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Magnetic resonance imaging (MRI) techniques were used to gather basic data to apply in
computational models of speech articulation. Two experiments were performed. In experiment
1, voice recordings from two male subjects were obtained simultaneously with axial, coronal,
or midsagittal MR images of their vocal tracts while they produced the four point vowels. Area
functions describing the individual tract shapes were obtained by measurements performed on
the MR images. Digital filters derived from these functions were then used to resynthesize the
vowel sounds which were compared, both perceptually and acoustically, with the subjects’
original recordings. In experiment 2, axial images of the pharyngeal cavity were collected
during the production of an ensemble of nine vowels. Plots of cross-sectional area versus the
midsagittal width of the tract at different locations within the pharynx and for different vowel
productions were used to derive a functional relationship between the two variables. Data from
experiment 1 relating midsagittal width to cross-sectional area within the oral cavity were also

examined.

PACS numbers: 43.70.Aj, 43.70.Jt, 43.72.Ja

INTRODUCTION

Data on vocal tract shape and dimensions are essential
to a full understanding of the articulatory and acoustical
processes involved in speech production. The acoustical the-
ory of speech production (Fant, 1960) requires us to view
the vocal tract as an acoustical tube with a varying cross-
sectional area. To support the early testing of this theory,
data on vocal tract shape were collected, largely from radio-
graphic sources (Chiba and Kajiyama, 1941; Fant, 1960,
Heinz and Stevens, 1964 ). These same data were then used
extensively in subsequent work on the acoustics of speech
production and also served as the basis for early analog mod-
els of articulation (e.g., Stevens and House, 1955). Since
these pioneering studies, and with the advent of computers,
there have been significant advances in the modeling of ar-
ticulatory and acoustic processes. Articulatory synthesizers
have gained importance as research tools (Mermelstein,
1973; Coker, 1976; Maeda, 1982; Rubin et al., 1981; Brow-
man and Goldstein, 1987) and have grown in computational
complexity. Many are able to deal with quite detailed area
functions and to account for the effects of yielding cavity
walls and other mechanisms of energy loss (e.g., Flanagan et
al., 1975; Liljencrants, 1985). Recently, there has been a
renewed interest in aeroacoustic phenomena in the vocal
tract, especially those associated with the acoustic sources of
voicing and frication (McGowan, 1988; Shadle, 1985), and
even the aeroacoustics of vowel production has received
some re-evaluation (Teager and Teager, 1983). Further-
more, models of articulation have addressed more difficult
problems such as the three-dimensional (3-D) shape of the
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tongue (Kakita and Fujimura, 1977). However, few new
data on vocal tract dimensions have been added in recent
years, and it is now widely recognized that continued prog-
ress with both the development of theory and its implemen-
tation in computer models requires more detailed data on
vocal tract shape and area functions.

Especially considering the importance of vocal tract
shape and the area function to speech research, it is indeed
surprising that so few new studies have been undertaken.
The available data are drawn from relatively few subjects
with different language backgrounds, and relate to a limited
number of speech sounds. Thus the sources of the samples
differ from one study to another and it is difficult to make
generalizations. Furthermore, the type of data that is most
urgently needed is 3-D in form, whereas most of the available
data are two dimensional. In a majority of the early studies,
measurements were made from lateral radiographic images
(e.g., Chiba and Kajiyama, 1941; Fant, 1960; Abramson and
Cooper, 1963; Heinz and Stevens, 1964; Perkell, 1969; Sund-
berg, 1969), and transverse areas of the airway were ob-
tained by applying transformations to the widths measured
from these lateral projections. However, the data on which
such transformations from width to area have been based are
also limited in quantity. Some data have been derived from
casts of the vocal tract (Ladefoged et al., 1971; Sundberg et
al., 1987), from measurements of cadavers (Heinz and Ste-
vens, 1964), from measurements made with calipers as sub-
jects tried to hold the positions associated with static sounds
(Anthony, 1964), and from less quantitative techniques
such as monoscopic fiberoptic endoscopy (Gauffin and
Sundberg, 1978). For the pharynx, Heinz and Stevens
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(1964) based their transformation on assumptions about
shapes and lateral dimensions. There have been a few tomo-
graphic studies of vocal tract shape using radiography. Fant
(1965) used a conventional radio-tomograph to visualize
cross sections of the pharynx, and subsequent studies have
used computed tomography (CT) (Kiritani et al., 1977; Jo-
hansson et al., 1983; Boe et al., 1988).

