
flow may not be quasi-steady when separation exists. The assumption is made in this paper, however, that the resistive aspect of
glottal impedance is most likely significant and should be studied independently. Further modifications may entail corrections or
recasting of the glottal resistance results.
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where v, v, are velocity components in the x and y direction, respectively, p is the air density, p is
the pressure, and M is the molecular viscosity of air.
In the penalty method, the continuity equation (3) is expressed as

..__’.5+__..Z=-1p 4)

. where A is the penalty number. As the penalty number approaches infinity, the conservation of mass
is satisfied. The value of the penalty number can affect the rate of convergence of the solution
(Engelman et al., 1982). Based on the work of others, in this study a penalty number of /p x 10'°
was adopted (Kim, 1988b; Kim & Decker, 1989).2

The finite element equations were constructed by using the Galerkin method (Fletcher,
1984). The velocities were interpolated using biquadratic shape functions, and the pressure was
interpolated using linear shape functions defined on a triangular element which is contained inside
the quadratic element (see Kim & Decker, 1989, for details). This pressure interpolation function
can yield rapidly convergent solutions with high accuracy (Kim, 1988a, 1988b; Kim & Decker,
1989). A 9-node velocity and 3-node pressure flow element was used throughout the whole flow
domain.

The assembled global equations were solved by a frontal solver (Irons, 1970) and the direct
iteration method (Taylor & Hughes, 1980). For each iteration the solutions were updated using an
under-relaxation method to ensure a stable iteration (Anderson et al., 1984). The iterations of the
assembled global equations were executed until the error norms became smaller than the conver-
gence criterion E. The error norm e, was defined as:

an-l
= Max (| 2 23 | )

J=1,N n

aimax

©)

where the subscript (i=v, v, or p) denotes each component of the flow variables, 7 is the iteration
level, a,;denotes the nodal value of the i-th flow variable at the Jj-thnode, a°,_ denotes the maxi-
mum value of the i-th flow variable in the n-th iteration level, and N is the total number of nodes.
The convergence criterion E is a preset number and should be small enough to guarantee acceptable
accuracy. E was not a constant in the computations of this study. That is, occasionally (ref. to
Tables 1 and 2) E was slightly increased, and successful convergence was accepted if the pressure
and flow results appeared highly reasonable.

The use of kinematic viscosity in the penalty number is somewhat arbutrary, although the penalty number itself needs to be large
(personal communication with S.W. Kim).
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) Table 1
Computational/empirical comparisons for case 1:constant diverging glottal angle of 42° and variable minimal glottal diameters.

Rey- Convergence No. Computational Empirical Computational
nolds Criterion of Translaryngeal Translaryngeal Percentage Dimensional
Number Iter=~ Pressure Pressure Difference Flow Pre.

Vel. Pre. ation Coefficient Coefficient * cm’/s em H,0

Diameter = 0.0614 cm

~ 100 .0005 .0005 30 1.4596 NA - 9.46 0.010
~ 200 .0005 .0005 38 1.2689 NA - 18.92 0.040
~ 300 .000S .0005 38 1.2070 1.28 5.70 28.38 0.090
~ 400 .0005 .0005 38 1.1752 1.58 *25.62 37.84 0.160
~ 500 .0005 .0005 38 1.1542 1.10 4.93 47.30 0.250
~ 584 .001 .001 38 1.1437 1.11 3.04 55.25 0.342
~ 700 .001 .001 38 1.1207 1.10 1.88 66.22 0.486
~ 800 .001 .001 38 1.1468 1.15 0.28 75.68 0.654
700 .001 .001 38 1.1319 1.10 2.90 66.22 0.491
800 .001 .001 38 1.1242 1.15 2.24 75.68 0.641
834 .001 .001 38 1.1218 1.14 1.60 78.20 0.697
900 .001 .001 39 1.1179 1.13 1.07 85.14 0.812
1000 .001 .001 38 1.1131 1.15 3.21 94.61 1.002
1094 .001 .001 N 1.1098 1.05 5.70 103.50 1.199
1200 .02 .001 72 1.1066 1.10 0.60 113.53 1.443
1300 .04 .003 38 1.1038 1.12 1.45 122.99 1.693
1353 .04 .003 45 1.1032 1.11 0.61 128.00 1.834
1400 .04 .003 56 1.1011 1.11 0.80 132.45 1.964
1500 .04 .003 75 1.0990 1.11 0.99 141.91 2.285
1631 .04 .003 41 1.0966 1.11 1.21 154.30 2.666
1907 .04 .003 36 1.0973 1.12 2.03 180.41 3.644
2162 .04 .003 36 1.0934 1.11 1.50 204.54 4.684
2510 .04 .003 35 1.0879 1.15 S

.40 237.46 6.313

#2748 .04 .003 N - -

Diameter = 0.0412 cm

1.01 .001 20 98.9117 NA - 0.09 0.000

10 .01 .001 19 9.9460 NA - 0.93 0.002
50 .01 .001 19 2.2532 NA - 4.65 0.011
200 .01 .001 18 1.3220 NA - 18.62 0.086
400 .01 .001 39 1.2041 NA - 37.24 0.345
612 .02 .002 37 1.1560 1.17 1.20 56.97 0.807
828 .03 .003 35 1.1286 1.18 4.36 77.08 1.477
1092 .03 .003 36 1.1081 1.16 4.47 101.65 2.570
1344 .03 .003 35 1.0943 1.13 3.16 125.11 3.892
1616 .04 .004 34 1.0830 1.16 6.64 150.43 6.090
1834 .04 .004 36 1.0766 1.16 7.19 170.73 7.248
2081 .04 .004 49 1.0699 1.17 B.56 193.72 9.331

Diameter = 0.0202 cm

1 .01 .001 19 132.8772 NA - 0.09 0.001

S .01 .001 18 26.5988 NA - 0.46 0.006

30 .01 .001 19 4.5434 NA - 2.75 0.031

80 .01 .001 18 2.0285 NA - 7.32 0.111
195 .01 .001 18 1.4706 1.58 6.92 17.85 0.329
317 .01 .001 17 1.3334 1.53 12.85 29.01 0.871
629 .01 .001 40 1.1998 1.36 11.78 57.56 3.427
845 .02 .002 36 1.1571 1.29 10.30 77.33 6.186
1047 .03 .003 34 1.1309 1.24 8.80 95.82 9.497
1190 .03 .003 35 1.1169 1.24 9.93 108.90 12.268
1438 .03 .003 35 1.0981 1.21 9.25 131.60 17.914
1647 .03 .003 34 1.0860 1.21 10.25 150.73 23.500
1908 .03 .003 34 1.0740 1.20 10.50 174.61 31.538
2135 .04 .004 33 1.0654 1.20 11.22 195.38 39.488
2362 .04 .004 34 1.0581 1.21 12.55 216.16 48.332

$#2497 .04 .004 N - - - - -
Average of Percentage differences: 5.186%

1. ‘N’ in the column *No. of Iteration’ means that the convergent solution could not be obtained under the preset convergent criterion.

2. ‘NA’ in the column ‘Empirical Translaryngeal Pressure Coefficient’ means that the empirical data were not available.

3. ‘** indicates that the empirical datum may not be accurate. It was excluded when the mean was calculated.

4. ‘# denotes the runs for which the computations did not converge.

S. ‘A’ indicates the runs resulting from using a long flow domain for which the Re 700 and 800 cases were not presented in Figure 2A (refer to Footnote

5.
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Table 2.
Computational and empirical comparisons for case 2: Constant glottal diameter of 0.04 cm and variable glottal angles. Positive angles refer to a
divergent glottal shape, negative angles to a convergent glottal shape

Angle Reynolds Convergence No. of Computational S-G Eg. Prediction Perceatage Computational
Number Criterion Iteration  Translaryngeal Pressure Coefficient  Difference % Dimensional Flow
Vel. Pre. Pressure Coefficient Flowems  cmH,0
40 200 .01 .001 20 1.4124 1.422 0.47 18.6 0.129
265 .01 .001 18 1.3020 1.305 0.23 24.6 0.209
355 01 .001 18 1.2749 1214 5.02 33.0 0.367
470 01 .001 18 1.2251 1.149 6.62 43.7 0.617
630 02 002 37 1.1819 1.097 1.4 58.6 1.070
830 02 002 37 1.1480 1.061 8.20 772 1.804
1130 03 002 16 1.1162 1.031 8.26 105.1 3252
1500 .03 003 35 1.0943 1.010 835 139.5 5.618
2000 05 005 81 1.0715 0.994 7.80 186.0 9.779
20 200 01 001 20 1.3041 1.393 6.38 18.6 0.119
272 01 .001 18 1.1864 1.273 6.80 253 0.200
344 01 .001 18 1.1565 1.203 3.87 320 0312
488 01 001 18 1.0945 1.125 27 454 0.595
632 .01 .001 18 1.0642 1.083 1.74 58.8 0.970
848 .01 .001 17 1.0377 1.047 0.90 78.9 1.703
1136 02 002 17 1.0203 1.020 0.03 105.6 3.004
1496 03 .003 35 1.0087 1.000 .87 139.1 5.151
2000 .06 .006 34 1.0006 0.985 1.58 186.0 9.132
10 200 01 001 20 1.4300 1.471 279 18.6 0.131
272 .01 001 18 1.2736 1.315 31s 25.3 0215
344 .01 2001 18 1.1853 1.224 3.16 320 0320
488 .01 001 18 1.1000 1.122 1.96 454 0.598
632 .01 001 18 1.0255 1.067 3.89 58.8 0.934
848 01 .001 17 0.9747 1.020 4.44 78.9 1.599
1136 .02 .002 17 0.9368 0.984 4.80 105.6 2.758
1496 .03 .003 16 09123 0.959 4.87 139.1 4.658
2000 .05 .005 34 0.8957 0.939 4.61 186.0 8.174
5 200 .01 001 20 17711 1.742 1.67 18.6 0.162
272 .01 .001 18 1.5566 1.520 241 253 0.263
34 .01 .001 18 1.4301 1.390 2.88 320 0.386
488 01 .00t 18 1.2811 1.246 ) 2.82 454 0.696
632 01 001 18 1.1921 1.168 2.06 58.8 1.086
848 01 001 17 1.1080 1.100 0.73 789 1.818
1136 .02 002 17 1.0390 1.050 1.05 105.6 3.059
1496 03 .003 16 0.9846 1.014 2.90 139.1 5.028
2000 .05 005 21 0.9369 0.986 498 186.0 8.550
0
200 .01 .001 20 2.8258 3.663 22.86 18.6 0.258
272 .0t 001 18 24723 2941 15.94 25.3 0.417
344 .01 001 17 2.2632 2521 10.23 320 0.611
488 .01 001 17 2.0176 2.052 1.68 45.4 1.096
632 .01 001 17 1.8728 1.797 4.22 58.8 1.707
848 .01 .001 17 1.7354 1.577 10.04 789 2.847
1136 02 002 17 1.6238 1.414 14.84 105.6 4.781
1496 .03 003 16 1.5328 1.299 18.00 139.1 7.827
2000 .0s .00S 34 1.4527 1.207 2036 186.0 13.257
-5 200 .01 .001 20 2.0518 2,082 145 18.6 0.187
272 .01 .00t 18 1.8390 1.780 331 253 0310
344 .01 .001 18 1.7102 1.605 6.55 320 0.462
488 .01 .001 18 1.5565 1.409 10.47 45.4 0.846
632 01 .001 17 1.4650 1302 12.52 58.8 1.335
848 .01 001 17 1.3795 1211 1391 78.9 2.263
1136 02 002 17 1.3089 1.142 14.61 105.6 3.854
1496 .03 .003 16 1.2541 1.094 14.63 139.1 6.404
2000 05 005 21 1.2053 1.056 14.14 186.0 11.000
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Table 2. (continued)

Angle Reynolds Convergence No. of Computational S-G Egq. Prediction Percentage Computational
Number Criterion Iteration  Translaryngeal Pressure Coefficient Difference % Dimensional Flow
Vel. Pre. Pressure Coefficient Flow cm¥/s cnH,0
-10 200 .01 .001 20 1.7900 1.788 0.11 18.6 0.163
272 .01 001 18 1.6291 1.565 4.10 253 0.275
344 .01 .001 18 1.5306 1.435 6.66 32.0 0413
488 .01 .001 18 14126 1.290 9.50 454 0.768
632 .01 .001 17 1.3425 1.211 10.86 58.8 1.223
848 .01 .001 17 1.2769 1.143 1.7 78.9 2.095
1136 .02 002 17 1.2242 1.093 12.00 105.6 3.604
1496 03 .003 16 1.1823 1.057 11.85 139.1 6.037
2000 05 .00s 21 1.1491 1.029 11.67 186.0 10.487
-20 200 .01 .001 20 1.5900 1.611 1.30 18.6 0.145
212 .01 .001 18 1.4730 1.435 2.65 253 0.249
344 .01 001 18 1.4012 1.333 5.12 32.0 0378
488 .01 .001 18 1.3145 1219 7.83 454 0714
632 .01 001 17 1.2638 1.157 9.23 58.8 1.152
848 .01 .001 17 1.2162 1.097 10.87 789 1.995
1136 .02 002 17 1.1761 1.063 10.64 105.6 3.463
1496 .03 .003 16 1.1472 1.035 10.34 139.1 5.858
2000 .05 .005 21 1.1229 1.013 10.85 186.0 10.248
-40 200 .01 .001 20 1.4537 1.642 11.47 18.6 0.133
272 .01 .001 18 1.3645 1.458 641 253 0.230
344 01 001 18 1.3095 1.351 3.07 320 0.353
488 .01 001 18 1.2428 1.232 0.88 454 0.675
632 .01 001 17 1.2035 1.167 3.13 58.8 1.097
848 .01 .001 17 1.1678 1111 5.11 789 1916
1136 02 002 17 1.1367 1.070 6.23 105.6 3.347
1496 .03 .003 16 1.1131 1.040 7.03 139.1 5.684
2000 .05 005 21 1.0930 1.017 747 186.0 9.975

For more detailed derivations and the complete finite element equations, the reader is re-
ferred to the following articles: Taylor & Hughes (1980), Kim (1988a, 1988b), and Kim and Decker
(1989).