The problem of converting midsagittal width to cross-
sectional area is perhaps most difficult in the pharyngeal
region and, consequently, that is where reliable data are in
shortest supply. The results of the studies noted above have
led to a number of quite different conclusions about the rela-
tionship between the midsagittal width and cross-sectional
area of the pharynx at different heights above the larynx
during vowel production. Heinz and Stevens (1964) as-
sumed an elliptical cross section whose transverse axis
adopts a different fixed magnitude at each position along the
tract. Thus their assumption implies that there is a linear
relationship between width and area that varies with posi-
tion. Ladefoged et al. (1971) also summarized their results
as a graphical relationship between midsagittal width and
cross-sectional area that is roughly linear at each position.
Sundberg (1969), using data obtained by Fant, proposed the
relationship 4 = K-S ", where A4 is the area, K a constant,
and S'is the midsagittal width that is raised to the 1.5 power,
and, in a recent preliminary report of results from x-ray CT,
Boe et al. (1988) have also used a 1.5 power relationship to
fit their data. On the other hand, Sundberg et al. (1987) used
x-ray CT and derived a square law relationship (4 = K-S'?).
Clearly, more data are needed to clarify this relationship.

At first glance, the x-ray CT method might appear to be
the best available to collect the necessary data. It is certainly
the case that, over a substantial proportion of the total length
of the vocal tract, x-ray CT can, in principle, supply the kind
of 3-D information that is needed about tract shape. How-
ever, it has been used to image cross sections of the vocal
tract at only a few positions for only a few sounds. The rea-
son for this tentative beginning lies in the two major draw-
backs of x-ray CT. The first is that, given current knowledge
of the damaging effects of even quite low x-ray dosages, the
nonmedical use of x-rays on research subjects must be strict-
ly limited. Consequently, it is not possible to obtain even one
set of serial CT sections at intervals on the order of § mm
along the vocal tract without exceeding by several times
what many regard as an ethically acceptable risk. The sec-
ond reason is the limited maneuverability of the subject with
respect to the x-ray system. Conventional x-ray CT systems
have only a transaxial imaging capability and a table that can
be tilted through an angle of up to 45 deg with the subject
securely attached. These systems are best suited to imaging
the pharyngeal airway of a supine subject because there is
only sufficient adjustment to obtain images in planes that are
orthogonal to the pharyngeal axis. Repositioning the subject
in an effort to maneuver the imaging plane around the bend
in the vocal tract and into the upper tract (e.g., by tilting the
head with respect to the body) fails because the change in
head posture invariably induces significant changes in tract
shape.

Alternative methods can be used for obtaining shape
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information, but all have limitations. Point-tracking meth-
ods, such as the x-ray microbeam (Fujimura et al., 1973)
and magnetometers (e.g., Schonle et al., 1987), can supply
dynamic information about the movement of structures in
the oral cavity, but they are designed to obtain measure-
ments only in the midsagittal plane and they cannot supply
detailed information about shape. Scanning ultrasound has
been used to generate dynamic images of the tongue surface,
either in the midsagittal or transverse planes (Shawker et al.,
1984; Shawker and Sonies, 1984; Stone, 1990), but it has
been useful over only a limited part of the tongue, since for
imaging purposes ultrasound does not propagate across tis-
sue boundaries with air and very weakly across boundaries
with bone (Minifie et al., 1971). The transmission properties
of ultrasound have confined its use to mapping portions of
the anterior surfaces of the airway. And, lastly, a stereo fiber-
optic endoscope can, in principle, supply quantitative infor-
mation from the pharynx, but, at present, this instrument
has not achieved its potential (Fujimura ez al., 1979).

Magnetic resonance imaging, however, is free from
many of the disadvantages associated with the methods we
have mentioned, although it does have some drawbacks of its
own. Among its advantages is the fact that MR technology
produces tomographic images that appear similar to those
produced by CT but without using ionizing radiation and in
three orthogonal planes without tilting the table or reposi-
tioning the subject. While in a CT image the pixel values
represent the x-ray transmittance of a given volume element
of tissue, in an MR image the signal intensity depends on the
density of hydrogen nuclei in a tissue element and their mag-
netic relaxation times 7' 1 and T 2—variables that are deter-
mined by the atomic environment of the protons within each
molecule. MR techniques involve the use of strong magnetic
fields to align the magnetic moments of the hydrogen nuclei
and the use of high radio-frequency impulses to set them into
resonance. These techniques have no known harmful side
effects. Furthermore, images can be obtained with accepta-
ble resolution (about 100 pixels/cm?) from slices that pass
through any point of interest in the vocal tract.

One of the major disadvantages of the MR technique is
the time required to perform the imaging process, a period
ranging from several tens of seconds to several minutes using
the most commonly available equipment and techniques.
Therefore, if speech sounds are to be studied, they must be
sustainable for the duration of the acquisition process and
may, as a consequence, be subject to fatigue effects. (In con-
trast, CT and ultrasound images can be obtained in under 3 s
although the signal/noise ratio of the latter is not as high as
that in MR images.) Additional difficulties stem from the
fact that calcified structures (bone and teeth) contain little
mobile hydrogen and are indistinguishable from the airway
in many images. Consequently, measurements of airway di-
mensions may incorrectly include space occupied by the
teeth. A further drawback stems from the fact that the reso-
lution of air-tissue boundaries can, in part, depend on the
thickness of the tissue section that generates the MR signal
and, to obtain images of sufficient quality for measurement
purposes, that thickness can need to be 0.3-0.8 cm. (In com-
parison, the thickness of CT and ultrasound sections can be
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as low as 2 mm.) Thus there is a tendency for the imaging
process to reduce 3-D information to two dimensions, al-
though this tendency is offset to some degree by a slice pro-
file (weighting function) that emphasizes the contribution
of the MR signal received from the central plane of a slice
relative to that received from its two outer faces. Further-
more, the fact that successive slices are usually spaced at
intervals approximately equal to their thickness determines
the frequency at which the cross-sectional areas are sampled
along the tract and, ultimately, the degree to which area
functions can specify articulators such as the tongue whose
precise shape and place of constriction has been shown to be
a sensitive determinant of formant frequency values (Lin,
1990). Next, it must be pointed out that there is often a great
deal of acoustic noise associated with the MR imaging pro-
cess because magnetostrictive effects induced by the rapid
switching of magnetic fields produces loud sound impulses
that seriously interfere with attempts to record the subjects’
productions. And, finally, it should be said that, unlike later-
al x-ray and ultrasonic imaging techniques and like x-ray
CT, MR requires that the speech sounds be produced by
subjects who must lie in a position not commonly used for
speaking. Therefore, there is a valid, and as yet unanswered,
question whether prolonged periods of exposure to a posteri-
orly directed gravity vector does measurably affect the per-
formance of the speech organs. However, notwithstanding
all these caveats and limitations, and because MR imaging is
a rapidly evolving field, there is reason to be optimistic that
many of the most serious problems will eventually be over-
come. Even now, MR appears to offer the best opportunity
to obtain data on the vocal tract shapes associated with sus-
tainable speech sounds such as vowels, laterals, and frica-
tives.

In early work on this study (Baer ef al., 1987), we se-
lected two male subjects and collected two series of MR im-
ages representing the entire lengths of their vocal tracts as
they produced the vowels /a/ and /i/. In subsequent imag-
ing work, reported here, we have expanded that repertoire to
include the vowels /2/ and /u/, thus completing the set of
point vowels, and have progressed further to obtain images
of the pharyngeal region for a larger family of nine vowels.
The MR images, up to 0.8 cm in thickness, were obtained in
the midsagittal plane and the two orthogonal planes at inter-
vals of S mm. In this report, we begin with a description of
the MR methods and what they can reveal about the vocal
tract. We then proceed to two quantitative studies. In experi-
ment 1, we use MRI data to derive vocal tract area functions.
The subjects’ original vowel utterances are analyzed and
their formant frequencies compared with those of wave-
forms synthesized on the basis of the measured area func-
tions. In experiment 2, we study the relationship between
midsagittal width and cross-sectional area at different points
in the vocal tract.

. METHODS
A. Image acquisition: Experiments 1 and 2

The data reported here were collected in two experi-
ments performed over a period of 4 years using two different
MR machines. Both experiments were performed on the
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same two male subjects, TB and PN, who weighed approxi-
mately 65-70 kg and were 183 and 175 cm in height, respec-
tively. They were native speakers of English; TB’s dialect
came from Nassau County, New York, and PN’s dialect
retained features of Somerset county, in the southwest of
England. Neither subject had received any formal voice or
phonetic training.

1. EMR Machine (experiment 1)

The first experiment employed an experimental MR
(EMR) machine—a whole body imaging system, developed
at Yale University in collaboration with General Electric
and based on a resistive magnet (Oxford Instruments)
which generated a field strength of 0.15 7. This machine
permitted the introduction of apparatus for head stabiliza-
tion, sound recording, and reproduction. It was used to col-
lect data representing the vocal tract configurations of two
male subjects covering the full length of the tract from the
larynx to the lips while they produced the four point vowels
/aaiu/.