In the following case studies, two-dimensional geometries were designed as the modified
laryngeal airway boundaries to be used within the computational model. The ventricular folds were
omitted for simplicity. The glottis was assumed to be symmetric across the centerline so that only
half of the glottal airway was considered. Although it is recognized that the flow may not be sym-
metric in the glottal airway for a diffuser shape, essentially symmetric surface pressure profiles were
assumed for the computational simulation.? The boundary conditions, as shown in Fig. 1, are listed
below:

on Bl, v, = £(y), vy, = 0,
on B2, Vy = Vv, =0,
on B3, P =0,
v,
on B4, vy, = 0, _an =0

3t is understood that incorporating only one-half of the flow domain may exclude the possibility of modeling certain asymmetric flows
and wall pressures. This risk was necessary due to computer limitations. Despite this restriction, the computational results
satisfactorily match prior empirical data, although it is hypothesized that a complete flow field approach may increase the

modeling accuracy.
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where n is the unit vector normal to the boundary. The velocity profile of a fully developed
Poiseuille flow was applied at the inlet boundary B1.*
The Reynolds number for the glottis was defined as:

Re =

pvD,
L

where D, is the hydraulic diameter, defined as 4 times the cross sectional area divided by the perim-
eter at the minimal glottal diameter cross section, and v is the average velocity at the same
location. The non-dimensional pressure coefficient was defined as

p" =

Ap
1
2

pv?

where Ap is the dimensional translaryngeal pressure drop.

In this study, a VAXstation 3100 Model 30 with 32 MB and 2.8 VUPS was used to execute
the computation. The mean CPU time forthe cases listed in Tables 1 and 2 was about 3 hours. The
computer time was almost the same as the CPU time.

Case One: Constant Glottal Angle with

Variable Minimal Diameters

In this study, a 42° divergent glottis
(ref. Fig. 1 showing 21° half-angle) with
entrance-exit (axial) length of 0.3 cm, en-
trance rounding radius of 0.1 cm, and variable
minimal diameters of 0.0202, 0.0412, 0.0614
cm was studied. The same dimensions (with
vocal fold length of 1.2 cm) and empirical
data for simulation comparison were first
reported in Scherer (1981) for his Model 3.

*A Poiseuille flow distribution was assumed to be reasonable
at that location. It was assumed that secondary flows from the
subtracheal respiratory system and other non-fully developed
fiow characteristics would significantly change toward a
relatively flat flow profile near glottal entry due to the strong
subglottal convergence. Therefore we assumed that the
Poiseuille flow distribution would be adequate (as well as
convenient and conventional) for the modeling purposes here.

e s e e e e

>>>>>
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A 44 444149 244042477,
AA 4 1414444444477
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Figure 1. Boundary designations for the computational
modeling (see text). Bl corresponds to the inlet, B2 to the
vocal fold boundary, B3 to the outlet, and B4 to the
midline. Arrow tip direction shows direction of flow, and
arrow stem length represents the relative velocity vectors.
The condition shown is for steady glottal flow with minimal
diameter of 0.0614 cm and Reynolds number of 1000.
Dimensions correspond to Model 3 (Scherer & Titze, 1983)
in which there was a diverging glottal angle of 42°. The
large arrow marks the location of flow separation in the
glottis.
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The purpose of this study was to test whether the computational method was capable of simulating
glottal pressures that match those of that model, and to examine the flow fields as important
concomitants to the pressures.

A relatively short total flow domain of 2.085 cm (ref. Fig. 1) was considered for construction
of the computational mesh, where 2 cm was the subglottal lateral diameter.® An advantage of a
short domain is the savings of computer time. This mesh had 2687 nodes and 630 elements.

There were 52 conditions tested in this first case study, 39 of which corresponded to runs
with Model 3 by matching Reynolds numbers. The related information, i.e., the glottal diameters,
Reynolds numbers, convergence criteria, number of iterations, computational translaryngeal pres-
sure coefficients, the corresponding empirical data, the percentage differences, and the computa-
tional results in dimensional expressions, are listed in Table 1. The maximum Reynolds number for
the conditions with convergent solutions was 2510 (two conditions of the 52 did not converge).

Within the computation of each condition, the values of the error norms for the velocities
and pressures, observed at the end of each iteration, would approach some constants. The conver-
gence criteria for velocities or pressures were determined by choosing suitable numbers slightly
larger than those constants. As the Reynolds number increased, the convergence criteria changed
from 0.0005 to 0.04 for velocity, and 0.0005 to 0.004 for pressure. The maximum convergence
criterion for pressure of 0.004 was acceptable considering the apparent reasonableness of the results
compared to empirical data.

Sl is generally believed that to obtain more accurate computational results for laminar pipe flow, the downstream flow domain past
any cross sectional area change should be as long as is necessary to reestablish the original Poiseuille flow distribution. In line with
this convention, we studied the computational mode! using a relatively long supraglottal tract. This provided a check on the pressure
changes within the elongated vocal tract and on the effect on translaryngeal pressure drop.

The glottal airway similar to Model 3 with a relatively long pharynx attached (configured) downstream was used for the
construction of the mesh. A total length of 33.4 cm was used, where 32.34 cm was the length of the supraglottal duct and the
subglottal lateral diameter was 2 cm. This mesh had 4335 nodes and 1022 elements. A glottal diameter of 0.0614 cm was tested.
For low Reynolds number flow, the position of reattachment could be observed clearly at a distance of about 30 cm from the glottal
exit. But when Reynolds numbers increased, this observation became impossible because converged solutions of the computational
method could not be obtained. This may suggest that as the flow jets out from the glottal exit, it changes from a laminar to a
turbulent condition, even when Reynolds number is only approximately 300.

Therefore a shorter flow domain was considered to ensure that the flow condition within the entire flow domain was
maintained as laminar flow as assumed by the govemning equations. Reasons to support a shorter domain are:

1. In reality, the length of the vocal tract is around 17.5 cm, which is about half the length required for reattachment (30
cm) in a pipe duct. Since the vocal tract is too short to reestablish the Poiseuille flow, the consideration of reattachment is unnaces-
sary for the glottal flow study.

2. According to experimental data with steady flow through static models, the pressure within the pharynx is almost
constant. Using a long pharynx to predict negligible pressure differences is therefore not necessary.

3. For a Reynolds number of 800, the translaryngeal pressure coefficient resulting from the longer domain was 1.1468.

For the shorter domain used in the first case study, the translaryngeal
pressure coefficient was 1.1242. The practical difference between these two values appears insignificant.

Based on the above reasons, the shorter flow domain was used for the entire study. However, if the domain were too
short, the computational method would not reflect the downstream flow conditions accurately. The results suggest, however, that
the domain length chosen for this study was adequate. The optimal length for the flow domain for a wide variety of realistic
laryngeal geometries should be studied further.
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PRESSURE COEFFICIENT

Translaryngeal Pressure Drop

The average percentage difference between the empirical data of Model 3 (Scherer, 1981)
and the computational results for the three diameter cases combined was 5.19%, and for
translaryngeal pressures above 3 cm H,O was 8.07% (ref. Table 1).

The comparison between the computational and empirical pressure coefficients for the three
diameters is shown in Fig. 2. The computational pressure coefficient continually decreases as
Reynolds number increases. This is consistent with the laminar flow assumption. For the diameter
of 0.0614 cm (Fig. 2A), the computational data fall within the scatter of the empirical data, but for
the diameters of 0.0412 cm (Fig. 2B) and 0.0202 cm (Fig. 2C), the computational method predicts
slightly lower pressure coefficients compared with the empirical data. The mean percentage differ-
ence between the computational results and the empirical data increases as the diameter decreased.

‘GA. DIAM. =0.0614 c¢cm

2.5

=0.0412 cm

O NUMERICAL DATA
® EMPIRICAL DATA

)
O NUMERICAL DATA
e EMPIRICAL DATA

C. DIAM. =0.0202 cm

© NUMERICAL DATA
«  EMPIRICAL DATA

1000
REYNOLDS NUMBER

100

1
1000

100

Figure 2. The comparison of computational and empirical (Model 3) translaryngeal pressure coefficients for the
diverging glottal angle of 42° and different diameters: (A) 0.0614 cm, (B) 0.0412 cm, (C) 0.0202 cm.

This would be the expected discrepancy between the data for the computational model and
the physical model. The physical model was constructed out of polyester resin. Greater viscous
flow resistance of the physical model would be consistent with some degree of coarseness of the
surfaces, slight nonuniformity of the diameter along the length of the glottis, and the eccentric
position of the glottis in the model. The latter refers to the presence of the simulated arytenoid
cartilages in the physical model. The cartilaginous glottis was closed so that the open glottal slit was
situated anteriorly in the airway, as it is positioned naturally. The effect of eccentricity was ignored
in the computational model. Larger discrepancies between the data for the physical model and the
computational model as the diameter decreased would seem reasonable due to the closer glottal
surfaces and potential increase of relative roughness, nonuniformity, and eccentricity effects.

For this particular diverging glottal configuration, an assumption of 1.1 for the pressure
coefficient, suggested by Fant (1982), is consistent with both the computational and empirical data
except for the empirical data for the smallest diameter.

Fig. 3 shows a comparison of translaryngeal pressure drop for the computational results,
empirical data for Model 3, and two empirical equations: the Ishizaka modified equation (Ishizaka,
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1985) and the S-G equation [ R R A A o

(Scherer & Guo, 1990b). The S- ° hhoiale e

G equation is based on empirical | s_¢ EQUATION. /¢ oam.= ]
data (using a physical model N - isHzAh EQ: S 9 otmaan ]
called Model 5) for 63 different s swonee: </ 40 j
configurations of glottal angle ' ‘

and diameter. Since the S-G
equation matches the empirical
data of Model 5 with an average
percentage difference of 4.45% in
the important pressure range of 3
to 50 cm H,0, it is chosen as an

201

(CM H,0)

10t

TRANSLARYNGAL PRESSURE DROP

empirical equation for compari- [ LEE = -
son in this study. To avoid ol o o=t Di.c0061 M, |
confusion, the empirical data for oo 50 100 150 200 250

Model 3 are depicted by quadratic

equations instead of original data . .

. Figure 3. The comparison of translaryngeal pressure drop among the
pf)lnts. The overall percentage . computational results, empirical (Model 3) data, and two empirical
differences between the quadratic equations: the Ishizaka modified equation (Ishizaka, 1985) and the S-G
fitting equations shown in Fig. 3 equation (Scherer & Guo, 1990b).

and the original Model 3 data are
0.16% for the diameter of 0.0202
cm, 0.09% for the diameter of 0.0412 cm, and 0.02% for the diameter of 0.0614 cm.

It is shown in Fig. 3 that the computational results match the S-G equation predictions better
than the empirical data for Model 3. Since glottal eccentricity was not incorporated in Model 5 and
the vocal fold surfaces of Model 5 were constructed more carefully than for Model 3, it is not
surprising that the computational method and the S-G equation typically predict lower pressure drop
compared with the empirical data. The mean difference between the computational results and
Model 3 empirical data for translaryngeal pressure drop between 3 and 15 cm H,0 was approxi-
mately 6.8%. However, the corresponding mean difference between the computational results and
the predictions according to the S-G equation was 3.0%. This finding constitutes strong support for
the validity of the computational method for the relatively large diverging glottal angle studied here.

Ishizaka (1985) supplemented the pressure-flow equations of Ishizaka and Matsudaira (1972)
with an M coefficient to account for the losses due to different cross sectional shapes of the glottis.
For a glottis divided into 2 vertical (axial) parts, the computational results essentially liec between the
lines with 1} equal to 0.45 and 1 as shown in Fig. 3. As the diameter increases, the computational
data better match the Ishizaka equation using a larger 1, suggesting a relatively larger pressure loss
due to the glottal expansion than for smaller diameters.

VOLUME FLOW (CM>/S)

Pressure Profiles and Velocity Distributions

The computational velocity vectors for the diameter of 0.0614 cm, the diverging glottal
angle of 42°, and a Reynolds number of 1000 are presented in Fig. 1. The large arrow indicates the
location of flow separation, which occurs at a distance slightly downstream of the minimal diameter.
The point of separation moves upstream as the flow velocity at the minimal diameter increases.
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In Fig. 4 the cross
sectional velocity profiles i
within the glottis and the
corresponding one-dimen- I :
sional pressure profile along I : VOCAL
the vocal fold boundary for the I i FOLD
diameter of 0.0412 cm and a : DIAM.=0.0402 cm
Reynolds numbers of 1616 are / :
shown. For this particular
condition, the separation
(arrow) occurs immediately
downstream of (but not coinci- 6;
dent with) the minimal diam- T
eter. Reverse flow develops g

0-0)

- )

PRESSURE PROFILE

FLOW =150.43 cm>/s
P, = 6.1 cm H,0

downstream of the point of
separation. The reverse flow
reenters the glottis and eddies
are formed. Owing to the lack

of empirical data, the validity Figure 4. Compuationally derived cross sectional velocity profiles within the
of the velocity distribution can glottis and the corresponding one-dimensional pressure profile along the

: : upstream-downstream vocal fold boundary. The diameter is 0.0402 cm and
the Reynolds number is 1616.

not be verified. It is common,
however, to visualize similar
flowpatterns within diffusers
(e.g., White, 1979).

The predicted relationship between flow and surface pressure can be examined in Fig. 4.
Due to flow acceleration along the glottal entrance radius (cf. Gauffin & Liljencrants, 1988) and
viscosity effects, a significant pressure drop is generated at the entrance to the glottis (minimal
diameter). It is immediately followed by pressure recovery caused by the increase in cross sectional
area and deceleration of the air flow within the diffuser. Just after the point of separation, the cross
sectional area of the flow jet (the boundary of which is estimated by the dashed line in Fig. 4) is
seen to expand and the pressure rises quickly. At the point of separation for the condition shown,
the pressure rise is 2.5% of the pressure rise from the minimum pressure to the pressure at glottal
exit.’

Pressure profiles for different diameters are presented in Fig. 5, in which the empirical data
for Model 3 are shown for comparison. The Reynolds numbers are around 1630. The pattern of
computational pressure profiles are similar for all diameters considered. Pressure profiles also can
be seen in the computational works of Iijima et al. (1988, 1990), Liljencrants (1991), and Alipour
and Patel (1991).

*Figure 4 indicates that the pressure at flow separation for the diverging glottis of 42°was 2.5% of the total recovery from the
minimum pressure. In this example, Reynolds number was 1616, glottal diameter was 0.0412 cm, and overall pressure drop was
6.09 cm H,0. The minimum pressure was -1.22 cm H,0, the pressure at flow separation was -1.19 cm H,0, and glottal exit pressure
was taken be 0 cm H.0.
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For the relatively large diameter of .. VOCAL J QU -
0.0614 cm, the computational pressure value at FOLD
the minimal diameter is higher than the empirical
pressure value. It is suggested that the surface of
the physical model would not be absolutely
smooth, and any added surface resistance may [ . DAM. = 0.0614 cm |
increase the empirical pressure drop at that r .
location. Also, the eccentricity of Model 3 may [ ]
have created secondary flows and nonuniform of [LoW = 1543 ;&/ . ]
pressures in the region of the pressure hole < | RENo = 1831 ° v : 1
(midway along the gl.ottis). N :g - - PPy
For smaller diameters, the empirical £ 1F ]
pressure measurement at the minimal diameter § [ \f ]
increases relative to the computational value. o | Fow= 1504 em¥/s ) ]
For the diameter of 0.0202 cm, the empirical 5 °r P, = 6.09 cm H,0 — _
data show that the maximum pressure dropisno & | e ;
longer located at the glottal entrance. Compared o y . DIAM. = 0.0202 cm
with the computational results, which consis- - :
tently creates the maximum drop slightly down- . s ]
. o . . e I FLOW = 150.7 cm”/s \* 1
stream of the minimal diameter, the variation of OF p, = 235 em H,0 — ]
the relative value of the pressure drop at the [ Re No. = 1647 ]

entrance implies the possible effects of a rela-

. . . Fi 5. Th ] ure profiles on the
- tively large pressure hole diameter, a slight 1gure e comparison of pressure profi

vocal fold surface with the same glottal angle (diverging

miscalculation of the pressure hole location 42° but different diameters (0.0614, 0.0402, and 0.0202
(more upstream would result in a higher pres- cm). The dots indicate results using Model 3 (Scherer,
sure), or a local mgu]anty in the diameter of 1981; Scherer & Titze, 1983). The solid lines are the

pressure profile predictions using the penalty finite

the glottal duct (a larger local diameter would X
element technique.

increase the pressure).

Regarding the pressure hole effect, it is
well established that if the ratio of the diameter of the pressure hole to the diameter of the duct at the
location of the hole is too large, pressure readings may be too high (Rayle, 1958). Some kinetic
pressure would add to the static pressure as air impinges into the pressure hole. The diameter of the
pressure hole at the glottal entrance of Model 3 was 0.05 cm, while the minimal diameter was
0.0202 cm x 5 = 0.101 cm (Model 3 was a 5-times enlargement of the prototype size). Since the
diameter of the pressure hole was half the size of the glottal diameter, a higher pressure reading may
have been unavoidable (ref. Scherer, 1981, for further discussion). There apparently are no studies
that suggest a correction function that accurately predicts the static pressure when the pressure hole
diameter is one-half the duct diameter.

The computational results also suggest that pressure along the glottal surface rises faster just
past the entrance than suggested by the empirical data. The eccentricity may have created secondary
flows that slightly altered the surface pressures in the physical model. The general finding that
pressure does not rise appreciably in the glottis (or, in other words, there is not a large negative
pressure at glottal entry) for a large divergent angle is suggested by both the physical and computa-
tional results and is consistent with flow separation near the entrance to the glottis. It is further
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noted that the divergent shape occurs as the ¢ -
glottis is closing during a phonatory cycle,

and the pressure dip at glottal entrance may

help to close the glottis due to relatively low
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pressure. VOCAL
FOLD .o
Case Two: Constant Minimal Diameter DIAM.= 0.04 cm o

Yy vy oy

with Variable Glottal Angle AeLE= O NN

In this study, the effect of the varia-
tion of glottal angle was explored. The
minimal glottal diameter was set at 0.04 cm, ot
while the glottal angles of 40, 20, 10, 5
(divergent), 0 (uniform), -5, -10, -20, and -40
(convergent) degrees were used. The compu- Figure 6. Definition of the flow domain with a relatively

tational translaryngeal pressure drop was short upstream and downstream extent for case 2. The
compared with the S-G equation (Scherer &  example shows a glottal angle of zero degrees and a

Guo, 1990b). As mentioned above, the S-G ~ Reynolds number of 2000.
equation was based on empirical results for
laryngeal Model 5. Detailed information on
the geometries for simulation can be found in
Scherer and Guo (1990b, 1991). —

Since the tracheal duct air pressure is
essentially constant for a few centimeters
upstream of the glottal entrance for steady
flow, a flow domain with a relatively short
upstream distance, as shown in Fig. 6, was
used to construct the computational mesh,
which had 2367 nodal points and 554 ele-
ments. For each angle, 9 different inflow
rates were used. The computational results
were compared to the empirical predictions
derived from the S-G equation for 81 cases
listed in Table 2. The average percentage
difference was 6.68% (8.86% for
translaryngeal pressures greater than 3 cm
H,0; the maximum translaryngeal pressure
drop studied was 13.3 cm H,0.

The computational translaryngeal
pressure drop for the different glottal con-
figurations is plotted in Fig. 7. Due to

i i i , the uniform
relatl.vely high v1§coustliosls the t Figure 7. The computational translaryngeal pressure drop
glottis corresponds to the largest press for different volume flow rates and glottal angles. The

drop compared to the non-zero angle condi- configurations for Model 5 (Scherer & Guo, 1990b, 1991)
tions for any given flow. Relative to the were used in the computational simulation.

TRANSLARYNGAL PRESSURE DROP

.
VOLUME FLOW (CM>/S)
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empirical data of Model 5 (Scherer & Guo,
1990b), the computational prediction and
empirical data both indicate greatest pressure
drop for the uniform glottis for each flow
studied. The least pressure drop for any
given flow, that is, the least flow resistance,
is found to correspond to the 10° divergence
for both the computational predictions and
Model 5 data for flows greater than about 60
cm’/s. The 10 degree divergent case is near

P, (cm H,0)

the optimal angle for pressure recovery rForM

within a diffuser (Robertson & Fraser, 1960; “2F DVERGENT 3/ : 1
Kline, 1959). These results suggest that SLOTTAL SLOTTAL
efficient phonation may involve glottal ENTRANCE EXIT

shaping of about 10° divergence angle near Figure 8. The simulation of pressure profiles for different

maximum flow and a nearly uniform glottis glottal angles with the same translaryngeal pressure of 6 cm
near glottal closure. H,0. The configurations for Model 5 (Scherer & Guo, 1990b,

) . 1991) were used in the computational simulation.
Fig. 8 shows the computational ) b

predicted pressure profiles for 6 glottal ,

angles at the same translaryngeal pressure of 6 cm H,0. During glottal opening within a phonatory
cycle, the glottis forms convergent angles and positive pressure is generated along the glottal sur-
faces except near the rounded exit. The positive pressure would enhance the outward vocal fold
movement. During glottal closing, the glottis takes on divergent shapes. The relatively negative
pressure generated within the glottis, shown in Fig. 8, would facilitate the movement of the vocal
folds inward. This finding is consistent with the asymmetric driving force description of vocal fold
oscillation (Titze, 1988). The data illustrated in Fig. 8 suggest that the positive and negative pres-
sures generated through glottal shape change alone can be significant (Scherer & Guo, 1990a;
Scherer, 1991).

Discussion

The finite element model presented in this report differs from the existing published methods
of Liljencrants (1991), lijima et al. (1988, 1989, 1992), and the proposed method of Alipour and
Patel (1991). Liljencrants (1991) solved Navier-Stokes equations for two-dimensional laminar flow
using a vorticity transport formulation, from which vorticity and stream functions resulted. Iijima et
al. (1988, 1989, 1992) applied a velocity correction method to solve two-dimensional Navier-Stokes
equations in primitive variables. In this method, since the computed velocity does not satisfy the
equation of continuity, the computed velocity must be corrected at each iteration (Kawahara and
Ohmiya, 1985). The method used by Alipour and Patel (1991) was originally formulated for analy-
sis of turbulent flow. The coordinates and velocity vectors are transformed for the particular prob-
lem to be solved, so that the velocities are not expressed in a conventional Cartesian x-y orthogonal
coordinate system for the computation. Liljencrants (1991) and Iijima et al. (1990, 1992) have
applied their methods to simulate unsteady glottal flow with promising results. In contrast to these
other studies, the present study tests the computational method against empirical data for which the
same airway boundary conditions were applied to both computational and physical models.
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In the penalty finite element method reported here, the primitive variables are directly
derived from the computation. A 9-node velocity and 3-node pressure element allows curved
boundaries to be defined efficiently and gives enhanced accuracy for pressure (Kim 1988a, 1988b).
Using the frontal solver of Irons (1970) for solving the global matrix, the method could be run on a
VAXstation instead of a supercomputer.

Although this method may have generated computational results favorably matching the
empirical data, its accuracy still needs to be carefully examined. In the second case study, the com-
putational results were compared with the S-G equation, which was derived from data collected
using Model 5, a carefully constructed, enlarged plexiglas model of the larynx permitting 63 combi-
nations of glottal angle and diameter. Because of complete glottal symmetry and no eccentricity, it
was expected that the computational method should produce the same results as the empirical equa-
tion. Some discrepancies exist, however, and may have been created by the computational method.

Fig. 9A is a scatter plot of the computational results and the S-G equation predictions for
translaryngeal pressure. The computational results match the S-G equation predictions better for the
divergent angles than for the uniform and the convergent angles. The computational method pre-
dicts comparatively higher pressure drops for the uniform and convergent angles as Reynolds num-
ber increases. This implies that the computational method may assume too much viscous loss for
higher Reynolds number flow. In contrast, the computational method predicted too little pressure
drop for the diverging glottis Model 3 for small diameter, but this may be explained by the eccen-
tricity and less rigorous fabrication of Model 3. It is also noted that if the flow tends to introduce
significant turbulence, the laminar flow assumption made in the computational method used here
may not be adequate. For the conditions shown in Figure 9A, the percentage difference between the
computational results and the S-G predictions for the divergent conditions is on the average 3.7%.
The average percentage difference for the convergent conditions is 8.1%, and for the uniform
conditions is 13.1%.

A ' . B. With Correction (Eq. 5)

10F + 40°
. 20°
o 10°
x 5°
o 0°

r=0.996
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Figure 9. Scatter plots of computational results versus the S-G equation predictions: (A) original comparison, (B)
Comparison with correction to computational results using Eq. 6. The pearson correlation r is also given.
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For the divergent angles, pressure recovery occurs within the glottis in which the length scale
for turbulence is relatively small so that the laminar assumption throughout the entire flow domain
may be sufficient to produce acceptable results. For the uniform and convergent angles, flow
separation is generated near the exit where sudden expansion exists. As the flow jets out from the
exit, it may suddenly become more turbulent, a condition less suitable for the computational method
used here. Fig. 9A suggests that the discrepancies between the computational data and the S-G
equation predictions appear regular.

For the divergent cases, the average percentage difference for the translaryngeal pressure
drop of 3.7% suggests that a correction is not necessary. But for the uniform and convergent cases,
a correction derived from the study of the correlation between the computational results and the S-G
equation predictions for translaryngeal pressure drop in cm H,O can be obtained, viz.,

P' = (P +0.03)/C 6

where P' is the corrected translaryngeal pressure drop, P is the translaryngeal pressure drop directly
obtained from the computational method, and C = 1.199 - 0.00766 X + 0.000119 X2, in which X is
the absolute value of glottal angle. Fig. 9B is a scatter plot of the computational results and the S-G
equation predictions with the correction (Eq. 6) applied to the uniform and convergent cases. For
the translaryngeal pressure drops greater than 3 cm H,0, the average percentage difference for all
angles combined improves from 8.86% to 2.48%.

Conclusion

The penalty finite element computational method, an approach based on laminar flow as-
sumptions, has been applied to realistic laryngeal configurations with good prediction for the
translaryngeal pressure drop. Across both studies reported, the overall prediction for translaryngeal
pressure drop was 6.2%. The important convergence criteria and sufficient number of iterations for
this method were reported. The limited comparison between the computational results and pressure
profile empirical data indicates that the computational method appears to usefully predict the pres-
sure along the glottal boundary and has potential for further studies of laryngeal fluid mechanics, but
further investigation of three-dimensional pressure gradients due to airway eccentricity is suggested.

Pressure profiles obtained using the penalty finite element method for converging and di-
verging glottal shapes predict effective positive and negative vocal fold surface pressures, respec-
tively, and emphasize the facilitating effect of the external driving forces during normal vocal fold
vibration (Titze, 1988; Scherer & Guo, 1990a, 1993).