Each subject lay in the supine position on a horizontal
patient couch with his head inside a saddle-shaped radio-
frequency (rf) coil for receiving the resonance signal (Baer
et al., 1987). Since it took about 3 to 4 h to collect all the
images needed to specify a given vocal tract configuration,
and it was necessary to complete the work in two or more
sessions, a cephalostat was used to ensure that the subject’s
head could be returned to its original position. This device
consisted of a custom-made head mold attached to a rigid
base and, hinged from that base, a plastic locating wand
which was designed to make contact with the subject’s nose.
This device provided sufficient tactile sensation at the nose
to inform the subject of the need to minimize residual head
movements. The base itself was attached to the couch by
means of a positive tongue and slot mechanism, thus en-
abling the head to be restored to the same position at the
beginning of each experimental session. In an attempt to re-
tain the same vocal tract shape over long periods and reduce
any tendency to vary vowel quality, the subjects were
equipped with an ear insert and plastic tube through which
they heard a canonical production of the target vowel. The
source of the vowel was a prerecorded tape. Recordings were
made of the subjects’ vocal output with an electret micro-
phone placed inside the magnet a few cm from the subjects’
lips. A screened cable of length 4 m connected the micro-
phone to a battery-powered amplifier which, in turn, was
connected to a tape recorder located outside the electromag-
netic shield enclosure. The sound recordings were later digi-
tally analyzed both to gain evidence of any deviations from
the vowel targets during image acquisition——deviations that
might undermine the accuracy of the images—and to obtain
the formant frequencies to be compared with the calculated
frequencies of resonance using area functions derived by a
digital analysis of the images.

The subject’s couch carried a scale graduated in cm and
was designed to translate linearly under rack and pinion con-
trol along its major (z) axis into the bore of the magnet. A
9.5-cm displacement of the couch permitted a segment of a
subject’s vocal tract, from the superior margin of the verte-
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bral axis to the inferior margin of the sixth cervical vertebra,
to be examined. This represented the region from the hard
palate to the glottis, or the space immediately beneath, de-
pending on larynx height. The procedure involved the acqui-
sition of multiple parallel contiguous axial slices over the
9.5-cm range using a partial saturation spin-echo imaging
sequence with a repetition time TR, of 200 ms and echo delay
time TE of 11 ms to achieve optimum soft tissue contrast and
good signal-to-noise ratio (Bradley et al., 1983). This com-
bination of sequence parameters gave the image a desirable
T 1 weighting. Each image was acquired as 128 phase encod-
ed projections and reconstructed by a two-dimensional
Fourier transform to represent an 0.8-cm-thick slice. Slices
were spaced at 0.5-cm intervals. Each projection was the
average of eight single echoes (four phase cycled pairs) that
were each sampled 128 times. A total acquisition time of 3.4
min was required for each 128 x 128-pixel image which was
interpolated to 256 X 256 pixels for display. Contiguous cor-
onal slices of the same thickness and displaced along the p
axis were also obtained at intervals of 0.5 cm by offsetting the
rf pulse frequency. These images nominally spanned the re-
gion of the vocal tract from the posterior wall of the pharynx
to the lips. The subjects were instructed to produce each
selected vowel in a sustained monotone for about 15 s
between brief inspirations, and to continue doing so
throughout the 3.4 min required for image acquisition. Up to
19 axial images and 18 coronal images were required to spec-
ify the entire length of the vocal tract; thus the subjects re-
peated each point vowel over many image acquisition cycles.
Not all of the axial and coronal images were equally clear.
On several occasions the EMR machine produced poorly
resolved images in the region anterior to the alveolar ridge
and in the neighborhood of the glottis. These images were
not wholely adequate for measurement purposes and may
have been a source of error.

2. SIGNA machine (experiment 2)

The second experiment was carried out on a General
Electric SIGNA machine specifically designed and primar-
ily used for diagnostic purposes. The competing demands on
this machine placed limits on the experimenters’ freedom to
install equipment that would provide some normally desir-
able safeguards against experimental error and also limited
the available experimental time. For example, circum-
stances did not permit the use of a cephalostat or sound re-
cording and reproducing facilities and, in deference to time
limitations, the majority of the image data selected for col-
lection was confined to axial images of the pharyngeal cav-
ity.

However, some of these disadvantages were offset to a
considerable degree by the fact that the SIGNA machine
employs a superconducting magnet that develops a higher
flux density (1.5 7). This feature makes possible a higher
imaging speed than that provided by the EMR system and
did much to offset the need for rigorous head stabilization. A
full set of images for a given vocal configuration could be
obtained in less than 30 min. Axial images were obtained
during productions of the four point vowels and five other
intermediate vowels /1 ¢ 5> v A/. For one vowel /i/ produced
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by both subjects, a complete set of coronal and midsagittal
images was obtained in addition to the axial images; how-
ever, only the axial images of /i/ were analyzed.