Some considerations remain. For a more realistic simulation, a three-dimensional flow
domain should be used. The effect of the more realistic eccentricity of the glottis within the laryn-
geal tract needs exploration. At this stage, minor discrepancies between the computational results
and empirical data are apparent for higher flows and pressures, reflecting the possible need for
modeling transition and turbulent flows. Despite these areas of extension, the computational model
in its present form appears highly effective in predicting significant aerodynamics characteristics
within the larynx.

NCVS Status and Progress Report « 17



Acknowledgements |

We greatly appreciate the thoughtful advice given in the review of an earlier version of this
manuscript by Jan Gauffin, Richard McGowan, Fariborz Alipour, Eric Muller, Ralph Ohde, and
Hirohisa Iijima.

This research was supported by EPA Agreement CR813113 through the Center for Extrapo-
lation Modeling at Duke University Medical Center, and by grant P60 DC00976 from the National
Institute on Deafness and Other Communication Disorders. The research described in this article
has been reviewed by the Health Effects Research Laboratory, U.S. Environmental Protection
Agency, and approved for publication. Approval does not signify that the contents necessarily
reflect the views and policies of the Agency nor does mention of trade names or commercial prod-
ucts constitute endorsement or recommendation for use.

References

Alipour, F. and Patel, V.C. (1991). “A Two-Dimensional Model of Laryngeal Flow,” J.
Acoust. Soc. Am., Vol.89, No.4, Pt.2, 1978(A).

Anderson, D.A., Tannehill, J.C., and Pletcher, R.H. (1984). “Computational Fluid Mechanics
and Heat Transfer,” (Hemisphere, Washington), 132.

Berg, Jw. van den, Zantema, J.T. and Doornenbal, P. Jr. (1957). “On the air resistance and
the Bemnoulli effect of the human larynx,” J. Acoust. Soc. Am., 29, 626-631.

Binh, N. and Gauffin, J. (1983) “Aerodynamics Measurements in an Enlarged Static Laryn-
geal Model,” STL-QPSR 2-3, Dept. of Speech Communication and Music Acoustics, Royal Insti-
tute of Technology, Stockholm, 36-60.

Crystal, T.H. (1966). A Model of Laryngeal Activity During Phonation. Sc. D. Thesis,
Cambridge, MIT.

Davies, P.O.A.L., McGowan, R.S., and Shadle, C.H. (1993). “Practical flow duct acoustics
applied to the vocal tract,” in Vocal Fold Physiology: Frontiers in Basic Science, edited by L.R.
Titze, Singular Publication Group: San Diego, 93-134.

Engelman, M.S., Sani, R.L., Gresho, P.M., and Bercovier, M. (1982). “Consistent vs. Re-
duced Integration Penalty Methods for Incompressible Media Using Several Old and New Ele-
ments,” Inter. J. Num. Meth. Fluids, Vol.5, 107-126.

Fant, G. (1982). “Preliminaries to Analysis of the Human Voice Source,” STL-QPSR 4/
1982, Dept. of Speech Communication and Music Acoustics, Royal Institute of Technology,
Stockholm, 1-27.

Flanagan, J.L. (1958). “Some properties of the glottal sound source,” J. Speech hear. Res., 1,
99-116.

Flanagan, J.L. (1972). Speech Analysis, Systems and Perception. Second Edition, Springer-
Verlag: New York.

Fletcher, C.A.J. (1984). “Computational Galerkin Methods,” (Springer-Verlag, New York).

Gauffin, J., Binh, N., Ananthapadmanabha, T.V., and Fant, G. (1983). “Glottal Geometry
and Volume Velocity Waveform,” in Vocal Fold Physiology: Contemporary Research and Clinical
Issues, edited by D.M. Bless and J.H. Abbs (College Hill, San Diego), 194-201.

Gauffin, J. and Liljencrants, J. (1988). “The role of convective acceleration in glottal acrody-
namics,” in Vocal Physiology: Voice Production, Mechanisms, and Function, edited by O.
Fujimura, Raven Press, Ltd.: New York, 219-226.

NCVS Status and Progress Report + 18



lijima, H., Miki, N., and Nagai, N. (1988). “Viscous Flow Analyses of the Glottal Model
Using a Finite Element Method,” J. Acoust. Soc. Am., Vol. 84(S1), S126(A).

Iijima, H., Miki, N., and Nagai, N. (1989). “Fundamental Consideration of Finite Element
Method for the Simulation of the Vibration of Vocal Cord,” International Conference in Acoustics,
Speech and Signal Processing (ICASSP 89), 16.S5.9 (1989-5).

Iijima, H., Miki, N., and Nagai, N. (1990). “Glottal Flow Analysis Based on a Finite Ele-
ment Simulation of a Two-Dimensional Unsteady Viscous Flow” ICSLP Proceedings, 1990 Interna-
tional Conference on Spoken Language, V.1, The Acoust. Soc. of Japan, Japan, 3.6, 77-80.

Iijima, H., Miki, N., and Nagai, N. (1992). “Glottal Impedance Based on a Finite Element
Analysis of Two-Dimensional Unsteady Viscous Flow in A Static Glottis,” IEEE Trans. on Signal
Processing, V. 40, No. 9, 2125.

Irons, B.M. (1970). “A Frontal Solution Program for Finite Element Analysis,” Inter. J.
Num. Meth. Eng., Vol.2, 5-32.

Ishizaka, K. (1985). “Air Resistance and Intraglottal Pressure in a Model of Larynx,” in
Vocal Fold Physiology: Biomechanics Acoustics and Phonatory Control, edited by L.R. Titze & R.C.
Scherer, (The Denver Center for the Performing Arts, Denver), 414-424.

Ishizaka, K. and Matsudaira, M. (1972) “Fluid Mechanical Considerations of Vocal Cord
Vibration,” SCRL (Speech Communications Research Laboratory) Monograph No. 8, (Santa Bar-
bara, California).

Kawahara, M. and Ohmiya, K. (1985) “Finite Element Analysis of Density Flow Using the
Velocity Correction Method,’ Inter. J. Num. Meth. Fluids, Vol.5, 981-993.

Kim, S.W. (1988a). “A Fine Grid Finite Element Computation of Two-Dimensional High
Reynolds Number Flows,” Computers & Fluids, Vol.16, No.4, 429-444.

Kim, S.W. (1988b). “Velocity-Pressure Integrated Versus Penalty Finite Element Method
for High-Reynolds Number Flows,” NASA CR-179357.

Kim, S.W. and Decker, R.A. (1989). “Velocity-Pressure Integrated Versus Penalty Finite
Element Method for High Reynolds Number Flows,” Inter. J. Num. Meth. Fluids, Vol.9, 43-57.

Kline, S.J. (1959). “On the Nature of Stall,” ASME J. Basic Eng. 81, 305-320.

Liljencrants, J. (1991). “Numerical Simulation of Glottal Flow,” in J. Gauffin and B.
Hammarberg (eds.), Vocal Fold Physiology: Acoustic, Perceptual and Physiological Aspects of
Voice Mechanisms, San Diego: Singular Publishing Group, Inc., 99-104.

Mongeau, L., Coker, C.H., and Kubli, R.A. (1992). “Experimental study of the aerodynam-
ics of a larynx model,” J. Acoust. Soc. Am. 92/4, Pt 2, 2391(a).

Rayle, R.E. (1958). “Influence of Orifice Geometry on Static Pressure Measurements,”
ASME, paper #59-A-234.

Robertson, J.M. and Fraser, H.R. (1960). “Separation Prediction for Conical Diffusers.”
Trans. ASME, Series D:J. Basic Eng., 82, 1.

Rothenberg, M. (1981). “Acoustic interaction between the glottal source and the vocal tract,”
in Vocal Fold Physiology, edited by Stevens, K.N. and Hirano, M., Univ. of Tokyo Press: Tokyo,
181-189.

Rothenberg, M. (1983). “An interactive model for the voice source,” in Vocal Fold Physiol-
ogy: Contemporary Research and Clinical Issues, edited by D.M. Bless and J.H. Abbs, College-Hill
Press: San Diego, 155-165.

Scherer, R.C. (1981). “Laryngeal Fluid Mechanics: Steady Flow Considerations Using
Static Models,” Ph.D. Thesis. (The University of Iowa, Iowa City).

NCVS Status and Progress Report « 19



Scherer, R.C. (1991). “Physiology of Phonation: a Review of Basic Mechanics,” in
Phonosurgery: Approaches to Assessment and Treatment, edited by C.N. Ford and D.M. Bless,
Raven Press: New York, 77-93. _

Scherer, R.C. (1992). “Aerodynamics Assessment in Voice Production,” in Assessment of
Speech and Voice Production: Research and Clinical Applications, edited by J.A. Cooper, National
Institute on Deafness and Other Communication Disorders, NIH., 112-123.

Scherer, R.C. and Guo, C.G. (1990a). “Effect of Vocal Fold Radii on Pressure Distributions
in the Glottis,” J. Acoust. Soc. Am. 88(S1), S150(A). .

Scherer, R.C. and Guo, C.G. (1990b). “Laryngeal Modeling: Translaryngeal Pressure for a
Model with Many Glottal Shapes,” ICSLP Proceedings, 1990 International Conference on Spoken
Language, V.1, The Acoust. Soc. of Japan, Japan, 3.1, 57-60.

Scherer, R.C. and Guo, C.G. (1991). “Generalized Translaryngeal Pressure Coefficient for a
Wide Range of Laryngeal Configurations,” in J. Gauffin and B. Hammarberg (eds.), Vocal Fold
Physiology: Acoustic, Perceptual and Physiological Aspects of Voice Mechanisms, San Diego:
Singular Publishing Group, Inc., 81-90.

Scherer, R.C. and Guo, C.G. (1993). “Intraglottal pressures for pathological glottal configu-
rations using a computational fluid dynamic approach,” (in preparation)

Scherer, R.C. and Titze, LR. (1983). “Pressure-Flow Relationships in a Model of the Laryn-
geal Airway with a Diverging Glottis,” in Vocal Fold Physiology: Contemporary Research and
Clinical Issues, edited by D.M. Bless and J.H. Abbs (College Hill, San Diego), 179-193.

Scherer, R.C., Titze, LR. and Curtis, J.F. (1983a). “Pressure-Flow Relationships in Two
Models of the Larynx Having Rectangular Glottal Shapes,” J. Acoust. Soc. Am. 73, 668-676.

Scherer, R.C., Titze, L.R., Linville, R., Hueffner, D., and Shaw, K. (1983b). “The effects of
vocal fold growths on pressure-flow relationships in the larynx,” in Transcripts of the Eleventh
Symposium: Care of the Professional Voice, edited by V. Lawrence, The Voice Foundation: New
York, 25-36.

Taylor, C. and Hughes, T.G. (1980). “Finite Element Programming of the Navier-Stocks
Equations,” (Pineridge Press, Swansea).

Titze, LR. (1986). “Mean Intraglottal Pressure in Vocal Fold Oscillation,” J. Phonetics
V.14, 359-364.

Titze, LR. (1988). “The Physics of Small-Amplitude Oscillation of the Vocal Folds,” J.
Acoust. Soc. Am., 83/4, 1536-1552.

Wegel, R.L. (1930). “Theory of vibration of the larynx,” Bell Sys. tech. J., 9, 207-227.

White, F.M. (1979). “Fluid Mechanics,” (McGraw-Hill, New York). .

NCVS Status and Progress Report + 20



NCVS Status and Progress Report - 4
June 1993, 21-27

Modulation of Fundamental Frequency by
Laryngeal Muscles during Vibrato

Tzu-Yu Hsiao, M.D.
Department of Otolaryngology, National Taiwan University Hospital

Nancy Pearl Solomon, Ph.D.
Erich S. Luschei, Ph.D.

Ingo R. Titze, Ph.D.
Department of Speech Pathology and Audiology, The University of lowa

Abstract

The variations in voice fundamental frequency (F,) that occur during vibrato production may
be produced, at least in part, by modulation of laryngeal muscle activity. We have quantified this
relation by using a cross-correlation analysis of the changes in F, during vibrato, and the changes
either in motor unit firing rate or in gross electromyographic activity from the cricothyroid (CT) and
the thyroarytenoid (TA) muscles. Two trained amateur tenors provided the data. Correlations were
generally quite strong, thus providing support for previous evidence that fundamental frequency
modulation in vibrato involves active modulation of the laryngeal motoneuron pools, especially by
the cricothyroid muscle. In addition, phase delays between muscle modulation and changes in
fundamental frequency were substantial. This finding may help provide insight regarding the
mechanisms responsible for the production of vibrato.

The variations in fundamental frequency (F,) that occur during the production of vibrato
have been reported to be associated with modulation of laryngeal muscle activity. Specifically,
examination of acoustic data and gross electromyographic (EMG) data has revealed EMG modula-
tions during normal vibrato primarily for the cricothyroid muscle (1, 2, 3, 4), but also for the
thyroarytenoid muscle (2, 3, 5, 6), lateral cricoarytenoid muscle (2, 5, 6), and the posterior
cricoarytenoid muscle (3).
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Shipp, Doherty, & Haglund (4) provided quantitative analyses of the relation between gross
muscle activity of the cricothyroid and F, modulation during vibrato. Two key findings were that
cricothyroid activity increased approximately 30% when switching from straight tone production to
vibrato for low- and mid-range pitches, and that the changes in F, followed the changes in
cricothyroid activity by approximately 110° (this is termed the “phase delay™).

The purpose of the present investigation was to further quantify the relation between the
modulation of laryngeal muscle activity with F, changes during the production of a natural vibrato.
A cross-correlation analysis procedure was used to allow for quantitative evaluation of the correla-
tion between the two signals and the extent of the phase delay. We were particularly interested in
the activity of single motor units in the laryngeal muscles. Analysis of single motor units provides
more detailed information about the neural control of the muscle, such as firing rates, recruitment
and derecruitment thresholds, and burst duration. In this study, we concentrated on the interval
between motor unit spikes for vibrato produced at various fundamental frequencies to examine if
firing rate was modulated with the vibrato cycle.

Method

Procedures , \[\«v “\J ~

Two trained amateur singers, both

tenors, produced vibrato while sustaining
single pitches. Several pitches were sampled N\W\/‘N\]\M\N\/\N\\/\\j\\]\\]\\/\

throughout their ranges. Bipolar hooked-wire —

5
stainless-steel electrodes were inserted percu- "
taneously in the cricothyroid (CT) and
thyroarytenoid (TA) muscles. Electrode Figure 1. (top) Single motor unit from the CT muscle
placement was confirmed by the usual tech- (top) and voice waveform (bottom) of Singer #1.

niques developed previously by Hirano and
Ohala (7). The voice was sensed by a micro-
phone placed approximately 30 cm from the
lips.

The EMG signal was recorded on an
FM data tape recorder and the voice was
recorded simultaneously on the tape. These
two signals were converted to digital signals
and recorded onto a personal computer using
data acquisition software (DATAQ Codas) at
a sampling rate of 25 kHz per channel. An
example of these unprocessed data is pro-
vided in Figure 1 (top panel: motor unit
activity; bottom panel: voice, average F =
285 Hz). Each record for analysis consisted

of 2 s of data. . . o
. Figure 2. (bottom) Curves representing the motor unit firing
. A curve was created frorr! the vo}ce rate (top) and the voice F, (bottom) derived from the same
signal that reflected the changes in F, with data sample used in Figure 1. Mean motor unit firing rate =
vibrato production. The fundamental period ~ 25.3 Hz; mean voice F, = 285 Hz.

T200ms
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of the voice was marked using the peak-detection algorithm of the DATAQ data analysis program
for the computer; accurate marking of each cycle was confirmed visually by one of the investigators.
Using the computer software, a constant voltage signal was then created, integrated, reset with each
peak of the voice F, cycle, and held until the next peak. This resulted in a record consisting of short
horizontal line segments whose voltage reflected the interval between each vibratory cycle of the
vocal folds. The reciprocal of this signal was calculated and plotted, creating a record of variations
in F, across time with increasing frequency represented by an upward deflection. Because of the
reset-and-hold procedure, the curve was offset in time by one cycle period. To correct this, the
value of an average F, cycle period, considered to be the best estimate of the offset, was subtracted
from the time base. The frequency curve for the voice data illustrated in Figure 1 is shown in the
bottom half of Figure 2 (average vibrato rate = 4.7 Hz). The small, high-frequency, variations in the
frequency curve reflect vocal jitter. The larger, slower fluctuations reflect the vibrato.

Analysis of records with single motor unit activity was similar to the procedure used for the
vibrato curve. Motor unit spikes were marked using the computer software’s peak-detection algo-
rithm. These marks were used to create a record of unit firing rate, exactly as described previously
for the creation of the voice F record. The curve representing motor unit firing rate was corrected
by subtracting the value of the average motor unit firing period from the time base. The frequency
(firing rate) curve for the motor unit illustrated in Figure 1 is shown in the top half of Figure 2
(average firing rate = 25.3 Hz). The horizontal line segments are longer than those in the voice F,
curve because the intervals between motor unit spikes were, of course, longer than those between F,
cycles.

Gross EMG data records were rectified and smoothed with the computer software’s moving
average algorithm. This created a curve which reflected changes in the amplitude of the EMG over
time.

The two frequency curves, for voice and motor unit activity, or the frequency curve for voice
and the amplitude curve for gross EMG, were cross-correlated. The results of this procedure on the
curves illustrated in Figure 2 are given in Figure 3. The peak of the curve corresponds to a correla-
tion coefficient of 0.86. The phase delay at this peak value is 72 ms, which based on the frequency
of the vibrato cycle (4.7 Hz), corresponds to a phase delay of 122°.

Results

For Singer #1, one particular motor "
unit from the CT was observable for pitches
D3 (147 Hz), D4 (294 Hz), and G4 (392
Hz). Twenty-eight data records were made
and analyzed for this single motor unit. The
average vibrato rate plotted against the
average F, for each of the 28 records is
plotted in Figure 4 (following page). Note

0.6 [

0.4

0.2

0.0

-0.2

-0.4

Correlation Coefficient

-0.6

that vibrato was faster at the highest of the 3 -0 ey S rnms |

pitches sung by this subject, a phenomenon 0 o5 o0 Py o
reported previously by Horii (8) but not Time (s)
observed by Shipp et al. (9). In Figure 5, the

1 e Fi 3. Results o -correlation analysis of the
average firing rate of the motor unit is igure 3. Results of a cross-c ysis of

frequency curves illustrated in Figure 2.
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plotted against the average F, for each record. It is clear from this figure that the motor unit had a
slower firing rate at the low pitch than at the higher pitches.

The correlation coefficients from the cross-correlation procedure for each of the records are
plotted in Figure 6. The best correlations were found for the middle of the 3 pitches, and were
generally good for most of the samples at the higher and lower pitches. The one sample with a poor
correlation coefficient (R = 0.11) actually involved activity of the motor unit which was well coordi-
nated with the vibrato cycle, but which was inconsistent in the number of times it fired per cycle. A
portion of this record is provided in Figure 7. Note that the motor unit fired twice per vibrato cycle
initially, then switched to a single spike per cycle and then reversed back to double spikes. The
cross-correlation procedure does not handle this situation well.

According to the phase delays calculated for the 28 data records, changes in F, followed
changes in motor unit firing rate by an average of 127.4° (SD = 10.7°). In Figure 8, the phase
delays are plotted against the vibrato rate. It appears that there may be a weak relationship such that
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0.6 - . . . right) Motor unit firing rate from the CT
' muscle of Singer #1 plotted against the

average F, for the 28 data samples. Figure

v o 6. (at left) Correlation coefficients from the
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3 * average F, for the 28 data samples from the
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the phase delays tend to be greater at the
faster vibrato rates (r = 0.395).

For Singer #2, a few single motor
units could be detected from the CT data,
but only at the low frequency end of his
range [G2 (98 Hz) and C3 (131 Hz)]. At
these low frequencies, the motor unit
discharge was inconsistent probably
because the motoneurons were close to Figure 7. (top) The data sample from the CT of Singer #1 that

their recruitment threshold. In addition, yielded a correlation coefficient of 0.11. Note the change in the

the singer’s vibrato was somewhat pattern of motor unit activity (top) with the F, modulations
inconsistent and uneven at these low associated with vibrato (bottom) over time. Mean motor unit firing

= 6.6 Hz; i = 143.

pitches. We measured 16 2-second rate = 0.0 Hzi mean voice Fy = 143
records of single motor unit activity |
from the CT for Singer #2, but only 1 f
i

|

20 Hz

200 ms

160

yielded adequate results -- the cross
correlation coefficient was 0.64, and the
phase delay was 97.3°. Gross EMG data
were obtained from both the CT and the
TA for this singer. Of the 14 data
records for the CT, including produc-
tions at 3 pitches (D4, G4, A4), the i . * !
correlations between gross CT activity : . '
and changes in F, during vibrato were 100 - s 3 os
modest (mean R = 0.5, SD = 0.13). The ' ' ' '

average phase delay was 132° (SD = VIBRATO RATE (Hz)
14°). Activity of the TA was not as well Figure 8. (bottom) The phase delays between the modulation in

. motor unit firing rate and F, modulations during vibrato plotted
correlated with the F° (12 records, mean against vibrato rate for the 28 data samples from the CT muscle of

140

120 ! L L]

PHASE DELAY (degree)
.

R =0.31, $D=0.13). The average Singer #1. The correlation coefficient for these two variables is
phase delay was 140° (SD = 15.9°). 0.395. '
Discussion

We studied modulations in the firing rate of a single motor unit from the CT muscle over a
wide range of voice F, and found that these correlated well with variations of fundamental fre-
quency during vibrato production by a trained tenor. This finding supports previous literature (1, 2,
3, 4). On average, the change in fundamental frequency followed the change in modulations of
muscle activity during vibrato by 127°. Shipp et al. (4) also found substantial phase delays between
changes in the amplitude of gross EMG in the CT and frequency changes with vibrato.

The fact that this motor unit could be studied over a relatively large range of vocal pitches
(one octave and a fourth) was quite remarkable. The CT is thought to be inactive at low pitches and
so active at high pitches that recruitment of additional motor units would obscure the view of the
motor unit being studied. This may have been a unique opportunity, although we hope that this
research can be replicated in the future. Nonetheless, the present findings are consistent with previ-
ous literature that involved measures of gross EMG.
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Gross EMG data from the CT and TA muscles for Singer #2 correlated with F, variations in
vibrato, but the correlations were not as strong as those obtained for Singer #1. This may be due to
the nature of Singer #2’s vibrato - its frequency excursions (typically 12 Hz or 0.5 semitones) were
not as extensive as Singer #1’s (typically 30 Hz or 2.0 semitones). It also may be related to the
difference in the analyses between the subjects in that the activity of a single motor unit may follow
the frequency changes in vibrato more closely than would the amplitude of gross EMG activity. The
phase delay results were quite similar. Single motor unit analyses from this subject’s data were
problematic, as described previously.

The substantial phase delays found for all data records may contribute to the understanding
of some of the basic mechanisms that produce vibrato. Studies of muscle physiology provide insight
regarding the dynamic characteristics of muscle contraction based on phase information. Mannard
and Stein (10) frequency-modulated electrical stimuli to the nerve of the soleus muscle of anesthe-
tized cats. They found that the isometric force response curves for gain and phase were fit well by a
critically damped second-order low-pass filter function. This same result was reported recently
when the nerve to soleus was electrically stimulated using amplitude, frequency, or a combination of
amplitude and frequency modulation (11). Thus, the low-pass model of isometric muscle contrac-
tion dynamics appears to be robust. '

In the low-pass model of cat soleus described by Baratta et al. (11), modulation at about 2 Hz
was associated with a phase lag of 90°. A similar corner, or “cut-off,” frequency was obtained for
the human soleus muscle (12). If this line of analysis is used in the case of the present study, the §
Hz variations in motor unit firing rate, or EMG modulation, can be considered an input modulation
to the CT muscle and the changes in F, can be considered the output of the muscle. The fact that the
phase delays were an average of 122° implies the corner frequency of CT is somewhat less than 5
Hz, perhaps closer to 4 Hz.

The fact that most singers have vibrato that is modulated at approximately 5 Hz may result,
at least in part, from the basic physiology of the laryngeal muscles. If the input to these muscles
were modulated at the same amplitude but at frequencies significantly higher than 5 Hz, the re-
sponse of the muscles would be too low to produce much F, variation. To produce such a rapid
vibrato, modulation rates would have to be extreme (i.e., the muscles would turn on and off at high
rates), and the nervous system may be incapable of this. Titze et al. (13) have suggested that the
production of vibrato involves a peripheral oscillator that shows resonant properties, either because
of physical characteristics or feedback control. Perhaps the phase lag associated with 5 Hz modula-
tion is critical to oscillation in this system, whereas the larger lags that would occur with higher
vibrato rates would be incompatible with oscillation.
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Abstract

A stabilized tremor hypothesis for vocal vibrato is investigated. The stabilizer is assumed to
be a mechanical oscillator that may contain reflex loops. Artificial stimulation of the cricothyroid
muscle in one subject showed a well-defined resonance curve of this peripheral oscillator at about
5.0 Hz. Combined artificial stimulation with natural vibrato showed that the vibrato could be
entrained by a peripheral stimulus, provided the two frequencies are separated by no more than
about +0.5 Hz. This suggests that vibrato frequencies are not “hard-wired” centrally, even though a
collection of centrally generated tremors may serve as excitation to the peripheral oscillator.

Introduction

The neural mechanisms of vocal vibrato are still being debated, but evidence is accruing in
support of the hypothesis that vibrato is a stabilized physiologic tremor in the laryngeal muscula-
ture®. Through vocal training, singers appear to be able to reduce variability in the rate and extent
of a normal 4-6 Hz physiologic tremor. It is not known whether this stabilization of frequency and
extent is facilitated by some peripheral mechanism (e.g., a mechanical load or a servo loop acting as
a “tuner”), or whether a central oscillator is influenced by training.
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A study pertinent to this question was conducted by Rack and Ross®. Sinusoidal movement
was delivered to joints in the upper extremities in people with Parkinson’s disease who exhibited
limb tremor. They found that the external stimulus sometimes entrained the tremor and sometimes
the two frequencies coexisted independently. Tremor was entrained most consistently when the
driving frequency was close to the tremor frequency. The authors argued that reflexes play a major
role in the genesis of limb tremor. Abnormal reflexes can give oscillatory instability at the periph-
ery that can then be stabilized by an external oscillator or a mechanical load.

Much earlier than this, von Holst® studied the fin movements of fish. He discovered what
he called “superposition and the magnet effect”. Two coupled oscillators can exhibit totally inde-
pendent movements, the output being a superposition of the two movements, or the oscillations can
“attract” one another like a magnet, moving together in synchrony. This can be related to the 17th
century observation by Christian Huygens that two pendulum clocks hanging on a common wall can
synchronize each other (Jackson, 1991)®, If mechanical coupling through the wall is weak, the
clocks tick independently at their own frequencies. At some critical coupling, however, they lock
onto each other and move in perfect synchrony. In the language of modern nonlinear dynamics, the
attractor for the coupled oscillators has changed from a torus (doughnut-like shape in 3-dimensional .
phase space) to a limit cycle (a closed loop in 2-dimensional phase space). Such a change in behav-
ior, called a bifurcation, is now well understood in nonlinear dynamics.

Investigations on the larynx have demonstrated that fundamental frequency (F,) of phonation
can be manipulated by external stimulation of laryngeal muscles. This suggests that an artificial
vibrato can be induced in the voice. Sapir, Campbell, and Larson® showed that stimulation of the
cricothyroid (CT) muscle had the greatest effect on F_, but extrinsic muscle stimulation added to F,
changes. Results were highly consistent across three monkeys that were studied.