The supine position was again adopted for both subjects.
Each subject placed his head in a padded universal cranial
molding with a built-in rf coil serving both transmitting and
receiving functions. To restore the head to a predetermined
position, laser reference beams were employed to define the
volume of tissue to be imaged, and a digitally controlled mo-

(W)

FIG. 1. Midsagittal images of the vocal tracts of both subjects, (a) TB and
(b) PN, obtained during production of the vowel /i/. Soft-tissue organs of
speech are seen more clearly than in a lateral x ray. Calcified structures such
as teeth, bone, and some cartilage are outlined by soft tissue boundariessuch
as fat, gum tissue, or the tongue. The posterior projection of the epiglottis of
subject TB, as compared to PN, was a source of differences in midsagittal
width between the two subjects. The images of nose and lips on the right
edge, and cortex at the bottom of each frame are aliasing artifacts.
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tor conveyed the couch and subject the required distance
into the bore of the magnet. The subjects employed the same
vowel production technique used in the earlier study.
Multislice T 1-weighted spin echo images were obtained
using the two-dimensional Fourier transform method. Each
image was acquired with TR = 800 ms, TE = 20 ms, using
an image matrix of 256X 256 over a field of view of 20 cm.
Usually a single acquisition (NEX = 1) was used for each of
the 256 phase encoded projections. At the higher field
strength and consequently higher magnetic resonance fre-
quency (64 MHz), the images with TR = 800 ms demon-
strated similar contrast to the low field images at TR = 200
ms because T'1islonger at higher frequencies. The longer TR
also permitted the simultaneous acquisition of up to 17 par-
allel slices. In multislice mode, after each echo is acquired
from one location, the rf pulse excitation frequency is incre-
mented and selective pulses are transmitted to produce an
echo from an adjacent location. This process is repeated rap-
idly and permits the acquisition of one projection from each
of up to 17 separate slices in the interval TR but takes no
longer than the time required to produce one image (3.4

(b)
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min). However, the procedure also produces a continuous
noise generated by magnetostrictive reaction to the gradient
switching, which occurs at a frequency of about 50 Hz. This
noise precluded the use of a microphone to record the sub-
jects’ vowel productions during image acquisition and would
have made problematical the task of presenting canonical
productions, had there been sufficient time available to at-
tempt it. Therefore, to tell the subject which vowel to pro-
duce next, an experimenter would confirm instructions al-
ready conveyed over the intercom system by briefly entering
the magnet room before image acquisition and repeating the
vowel to ensure that it had been heard correctly. Figures 1-5
show examples of images generated by the SIGNA ma-
chine."'

B. Measurement of cross-sectional areas: Experiments
1and 2

With minor exceptions, the same methods of image ac-
quisition and dimensional measurement were used in both
experiments 1 and 2. In this section, we describe the proce-
dures used to obtain the dimensional measurements.

FIG. 2. (a) Examples of axial im-
ages near the base of the epiglottis.
The aryepiglollic folds separate the
central larynx tube from the piri-
form sinuses on either side. White
structures anterior to the airway are
the pre-epiglotiic fat pad and cartila-
ginous tissue at the base of the epig-
lottis. The image plane includes the
lower edge of the chin for subject PN
(right) but not for TB. (b) Axial
transections of the pharynx and
epiglottis at a level 2.5 cm higher
than the preceding images. The body
of the epiglottis appears as a cres-
cent-shaped figure in the vocal tract
airway. The hyoepiglottic ligament,
which extends from the epiglottis to
the hyoid bone and the base of the
tongue, can be seen (left) in the mid-
line anterior to the epiglotlis.
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(a)

(b)

1. Boundary tracing

The vocal tract airway was identified in each 256 X256
pixel image and the profile of the image density gradient was
plotted along vertical and horizontal lines passing through
its center. Then, using a trackball or graph pen, the contour
defined by the 50% level of the density profile was traced by
hand, under X3 magnification to minimize tracing errors,
thus yielding a set of x, y pixel coordinates that followed the
perimeter of the airway. In the case of SIGNA images ac-
quired in experiment 2, closed air-tissue boundaries such as
typically occurred in the pharyngeal region, were traced by a
computer algorithm, which automatically followed the 50%
density contour and obtained the sets of x,y coordinates
(Martelli, 1976). The boundaries of structures found within
the airspace such as the uvula and the epiglottis were traced
separately. Along the upper vocal tract, where the image
plane intersected the teeth, the lack of a detectable air-tooth
density gradient prevented use of the automatic tracing pro-
cedure. In these circumstances, we traced the boundaries by
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FIG. 3. (a) Axial transections of
the pharynx at a level 4.5 cm
above the level shown in Fig.
2(a). An angularly shaped air-
way boundary can be seen that
includes a V-shaped tongue
groove. The groove is associated
with pgenioglassus muscle activ-
ity that typically accompanies
the production of high front
vowels. The lower teeth appear
in contrast to soft gum tissue. (b)
Axial images that show the vocal
tract shape at the level of the at-
las (Cl), a distance of 6.5 cm
above the images shown in Fig.
2(a). The lateral masses of the
C1 are apparent, as well as the
centrally placed odontoid pro-
cess (dens), an extension of the
axis (C2). Nustrated in the left
image (TB), the uvula is seen ad-
jacent to the posterior pharyn-
geal wall. The right-hand image
(PN), from aslightly higher lev-
el, transects the lower region ol
the velum that separates the vo-
cal tract from the nasal cavity. In
both images, the lateral and me-
dial pterygoid muscles are seen
lateral to the vocal tract.

hand, under magnification, using data on tooth size and lo-
cation obtained from x-ray images and visual estimates. Fig-
ures 6 and 7 show examples of boundary tracings obtained
from EMR images of tract configurations for the vowels /i/
and /a/.