Kempster, Larson, and Kistler® showed that in five normal human subjects, stimulation of
CT and thyroarytenoid (TA) muscles both had the effect of raising F. TA had a faster contraction
time than the CT, which agrees with in vitro results obtained by Alipour et al. and Perlman and
Alipour®, Stimulation of the TA muscle does not always raise F , however. Results by Titze,
Luschei and Hirano® showed that F_can decrease with TA stimulation when overall CT activity is
high and overall TA activity is low. Given this more complex result for TA stimulation, the present
study will focus only on CT stimulation.

Relative to the stabilized tremor hypothesis, it is interesting to point out that patients with
clinically diagnosed voice tremor have tremorous activity in both TA and CT, as well as in adductor
and extrinsic laryngeal muscles"®. Tremor frequencies during phonation were between 4.7 and 5.2
Hz in that study. Since this narrow frequency range is quite close to typical vibrato frequencies in
singers), it seems logical to investigate further the relationship between vibrato and tremor.

The purpose of this study was to determine whether the vibrato of a trained singer could be
altered by superimposing an artificial vibrato onto the laryngeal muscles. Presumably, if the vibrato
frequency were “hard-wired” centrally, the effect of artificial stimulation should simply be additive.
In other words, two independent modulations of the muscle force should exist, with their appropriate
beat frequencies. On the other hand, if peripheral modulation were to alter the frequency of the
neural oscillator, some form of phase locking or entrainment should be expected. We investigated
these alternatives.
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Methods

A trained amateur singer (tenor) served as the subject. He was seated in a dental chair. Pairs
of hooked-wire stainless steel electrodes were inserted into his cricothyroid (CT) and thyroarytenoid
(TA) muscles, but only data from the CT are reported here. The accuracy of placement of the
electrodes was verified by high-pitched productions. EMG recordings were normal and have been
reported previously®.

The subject was asked to choose a comfortable pitch for which he could produce long sus-
tained vowels with and without vibrato. This pitch (A, = 220 Hz) was given repeatedly as a prompt.
The length of the sustained vowels was typically 10-20 seconds at a comfortable loudness.

The hooked-wire electrodes were used for direct unilateral muscle stimulation, using a Grass
S-88 stimulator and an associated constant-current stimulus isolation. Monopolar electrical pulses,
0.5 ms in duration, were presented at the following stimulation rates: 2, 3, 4, 5, 5.5, 6, 7, and 8 Hz.
The stimulation current was made as large as possible without exceeding the discomfort level for the
subject (< 5 ma). Once the current was selected, it was held constant throughout the experiment.
The stimulation produced a clearly audible frequency modulation in the subject’s voice.

Shape and Spectrum of Muscle Twitch

Single-pulse stimulation of laryngeal muscles results in twitches that are superimposed over
the natural tetanic contraction of the muscles. The twitches obviously cannot be measured directly
in units of force, but it was demonstrated previously® that the time course and relative magnitude of
a fundamental frequency (F,) “twitch” is similar to the force twitch. Figure 1 (solid line) shows
such an F_ twitch averaged over 100 repeated stimulations when the stimulation to the CT muscle
was at 2 Hz and the subject produced no intentional vibrato. Dashed lines represent the standard
deviation over repeated stimulations.

Note that the twitch has a latency of about 20 ms (stimulus was at t = 0), rises to a peak in
about 30 ms, and falls to near baseline in another S0 ms. Thus, for a total twitch duration d (about
100 ms), the duty ratio, r, for the artificially induced vibrato is

r=dF, , ¢))
where F, is the stimulation frequency. This -
duty ratio is related to the “sinusoidalness” of
the induced vibrato. At F, =2 Hz, the duty
ratio is 0.2. For such a small duty ratio, one
would expect to see a rich harmonic structure
in the spectrum of the F_contour. As the
stimulation frequency F, increases, the spec-
trum should become weaker in its harmonic ;
structure. This is demonstrated in Figures 2 sl
and 3 (see following page), where the wave- °© 10 H 3 4 S0 e 0 & N 10
forms and spectra of computer-generated F, Time ()

twitches are shown with F, as a parameter (2 Figure 1. Average F, “twitch” pattern obtained by

Hz and 6 Hz, respectively). In Figure 2, the stimulating the cricothyroid (CT) muscle. Dashed lines

. s . show standard deviations over many sequential
magnitude of the second harmonic is 70% of stimulations.

Frequency (Hz)
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the fundamental and the third harmonic is about 50% of the fundamental. In Figure 3, on the other
hand, the second harmonic is already less than 50% of the fundamental. :
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Figure 2.(at left) (a) Simulated twitches and (b) their spectrum, with F, = 2 Hz. Figure 3.(at right) (a) Simulated

twitches and (b) their spectrum, with F, = 6 Hz.

Spectral Analysis of F, Contours

F, contours of the sustained vowels
were obtained by triggering a frequency meter
'on the positive or negative slope of the largest
peak of the microphone signal. The output
signal of the hardware frequency meter was
sampled digitally with a data acquisition
software package for an IBM PC (CODAS).
The sampling frequency for the F_ contour
was 1000 Hz and the amplitude resolution was
8 bits. Because the F, modulation was typi-
cally only 1-3% of the mean F , amplitude

0.25 8

Figure 4. Raw record of an F , contour for the stimulation
pattern shown below, with F, = 4 Hz.

NCVS Status and Progress Report « 32



35 — T T
30 t+ -
resolution of the vibrato cycle was somewhat 25 | .
less than ideal (2-3 bits). A typical F_ con- 20 L ]
tour for a 4 Hz stimulation (without natural
vibrato) is shown in Figure 4. 15 - 1
Spectra of the F_ contour were com- w 10} -
puted with an FFT algorithm. These spectra = 4| ]
showed the component frequencies of the F, P o, C ] L e L '
twitches very clearly. Figure 5(a) shows an o oo 2 4 6 8 10 12 14
example of the normal vibrato spectrum (no _E
stimulation), whereas Figure 5(b) shows an - (2)
example of the spectrum for 2 Hz stimulation & 35 ' ' ' o ' '
with no intentional vibrato. Note the lackof ~ § 30| .
harmonic structure for the natural vibrato (5.6 5 25| ]
Hz) in comparison with the rich harmonic 8;,‘ 20 | i
n

structure for the artificial (pulsed) stimula- .
tion. It might be questioned whether the
harmonics are primarily a characteristic of the
pulse shape (instead of the quantization
noise) in the F_ contour, but the spectra were

taken over a large enough window of cycles 0 2 4 8 8 10 12 14
that all quantization irregularities were Frequency (Hz)
averaged out.

Over repeated trials, the natural (b)
vibrato had a mean frequency of 5.7 Hz with  Figure 5. Spectrum of F, contour. (a) natural vibrato, (b)
a standard deviation of 0.085 Hz. In a con- stimulation at 2 Hz.

current study?, it is shown that the natural
vibrato is correlated with sinusoidal increases

. . 4-6 Hz Vibrato
and decreases in the ﬁnng rates of motor tremor spectrum Peripheral spectrum
neurons to the CT muscle, which would Neural 2N osciator :

[}

explain the simple spettrum in Figure 5.6(a). oscillator \ / \
In order to describe further details of 0 U — |
the experiment, a conceptual model of vocal Neh
vibrato needs to be presented. Specific

h)(pothescs will then be tested in relation to Figure 6. System diagram for the proposed stabilized tremor
this model. model of vocal vibrato.

A Model of Vocal Vibrato

Figure 6 shows a system diagram of the proposed stabilized tremor model of vocal vibrato.
Main components of the system are a neural oscillator and a peripheral (mechanical) oscillator. The
neural oscillator produces a spectrum of frequencies in the 4-6 Hz region, the exact distribution of
which is not known. The peripheral oscillator filters the tremor spectrum, producing a more stable
vibrato frequency. It is hypothesized that the peripheral oscillator is basically an inertio-visco-
elastic load, but not an entirely passive load. There probably are some reflex loops that, with im-
proper gains and phase delays, can make the mechanical system oscillate without a periodic input.
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Under normal conditions, however, the peripheral oscillator is assumed to act like a mechanical
filter, like the stabilizing bar used by a high-wire gymnast.

Characteristics of the Peripheral Oscillator

The precise biomechanical detail of the peripheral oscillator is not known. One possibility is
that it includes the rotation between the cricoid and thyroid cartilages to adjust vocal fold length.
Attempts to quantify this rotation have been made®'®. Membranous vocal fold length L was de-
rived as a function of normalized cricothyroid muscle activity a, and normalized thyroarytenoid
muscle activity a,. The result was

L=L[1+G(Ra,-a)] , )

where L _is the rest length (no muscle activity), G is a mechanical gain factor for range of elonga-
tion, and R is a torque ratio (maximum counterclockwise torque produced by CT divided by maxi-
mum clockwise rotation produced by TA). The possibility for a purely mechanical resonance exists
because G and R involve rotational stiffness and inertia between the cricoid and thyroid cartilages.
Thus, there may be a natural frequency of oscillation about the CT joint.

Alternatively, or additionally, a reflex loop might establish (or contribute to) this peripheral
resonance phenomenon. Note that vocal fold length in equation (2) is sensitive to a difference term
(Ra, - a) in muscle activity. Such a difference term can provide the necessary feedback for a
closed loop system. Assume, for example, that stretch receptors in the vocal folds are sensitive to a
length change AL brought about by an increase in a_. In an attempt to regulate L, the reflex system
may increase a_, but with a delayed response. The initial increase in length would then be followed
by a delayed decrease in length, causing a fluctuation in the regulation of L. This fluctuation could
reach a limit cycle (self-sustained oscillation) if the feedback gain (between the afferent AL stimulus
and the a_ response) is too large and the delay is too long. Further investigations of these phase
delays and gains are presently being conducted.

It should be kept in mind that this is only one of many possible explanations for a peripheral
mechanical oscillator. Other candidates might be vertical movement of the laryngeal framework,
strap muscle coupling of the larynx to the sternum or hyoid bone, or even an oscillatory movement
of the arytenoid cartilages. Much work is needed to clarify these mechanisms and to formulate
better hypotheses.

Testing the Peripheral Oscillator Putse

Artificial pulsed stimulation of the CT spectrum i Fospectrum

muscle should produce the resonance effect s,',‘,:;f;g;?;,, I I | I
shown in Figure 7. The peripheral oscillator / f

should selectively filter the line spectrum of a @

muscle twitch, boosting one or two of its
harmonics. This was already demonstrated in
Figure 5(b), where the second and third
harmonic of the stimulus received a boost.
These harmonics were on opposite sides of Figure 7.. System diagram for artificial stimulation of CT
the resonance frequency in Figure 5(a). muscle with pulses.
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The filtering characteristic of the
peripheral oscillator is further explored in
Figure 8, where the stimulus frequency is
varied from 3 Hz to 5 Hz and the response to
several harmonics is shown. Note that the
harmonic (or harmonics) closest to 5 Hz
always get emphasized. In Figure 8(a),
where the fundamental is at 3 Hz, both the
fundamental and the second harmonic are
boosted. In part (b), the 4 Hz fundamental
gets a greater boost than the 8 Hz second
harmonic, and in part (c), the 5 Hz funda-
mental gets a maximum boost because it
coincides with the resonance frequency of
the oscillator.

The complete response of the periph-
eral oscillator was constructed in 1 Hz steps.
Again, the protocol was to have the subject
produce no vibrato and to stimulate the CT
with pulses. The amplitude of the stimulus
fundamental (F) was measured from the
magnitude spectra of the F_contours. The
result is shown in Figure 9. Note the tuning
near 5.0 Hz, which agrees remarkably well
with the mean voice tremor frequency
reported by Koda and Ludlow®?.

Entrainment Between Natural Vibrato
and Artificial Stimulation

A characteristic of coupled oscillators
is that one oscillator can entrain another. If
one oscillator has a dominant mode of
vibration, it can pull a second oscillator into
synchrony with it. Applied to our vibrato
model, the neural oscillator could entrain the
peripheral oscillator, or vice versa. To study
this effect, it is desirable to have the fre-
quency of one oscillator under experimental
control. Without the use of brain stimula-
tion, however, and without direct manipula-
tion of some of the parameters of the periph-
eral oscillator (e.g., stiffness, mass, loop
gains, etc.), this is a difficult task.
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A less ambitious task is to see if the neural-peripheral combination of oscillators can be
entrained by artificial stimulation. This adds a third frequency to which either the neural oscillator,
the peripheral oscillator, or both can be entrained.
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Figures 13, 14, and 15 are subject data that correspond, in stimulation frequency, to the
models presented in Figure 10, 11, and 12. Comparing first Figure 13 to Figure 10, we see that
there is no entrainment at 4 Hz stimulation. A typical interference pattern is seen in part (a), with
the modulation envelope spanning about 4-5 cycles. Spectrally, a 4 Hz stimulation frequency and its
harmonics coexist with a 5.7 Hz vibrato frequency, as seen in part (b).

Comparing now Figures 14 to Figure 11, a major difference is seen. No long-term modula-
tion envelope is detected in part (a), and the spectrum in part (b) shows a single frequency at 5.5 Hz.
It is clear that the 5.5 Hz stimulus has entrained the 5.7 Hz vibrato. This occurred consistently over
four phonation trials. The same pattern was seen for the 6 Hz stimulation (Figure 15). The obvious
modulation that was present in Figure 12(a) is clearly not seen in Figure 15(a), and the frequencies
have again merged into a single line in Figure 15(b). This occurred in all of four trials. The same
kind of entrainment occurred also at 5 Hz stimulation for all trials.

Figure 16 is a summary of the entrainment pattern for all frequencies probed. Vibrato
frequency (ordinate), averaged over four trials, is plotted against stimulus frequency (abscissa).
Note that entrainment occurs over the narrow interval from 5-6 Hz. Outside of this interval, the
average vibrato frequency remains nearly constant.

A final case of interest is shown in Figure 17. Here entrainment to a harmonic of F, was
observed, but not consistently. In Figure 17(a), the vibrato is entrained to the third harmonic (6 Hz)
of a 2 Hz stimulus. In a subsequent trial, however, entrainment did not occur (Figure 17b). Either
the subject was no longer “surprised” by the entrainment effect and prepared for it in the second
trial, holding the vibrato frequency more steady, or the third harmonic stimulus was not strong
enough to entrain the vibrato in all cases due to inherent noises and threshold effects.
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Figure 13 (left). (a) F, contour and (b) spectrum for 4 Hz stimulation of the CT in the presence of vibrato. Figure 14
(center). (a) F, contour and (b) spectrum for 5.5 Hz stimulation of the CT in the presence of vibrato. Figure 15 (right).
(a) F, contour and (b) spectrum for 6.0 Hz stimulation of the CT in the presence of vibrato.
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Conclusion 4

Results of this single-subject study indicate that vocal vibrato can be altered by artificial
stimulation of the cricothyroid muscle. Specifically, the data suggest that the oscillating mechanism
responsible for vocal vibrato can be entrained by an external oscillator that twitches the muscle in a
periodic fashion. Entrainment was possible when the stimulus frequency was on the order of + 0.5
Hz away from the natural vibrato frequency. For greater separation, entrainment was not observed.

Based on the observations, it is hypothesized that natural vocal vibrato is a stabilized voice
tremor. A peripheral oscillator, which acts like a mechanical filter to artificial stimulation, either
reduces the variability of centrally-generated tremor frequencies (4-6 Hz) by resonance tuning, or
produces its own oscillation (peripherally) by feedback instability. The present experiment could
not eliminate one or the other of these possibilities, but it is clear that a peripheral oscillator is
involved in'either case.

The resonance frequency of the peripheral oscillator is not rigid. It can apparently be modi-
fied by voice training or by unusual muscle patterns. Informally, it has been reported that vibrato
frequency can change with excitement, fatigue, lack of muscle tones (as in a wobble, perhaps), or
disease. Which components of the oscillator are most variable (mechanical stiffnesses, inertial
loads, afferent loops, or contractile properties of laryngeal muscles) is not clear. Perhaps studies
with tremor patients could shed some light on this
question. In tremor patients, the stabilizing effect ' ————————T——
of the peripheral oscillator may be lost because 60
the peripheral oscillator itself becomes unstable. 50 - ]

Before this study can be conclusive, 40 - 7
several additional subjects need to be investi- 30 - n
gated. This is expected to be difficult, since 20 - -
muscle stimulation with needle insertion is risky 10 ﬁ : =

0 A ,JIL.A.A.L.
4

for subjects who are vocally trained. Studies of
this type will unfortunately always be done with
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Figure 16. Entrainment curve showing vibrato frequency Figure 17. Stimulation of the CT at 2 Hz. (a) third
versus stimulus frequency. harmonic entrains the vibrato frequency and (b) third
harmonic does not entrain the vibrato frequency.
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A major shortcoming of the study was the fact that the auditory loop was not manipulated. It
would be interesting to mask the input to the auditory system to see if entrainment occurs in the
same way. This is left for a future investigation.

-
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Abstract

During the past 25 years, there have been attempts to develop speechreading aids that pro-
vide information about nonvisible articulatory gestures. Five experiments were conducted to deter-
mine whether increasing the amount of visible articulatory information can affect speech recogni-
tion, and whether such aids might be beneficial. The experiments involved videofluoroscopy, which
allows placement of the tongue body, lips, teeth, mandible, and often velum to be observed in a
naturally-occurring sequence and time course during speech. Subjects were asked to speechread
videofluoroscopic and video images. The results suggest that making visible typically obscured
supralaryngeal articulator activity by means of videofluoroscopy does not enhance speechreading
performance. Normal hearing and cochlear implant users always performed better with the video
than videofluoroscopy medium. Subjects performed as well when the tongue was not visible in the
videofluoroscopic records as when it was visible. Training did not affect subjects’ ability to recog-
nize speech presented with videofluoroscopy. The results pose a challenge to direct-realist theory
and motor theory. Both theories posit that perceivers must recover information about articulatory
gestures in order to abstract linguistic information from the speech signal.

Recognizing speech through vision alone is extremely difficult. On average, hearing-im-
paired adults recognize only about 40% of words presented in sentence context (e.g., Tyler and
Lowder, 1992), even after many years of hearing loss and speechreading practice. Although
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speechreading is generally difficult, some individuals demonstrate remarkable skill. For instance, in
a group of 65 cochlear implant users, performance on a 100-item sentence test presented in a vision-
only condition ranged from 0% to 85% words correct (Tyler and Lowder, 1992).

Many researchers and clinicians believe that the difficulty of the speechreading task stems
from the nonvisibility of much of the oral activity that produces speech. Jeffers and Barley (1974)
estimate that only 40% of speech gestures are visible on the face. For example, tongue blade and
tongue dorsum activity cannot be viewed. The tongue tip is only occasionally visible, and only
when the talker faces the speechreader. Implicit in this belief about speechreading difficulty is the
assumption that if more articulatory activity was visible, speechreading performance would im-
prove.

Despite the fact that speechreading provides only limited speech information, the visual
signal can significantly enhance a degraded auditory signal. Tye-Murray (1992a) found that 16
adult multichannel cochlear implant users recognized an average of 39% of the words in a 100-item
sentence test using only audition. When the stimuli were presented in an audition-plus-vision condi-
tion, performance improved to 83% words correct.

If speechreading is difficult because we cannot see many articulatory events, then it might be
useful to develop speechreading aids that provide information about the events. Individuals with
impaired hearing could then use them to improve audiovisual speech recognition. During the past
25 years, there has been sporadic interest aimed toward developing this kind of assistive device
(e.g., Upton, 1968; Hochberg, Laroche, Papcun, Thomas, and Zacks, 1991; Goldberg, 1972;
Kalikow and Swets, 1972; Kunov and Ebrahimi, 1991; Papcun, Hochberg, Thomas, Laroche, Zacks,
and Levy, 1992; Pickett, Gengel, and Quinn, 1974).

Upton (1968) developed the seminal speechreading aid. It was an experimental pair of
eyeglasses that provided information about invisible or obscured speech features. Five tiny lights
were embedded into the center of an eyeglass lens. By means of a bank of low pass and high pass
filters, different lights illuminated in response to voicing (as with vowels), voiced fricatives (in
which case, the “voicing light” did not illuminate), voiceless fricatives, voiced stops, and voiceless
stops. Upton was optimistic about the eventual usefulness of the display technique although he
presented little data. He noted several problems, including the need for extensive training to inter-
pret the light patterns.

Some efforts to develop speechreading aids have attempted to include explicit information
about tongue activity in the visual display. These efforts receive impetus from theoretical assertions
that during speech perception, abstract articulatory gestures play an important role in the process
(Browman and Goldstein, 1987): speech perception may entail identifying the phonologically
relevant articulatory gestures that produce the speech signal. Papcun et al. (1992) are presently
developing a neural network system to infer glossal behavior from the acoustic signal and then
represent it in a visual display. The authors suggest that one application of this work is the develop-
ment of speechreading aids for those with impaired hearing. Individuals could listen to :he degraded
signal and simultaneously view information about tongue activity.

To date, little research has been conducted on how speechreading performance is influenced
by the introduction of visible evidence of articulatory gestures that are usually not available visually.
If it can be demonstrated that increasing the amount of available articulatory information enhances
speechreading, then an incentive will exist for developing articulatory-based speechreading aids.

The purpose of the five experiments reported in this investigation was to assess whether
increasing the amount of visible articulatory information affects speech recognition performance.
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All experiments involved videofluoroscopy and audiovideo recordings. Videofluoroscopy is a
radiographic procedure that permits two-dimensional viewing of dynamic articulatory behavior. It
allows the placement of articulatory structures such as the tongue, lips, teeth, mandible, and often
velum to be observed in a naturally-occurring sequence and time course during speech (Williams,
1989). The images appear as moving x-ray pictures. The tongue and lips appear as nonrigid struc-
tures whereas the teeth and mandible appear as rigid structures. When the talker is filmed in profile,
videofluoroscopy provides a sagittal view of the supralaryngeal articulators. Photo 1 presents a
single frame from a videofluoroscopic film. ,

Videofluoroscopy and cinefluorography (Moll, 1960; cinefluorographic films cannot visually
be distinguished from videofluoroscopic films with the naked eye) have been used extensively by
speech science researchers and speech-language pathologists. For example, Kent and Moll (1972)
used cinefluorography to demonstrate that the lingual constrictions associated with /g/ are more
anterior when the following vowel is /i/ rather than /u/. McWilliams, Morris, and Shelton (1990)
describe how videofluoroscopy can be used to obtain clinical descriptions of individuals who have
cleft palate.

The popularity of radiographic procedures suggest that they provide a reasonably accurate
reflection of articulatory behaviors. However, there are some limitations in how well they convey
articulatory information. The videofluoroscopic records present two-dimensional portrayals of
three-dimensional structures. They do not provide information about tongue grooving or about
asymmetries in the activity of the lateral aspects of the tongue. Although how the tongue displaces
over time is telling, the actual site of lingual contact for lingual consonants can only be inferred
(Kent & Moll, 1972). McWilliams et al. (1990) note that a “midsagittal view provides information
about movement of the velum and posterior pharyngeal wall and about height of the velum and velar
relationship to adenoids and posterior pharyngeal wall, but it doesn’t provide information about the
velum off midline nor about movement of the lateral pharyngeal walls (p. 165)”.

In the first two experiments, we provided information about typically nonvisible upper
articulator activity to normal hearing subjects in a vision-only condition and to cochlear implant
users in an audition-plus-vision condition using videofluoroscopy. In a third experiment, we simi-
larly tested normal hearing subjects who are experienced with viewing videofluoroscopic and
cinefluorographic images. Two of these subjects also received training for the task. In the fourth
experiment, we asked cochlear implant subjects to speechread videofluoroscopic images when the
tongue body was visible and then when the tongue body was obscured by metal fillings in the
talker’s mouth. Finally, we evaluated whether information about typically nonvisible articulatory
activity enhanced cochlear implant users’ word recognition performance beyond that obtained in an
audition-only condition.

Experiment 1

The purpose of Experiment 1 was to determine how well normal hearing adults recognize
speech when watching a videofluoroscopic film. Speech recognition scores achieved with
videofluoroscopy were compared to speech recognition scores achieved when subjects watched a
video film.
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Methods

Subjects. Fourteen adults with normal hearing, 10 female, served as subjects. The subjects
reported no history of hearing deficits or uncorrected vision problems. They were recruited through
an in-house hospital news bulletin, and they received payment for their participation.

Test stimuli. The test stimuli consisted of one sentence list from the Repeated Sentence
Frame Test (Tye-Murray, 1992b). A different ordering of the sentences was used for each of the two
test media (i.e., video or videofluoroscopy). The list contains six sets of four sentences that are
syntactically identical but differ in two or three keywords. The sentences from each set are ran-
domly presented within the list. With a few exceptions, the keywords within a set have the same
number of syllables and are interchangeable. The test is scored as the percentage of keywords
correctly identified. There are a total of 49 keywords. The sentence list is presented in Appendix A.

A female talker of general midwestern English produced the test sentences with two different
means of filming, the videofluoroscopy medium and the yideo medium. The talker had no lateral
tooth fillings. She produced the sentences with clear speech, pausing 5 seconds between each one.
The audio signal was recorded simultaneously with the visual image.

A frame rate of 60 frames per second (Skolnick, 1970) was used for both filming conditions.
This rate is rapid enough to preserve the temporal resolution of the signal. In both filming condi-
tions, the talker was filmed from a lateral view so that her profile from head to shoulder was visible.

To obtain the video films, a Panasonic videocamera (model AG-180) was used to record the
talker. The camera was mounted on a tripod and the room was well lit. Movement of the talker’s
lips, jaw, and cheeks was clearly visible.

To obtain the videofluoroscopic films, a lateral view of the talker producing the sentences
was recorded using a standard videofluoroscopic system. Skolnick and Cohn (1989) and Williams
(1989) describe the videofluoroscopic apparatus. For a lateral view the talker is positioned between
a fluoroscope and an image intensifier. The intensifier amplifies the x-ray image so that it is bright
enough to be recorded by a camera. A television camera attached to the image intensifier converts
the image into the appropriate video format for videorecording. Prior to videofluoroscopic record-
ing the talker’s tongue was coated with barium to enhance visibility of the tongue surface. During
recording, the talker stood between the fluoroscope and the image intensifier; she was instructed to
avoid unnecessary movements while talking.

Practice stimuli. Subjects were shown 10 practice sentences so they would be familiar with
a speechreading task and the test sentence structures. The practice stimuli were taken from a differ-
ent list of the Repeated Sentence Frame Test (Tye-Murray, 1992b), so were similar in structure to
the test items, but not identical. A second female talker recorded the practice stimuli. The talker’s
head and shoulders were recorded with the videorecorder camera from a frontal view. From this
perspective, the talker’s lips, jaw, teeth, cheeks, and sometimes the tongue tip were visible. Subjects
did not practice speechreading videofluoroscopic images.

Procedure. Subjects were iested individually in a darkened room, seated within arm’s reach
of a Sony Trinitron (Model KW-1926RA) television (19" screen). Prior to testing subjects com-
pleted a practice session. The audio channel was turned off so that only visual information was
available. Subjects were instructed to repeat each sentence verbatim as best they could. When
necessary, the experimenter paused the videotape between the sentences to allow the subject ad-
equate time to respond. No feedback was provided.