2. Calibration of images

As a precautionary test of the EMR machine, a calibra-
tion procedure was devised. This procedure employed a
16.5-cm-long wedge made from 6.5-mm-thick Plexiglas and
filled with mineral oil. Axial, midsagittal, and coronal im-
ages of this structure were acquired and the perimeters of the
strong resonance signal emitted by the oil were measured
and compared with the known interior dimensions of the
wedge. From this comparison, calibration factors were de-
rived that established the number of pixels per cm in each of
the three planes. Similar calibration tests were not underta-
ken on the SIGNA machine because reliable calibration data
were already available and imaging time was in short supply.
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(a)

(b)

3. Effects of tract motion

Blood flow and respiratory motion introduced artifacts
that tended to blur air-tissue boundaries. These artifacts
were easily identified and the errors that might have been
generated by the boundary tracing algorithm were mini-
mized by substituting hand tracing. Another form of motion
arose from the subjects’ inability to reproduce exactly the
same vocal tract configuration in each of up to 20 consecu-
tive 3.4-min image acquisition cycles attempted during the
course of a typical 2-h session in the EMR imager. Thus even
two consecutive images of the same location in the tract did
not yield precisely the same area measure. Analyses of sam-
ple groups of six repeated images made hours or days apart
showed the standard deviation of the variation to be within
6% of the mean area and extreme variations in pharyngeal
area to approach as much as 15%. In light of the necessarily
long session lengths involved, particularly in experiment 1,
fatigue probably caused variability in the vocal tract shape
and consequent variability in the dimensional and acoustic
measurements. It may be assumed that fatigue was a less
disruptive factor in the pharyngeal data collected by the
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FIG. 4. (a) Coronal sections tran-
secting the anterior region of the
pharynx. The image from TB (left)
originated from a slightly more an-
terior plane than the image from PN
(right). The vocal tract airways in
both images are bound laterally by
tongue muscle. Superior to the pal-
ate, the two halves of the nasal tract
are separated by the nasal septum
(TB), and the conchae are seen
abutting its lateral walls. The sphe-
noid sinus appears as a dark space
above the nasal cavity (PN). At the
inferior margins of the airspaces are
the connections between lingual and
laryngeal structures. For TB, the fat-
ty tissue at the base of the epiglottis
and the ventricular folds appears
above the darker boundary of the la-
ryngeal ventrical. For PN, the out-
line of the epiglottis appears above
the superior margin of the thyroid
cartilage. (b) <Coronal sections
through planes located 1.5 cm anter-
ior to those shown in the preceding
images. The airway has become a
small channel between the domed
hard palate and the grooved surface
of the tongue. For TB, the groove is
sharp and deep because the the im-
age plane transects the tongue sur-
face obliquely. Lateral to the tongue
dark areas represent the jaw bone
and lower teeth. Above the palate,
the nasal airway passes through the
turbinates, and is bounded by the
maxillary sinuses.

SIGNA machine because of its shorter image acquisition
time. However, no repeated images were collected during
experiment 2 to verify this assumption.

C. Determination of area functions: Experiment 1

In this section we describe the steps involved in deriving
area functions from the sets of airway boundary tracings
sampled in Figs. 6 and 7.

1. Airway volume reconstruction

The sets of axial and coronal boundary coordinates were
first placed in their correct relative positions in a 3-D matrix
whose cell density was the same as the pixel density of the
original image arrays. Next, the cells located within each
image boundary were labeled with nonzero values to distin-
guish the region occupied by air from the surrounding tissue.
Cells representing the uvula and epiglottis were set to zero to
prevent the areas of these structures from being included in
the airway. Then, the 0.5-cm unoccupied spaces between
successive contours were filled by a process of duplication
that effectively thickened each axial or coronal section until
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(a)

it bridged half of the gaps between itself and adjacent sec-
tions. In this manner, a 3-D digital volume of labeled cells
was formed. Figures 8 and 9 show the surfaces of two of these
volumes, representing the airways of two vowels, drawn in a
3-D format. The images are plotted from a number of differ-
ent perspectives by a subroutine selected from the NCAR
graphics software (Henderson and Clare, 1979).