Immediately following the practice session, subjects saw each film medium twice in alternat-
ing order (e.g., video, videofluoroscopy, video, videofluoroscopy). Two presentations were com-
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pleted so that we could assess whether or not subjects learned the test materials with repetition. The
auditory signal was never presented. One half of the subjects began by seeing the video film and
one half began by seeing the videofluoroscopy film. Subjects were instructed to respond by repeat-
ing each sentence as best they could. The experimenter circled the keywords that were correctly
repeated on a printed score sheet. Subjects received a 5 minute break midway through the experi-
ment. Approximately 50 minutes were required to complete the practice and test sessions.

Subjects received a brief orientation to the videofluoroscopic image (but no training) prior to
the first presentation of the videofluoroscopic films. Three sequential single frames were randomly
chosen from the test film. For each frame, the experimenter labeled various anatomical structures,
including the upper and lower lips, the maxilla, the mandible, the tongue dorsum, blade and tip, and
the upper and lower teeth.

Results

The average scores for each film medium, as a function of presentation (first or second),
appear in Table 1. Performance was generally poor for both the video and videofluoroscopic test
lists, with the average scores never exceeding 7% keywords correct. Scores for the video presenta-
tions ranged between 0% and 17% keywords correct. Scores for the videofluoroscopy presentations
ranged between 0% and 11% keywords correct. A two-factor (medium, presentation) repeated
measures analysis of variance indicated a significant difference between the videofluoroscopic and
video media (F(1, 13)=5.52, p=.035), but no effect of presentation (F(1, 13)=3.07, p=.10) and no
interaction (F(1, 13)=0.56, p=.47). The means in Table 1 show that subjects performed better with
video than videofluoroscopy. They did not learn the test items with repeated presentations.

Table 1.
Means and standard deviations for Experiment 1 (N =14 subjects with normal hearing).
Presentation Medium
Video Videofluoroscopy
(% keywords correct)

First 5.5 31

(SD=3.8) (SD=3.2)
Second 7.1 54

(SD=6.2) (SD=3.9)

Discussion

Subjects showed no advantage in viewing a videofluoroscopic image as they attempted to
recognize sentence materials visually. Several possibilities may account for this finding. First, the
subjects in this experiment were not experienced speechreaders. They may not know how to attend
to visually presented articulatory information.  Experienced speechreaders may better utilize visual
information about articulatory gestures.

The second possibility relates to the poor performance of subjects with both video and
videofluoroscopy. Subjects may have to perform above a floor level before an advantage for visible
tongue activity (and velar activity) becomes apparent.
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The third possibility is that subjects in Experiment 1 were unaccustomed to viewing
videofluoroscopic images. Experienced viewers and viewers who receive training in speechreading
with videofluoroscopy might score better with videofluoroscopy than with video.

Finally, making tongue activity visible might enhance speechreading performance. How-
ever, in our experimental paradigm, this enhancement might be masked. Watching
videofluoroscopic films is like watching moving x-ray pictures. Having to view the lips and jaw “in
shadow” rather than in flesh (as with video) might introduce a performance decrement that masks
any advantage that occurs with the addition of typically nonvisible articulatory activity.

Experiments 2-4 were designed to test these possibilities.

Experiment 2

The purpose of Experiment 2 was to determine whether an advantage for videofluoroscopy
occurs when performance is above a floor level. Cochlear implant users, who are experienced
speechreaders, viewed and heard the sentences so performance would be better than that recorded in
Experiment 1. '

Subjects. Ten cochlear implant users, five female, served as subjects. Six of the subjects
wore the Richards Ineraid cochlear implant (described by Dorman, Dankowski, McCandless, &
Smith, 1989) and four wore the Cochlear Corporation Nucleus cochlear implant (described by
Seligman, 1987). Subjects were assigned a number, preceded by the letters CI (cochlear implant).
Subject data appear in Table 2. Subjects had a hearing impairment for at least 30 years prior to
participating in this experiment.

Table 2.
Profile of cochlear implant users who participated in Experiment 2.
Length of Age at Duration of
Cochlear Hearing Profound
Subject Cr+ Age Implant Use Loss Onset Deafness
(YRS) (MOS) (YRS) (YRS)
(o101 I 69 54 20 44
CI2 N 42 12 congenital 40
ci3 I 38 30 4 16
Cl4 N 56 54 8 22
CI5 I 70 - 30 15 10
Cl6 I 53 30 4 15
Cr7 N 56 18 22 28
CI8 I 73 18 33 25
CI9 I 69 54 28 7
CI10 N 46 30 16 25

CI* = cochlear implant type: I = Ineraid; N = Nucleus

All subjects receive benefit from their cochlear implant. Subjects completed the Iowa Medial
Consonant Confusion Test (Tyler, Preece, & Tye-Murray, 1986) in an audition-only, vision-only
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(filmed with video), and an audition-plus-vision condition within one year of their participation in
the current study. The auditory signal was presented at 73 dBA SPL measured at the level of the
cochlear implant microphone. This corresponds to a moderately loud conversational level. These
scores are presented in Table 3 to illustrate the benefit that these subjects obtain from using informa-
tion in the three modalities. With one exception, all subjects scored above chance in all conditions.
CI7 did not score above chance in the audition-only condition.

Table 3.
Scores on the Iowa Medial Consonant Confusion Test* for the cochlear implant users
who participated in Experiment 2,

(% Consonants Correct)

Subject Audition-Only Vision-Only Audition-Plus-Vision
cn 23% 18% 54%
cn2 28% 56% 69%
CI3 32% 37% 63%
CH4 39% 46% 74%
CI5 39% 28% 54%
CI6 55% 65% 69%
C17 3% 22% 55%
CI8 32% 18% 62%
CI9 49% 28% 76%
CI10- 41% 28% 69%

Chance performance = 8% consonants correct

Test and Practice Stimuli. The test and practice stimuli were the same stimuli used in
Experiment 1.

Procedures. The procedures were like those used in Experiment 1 with one exception.
Subjects heard the auditory portion of the signal while viewing the films. The signal was presented
at 73 dBA SPL measured at the cochlear implant earpiece microphone for both the video and
videofluoroscopy media. Noise was inherent on the videotape secondary to recording of the films
by the room environment and/or the videofluoroscopy camera and/or the dubbing equipment. The
signal-to-noise ratio for both the videofluoroscopy and video media was +14 dB. All sound pressure
level measures were made with a Bruel and Kjaer Precision Sound Level meter (model 2203) and a
Bruel and Kjaer 1/2 inch condenser microphone (type 4132), held at the level of a cochlear implant
earpiece microphone of a subject seated one arm’s reach from the television monitor. Sound pres-
sure measurements ({BA) were obtained of each stimulus sentences and the inherent noise between
each sentence for both the videofluoroscopy and the video conditions. An average speech (signal)
level and an average non-speech (noise) level was obtained for each. The average speech level was
73 dBA SPL for each condition and the average noise level was 59 dBA SPL for each condition.
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After subjects were oriented to the videofluoroscopic still frames, they were required to label
each structure with no prompting or cuing from the clinician.

Table 4.
Means and standard deviations for Experiment 2 (N = 10 cochlear implant users).

Video _ Videofluoroscopy
First 41.7 274

(SD=26.4) (SD=29.1)
Second 489 38.9

(SD=28.7) (SD=27.3)

Results

The results appear in Table 4. Scores for the video medium ranged between 0% and 88%
keywords correct. Scores for the videofluoroscopic medium ranged between 0% and 89% keywords
correct. A two-factor (medium, presentation) repeated measures analysis of variance showed a
significant effect of medium (F(1,9)=9.7, p=.013) and presentation (F(1,9)=28.9), p=.0004), and no
interaction (F(1,9)=1.37, p=.27). The video medium yielded better word recognition than the
videofluoroscopy medium and word recognition scores improved with list repetition.!

It is possible that those cochlear implant users who are able to understand audio, visual,
and/or audiovisual speech signals fairly well might perform better with the videofluoroscopy me-
dium than those who are unable to do so. They might have special skill in abstracting information
from a degraded or unusual speech signal. To evaluate this possibility, we computed Pearson
correlation coefficients between scores from the lowa Medial Consonant Confusion Test presented
in an audition-only, vision-only, or audition-plus-vision condition (Table 3) with scores obtained
during the first presentation of the videofluoroscopy Repeated Sentence Frame Test items. None of
the three correlations were significant (p>.05). However, scores from the first presentation of the
videofluoroscopy and the first presentation of the video Repeated Sentence Frame Test items were
highly correlated (r =.868, p <.001). The difference in findings might relate to the difference be-
tween recognizing nonsense syllables and sentence materials. However, Tyler, Tye-Murray, and
Gantz (1987) have shown that a strong relationship exists between cochlear implant users’ ability to
recognize nonsense syllables and their ability to recognize words in sentences. In addition or alter-
natively, the difference might relate to the fact that the same items were presented in the
videofluoroscopic and video media conditions in the present experimert, which may have strength-
ened the relationship between the Repeated Sentence Frame Test scores. Because of the different
findings, it is not clear whether an ability to recognize speech in a vision-only, audition-only, or

'We were concerned about the apparent skewness of the scores. For this reason, we repeated the analyses on the logs of the
scores. The conclusions with these analyses are the same.
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audition-plus-vision condition corresponds with an ability to recognize speech presented with
videofluoroscopy.

Experiment 3

Watching videofluoroscopic films for the purpose of abstracting speech information is a
novel task for most persons. In Experiment 3, the element of novelty was removed by employing
four experienced viewers as subjects. Two of the four subjects also received practice in
speechreading x-ray images.

Subjects. Subjects were four persons with normal hearing who have had extensive experi-
ence with videofluoroscopy or cinefluorography. Cinefluorography presents an x-ray image much
like that presented with videofluoroscopy. The primary difference of import to the present experi-
ment is that cinefluorography employs a faster film rate during filming, usually 100 or 150 frames
per second. This rate provides good resolution for data analysis purposes, but still provides real-
time motion.

Subjects were each assigned a subject number preceded by the letter S, by which they will be
identified in this report. All subjects have earned a doctorate degree in speech and hearing sciences.
Three subjects, S1, S2, and S3, are clinical speech-language pathologists who use real-time
videofluoroscopy three or four times per week to diagnose swallowing disorders. Collectively, these
three subjects have viewed more than 1500 videofluoroscopic films, with a range of 100 to 1200
films per subject. The fourth subject, S4, has been involved with cinefluorographic speech research
for more than 30 years. Subjects were paid for their participation. ‘

Procedures. The procedures were identical to those for Experiment 1. In addition, S3 and
S4 completed additional procedures approximately three months later. These two subjects received
training in speechreading x-ray images, and then were retested.

Training for S3 and S4 lasted 4 hours, and was provided over the course of 5-7 days. Two
videotapes were constructed for training purposes. Each videotape contained a different randomiza-
tion of the same 31 phrases or sentences, recorded with cinefluorography. The training items were
extracted from cinefluorographic recordings that had been obtained during experimental investiga-
tions of normal speech production. The training items were transferred to videotape. A total of four
different talkers produced training items, two of whom were female. An example of a training
phrase item is, subjects are twelve; an example of a training sentence item is, ] saw him eat soup
t00. None of the test items were practiced during training. All sentences were produced by talkers
who had no speech or hearing problems.

$3 and S4 performed two different types of tasks throughout their training program. In the
first task, subjects received a training item, and attempted to repeat it. They then read the written
text of the item, and received it again. They performed this task both in a vision-only and an audi-
tion-plus-vision condition. In the second task, they read the corresponding text before the item was
presented, repeated it aloud, received it, and then re-read the text. This task was performed in both a
vision and audition-plus-vision condition.

Results

In general, subjects performed poorly with both video and videofluoroscopy. They per-
formed better with video. S1 recognized only three keywords (of a possible 98 keywords) during
the two video presentations, and only one keyword during the two videofluoroscopy presentations.
S2 recognized eight keywords during the two video presentations, and 5 keywords during the
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videofluoroscopy presentations. S3 recognized seven keywords during the two video presentations
and no keywords in the videofluoroscopy presentations. S4 recognized seven keywords during the
two video presentations and three keywords during the videofluoroscopy presentations.
$3 did not change her performance very much following training. S3 recognized five key-

words during the two videofluoroscopy presentations following training. Thus, she improved from
0% keywords correct before training to 4% keywords correct following training. S4 showed virtu-
ally no change. He recognized four keywords during the videofluoroscopy presentations following
training, one more than before training.

Experiment 4

Watching videofluoroscopic films is not equivalent to watching a video image. The lips,
jaw, and cheek appear in shadows as opposed to solid flesh. It may be that visible tongue activity
can be useful, but that the paradigm of the preceding experiments does not allow us to document this
advantage. Having to view lip, jaw, and cheek activity in shadows may introduce a disadvantage to
the speechreading task, and may mask any advantage that arises from making tongue activity vis-
ible. ‘

In Experiment 4, we introduced a new talker who has metal fillings in almost every lateral
tooth. When this talker is filmed with videofluoroscopy, her metal fillings shield her tongue. Only
fleeting glimpses of it occur on the film record, as when the talker lowers her jaw extensively and
her tongue moves in the space between upper and lower teeth.

As in Experiment 2, we used cochlear implant users and an audiovisual condition to avoid a
floor effect. Subjects viewed test materials used in the previous experiments, and also test materials
filmed by the second talker. By comparing scores for the two sets of videofluoroscopic test materi-
als, we could surmise the contribution of visible tongue activity to speechreading performance
because both sets presented the (potentially) deleterious effects of viewing the articulators in
shadow. Any performance difference could be attributed to tongue visibility.

Subjects. Ten cochlear implant users, five female, served as subjects. Eight of the subjects
wore the Richards Ineraid cochlear implant and two wore the Cochlear Corporation Nucleus co-
chlear implant. None of the subjects had participated in Experiment 2. Tabl