Variations among repeated productions of the same
vowel] are the principal cause of the occasional, and other-
wise inexplicably abrupt, changes in area between adjacent
cross sections of the point vowels shown in Figs. 8 and 9.
When such discontinuities were noticed early enough, and
the opportunity to reacquire some images remained avail-
able, new image data were collected. However, because the
acquisition of necessary data processing equipment and soft-
ware lagged behind data collection activities, not all of the
noticeably abrupt changes in area were caught early enough
to permit image reacquisition.

The issue of whether a discontinuous datum should be
retained, omitted or replaced because of its failure to be con-
sistent with its neighbors (or with the experimenters’ as-
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FIG. 5. (a) Coronal sections ac-
quired in planes of intersection lying
close to the narrowest oral constric-
tion formed during production of the
vowel /i/, a distance of 3.0 cm from
the planes shown in Fig. 4(a). The
tongue fills most of the palatal dome,
leaving a small channel at the mid-
line. For TB (left), the tongue also
fills the space between the upper and
lower molars which, in contrast, ap-
pear as dark spaces. For PN (right),
upper and lower teeth also appear to
be parted and the nasal airway and
maxillary sinuses are still visible. (b)
Coronal images that transect the
constricted front cavity of the vocal
tract at a distance 4.5 cm anterior to
Fig. 4(a). For TB (left), the tongue
again fills the space between the up-
per and lower incisors which are seen
imbedded in the mandible. The live
tissue of the mandible surrounds a
round calcified structure, the mental
protuberance, located on the mid-
line.

sumptions about the underlying anatomy) was resolved in
the following way. There were two stages in the data process-
ing at which this issue came to the fore. During the airway
boundary-tracing stage, if the shape or area of the boundary
appeared inconsistent with neighboring sections and a better
conforming boundary existed (e.g., the nonconforming
boundary may have been derived from one of the last two or
three image-collecting cycles in a given session that were
customarily repeated at the beginning of the following ses-
sion), the better fitting or more plausible boundary was se-
lected. If no substitute boundary trace existed, then the exist-
ing observation was preserved intact. Among the potential
causes of unusual irregularity were image distortion due to
changes in the intake temperature of the water supply used
to cool the magnet of the EMR system and the presence of
increased pixel noise due to fringe effects at the ends of the
receiver coil. Occasionally, as a result of applying the above
data-processing rules, the boundaries of minor structures
within some images would be omitted. For example, a sinus
cavity that made its appearance in one image would fail to
show up above the threshold (determined by the mid point
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FIG. 6. Digital tracings of axial images of the vocal tract from the EMR
machine taken during the production of two point vowels (col. 1, TB/a/:
col. 2, TB/i/: col. 3, PN/a/: col. 4, PN/i/). All tracings are oriented with
the anterior region of the pharynx at the top of each cell. Cell labels indicate
approximate distance in cm from the glottis (G). One of the piriform sin-
uses in col. 1 is absent because it did not meet the threshold criterion. Arrow
(A) indicates the tongue groove and arrow (B) the uvula.

of the gradient of the airway boundary) in a succeeding im-
age, despite being visible to the eye. Under these circum-
stances, the structure would be ignored despite the fact that
it might reappear again in a third image. This practice was
responsible for the isolated islets that appear, as if suspended
in space, in Figs. 8 and 9.

Thus, to summarize the data-processing procedure, we
endeavored to avoid post facto data selection and manipula-
tion and to rely solely upon computer-evaluated objective
criteria based on the properties of image gradients to deter-
mine the paths of the boundary contours and their inscribed
areas.

2, Calculation of area functions

An area function was derived from the digital represen-
tation of each airway volume described above. The areas
were measured from a series of planes spaced at intervals of
about 0.5 cm along the approximate midline of the tract. The
reference frame or grid system used to locate those planes is
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FIG. 7. Digital tracings of coronal images from the EMR machine. The
tracings are oriented with the palate vault uppermost. Distances from the
lips (L) measured in cm are indicated in each cell. This figure, and the
figure that precedes it, illustrate the striking differences in both pharyngeal
and upper vocal tract area that are characteristic of the vowels /a/ and /i/.
Arrow (A) indicates the dome of the palate and arrow (B) the surface of
the tongue.

shown in Fig. 10. Close antecedents of this grid are the sys-
tems used by Heinz and Stevens (1964), Ladefoged et al.
(1971), and Mermelstein (1973) although, from this group,
the system we adopted resembled most closely that of Mer-
melstein. In particular, the horizontal gridplanes are coinci-
dent with the axial sections and are spaced at 0.5-cm inter-
vals starting in the region of the larynx. The vertical
gridplanes coincide with the coronal sections and have the
same spacing in the anterior part of the oral cavity. The tran-
sition between these regions is bridged by a 90-deg arc with a
radius of 4.2 cm—selected because, with suitable vowel-by-
vowel adjustments of the origin, a passable fit to the midlines
of all four point vowel tract configurations could be found by
eye. Radial gridplanes span the arc at 7.5-deg intervals and,
thus, intersect the tract midline every 0.55 em.

The areas of the airway (including all cavities with con-
nections to the main airway) intercepted by the grid planes
were calculated by Simpsons Rule and converted to cm” with
the aid of calibration factors. Adjustments of the area values
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FIG. 8. Compuler-generated views of the airway shape adopted for the
vowel /u/ and shown for subjects TB (left column) and PN (right column)
from four different perspectives. The original images from which these plots
evolved were acquired by the EMR machine.

were made by linear interpolation to correct for the slight
undersampling of the arc, and the adjusted values were then
tabulated as a function of their distance from the larynx.
Repeating this procedure for each point vowel led to the
generation of four area functions for tract lengths computed
to the nearest 0.5 cm. Next, for the purposes of comparison,
four additional area functions were generated, each omitting
the areas of the sinuses. Finally, from each of these data sets,
area values were linearly interpolated at intervals of 0.875
cm and employed in waveform calculations using the Kelly
and Lochbaum (1962) method, as implemented by Rubin ef
al. (1981).
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FIG. 9. Computer-generated views of the airway shape adopted for the
vowel /ae/. This figure and its predecessor show examples of larger than
usual discontinuities between adjacent sections due to the subjects’ inability
to precisely repeat vocal tract configurations.

D. Convergent evidence from other sources:
Experiment 1

Measurements relating to the cross-sectional area of the
oral cavity, the overall length of the vocal tract and the
acoustics of the subjects’ original vowel productions were
obtained. Their use in refining and assessing the accuracy of
the area functions is reported in this section.

1. Oral-dental impressions

With a view to avoiding the error of including areas
occupied by teeth as contributing to the airspace, the cross-
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Grid System Superimposed on Sagittal MR
Section of the Vocal Tract. Subject PN: Vowel A/

FIG. 10. Gridplane system used to define points of transection of the central
axes of 3-D digital models of the vocal tract at intervals of approximately 0.5
cm. The grid is shown superimposed on a digitized tracing of the midsagittal
section of a tract shaped for production of the vowel /i/.

sectional areas derived from coronal images of the oral cav-
ity were checked against estimates obtained from dental im-
pressions. Vinyl polysiloxane (3M) impression molds were
made of each subject’s palate and dentition and repeated 0.5-
cm sections were then cut with a rotary slicer in the coronal
plane. The outlines of the sections were hand-traced in digi-
tal form by means of a graphics tablet and superimposed on
corresponding coronal images identified by means of palate
height, dental root structure, and related anatomical fea-
tures. Each of the existing hand-drawn boundary lines was
then compared with the new digitized sections obtained
from the dental molds and, where necessary, redrawn to re-
flect the presence of dental constrictions.

2. Comparison of MR iract lengths with x-ray data

The combined uncertainty arising from the 0.8-cm
thickness of the MR sections and the lower signal-to-noise
levels at the lips and larynx owing to their proximity to the
extreme ends of the EMR receiver coil, led the experi-
menters to the conclusion that the length of the tract could
not be determined to better than about + 0.6 cm at each
end. Therefore, as an independent means of verifying the
tract length derived from the MR data, sagittal Xerographic
x-ray images were obtained from both subjects while they
repeated each of the four point vowels in a supine position
closely resembling that adopted in the MR machines. The
importance of duplicating the MR posture had been brought
to our attention by the earlier study of Baer et al. (1987). A
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barium paste was used to enhance the visibility of tract boun-
daries and, with the aid of a map measure and ruler, the tract
center line was traced by hand from each Xerograph. Final-
ly, using as a scale of reference the image of a phantom of
known dimensions fixed to each subject’s midplane during
the x-ray exposure, the measurements of tract length were
calibrated and the distances along the midline of the tract
from the glottis to the lips were determined to within about 1
to 2 mm.

3. Acoustic analyses of original utterances

The acoustic resonances of tubes having the derived
area functions were calculated by the version of the Kelly-
Lochbaum algorithm used in Mermelstein’s articulatory
model (Mermelstein, 1971; Rubin et al., 1981). To compare
these resonances with those of the original productions, the
recordings of vowel productions made during image acquisi-
tion by the EMR machine were analyzed acoustically. The
procedure used involved the extraction of the first three for-
mants, by means of a 14-pole LPC analysis of successive
25.6-ms-long frames, the formation of independent histo-
grams for the frequencies of each of the three formants, and
the identification of the mode of each distribution. The pur-
pose of this procedure was to achieve the automatic rejection
of all portions of the original vowel signal that were acousti-
cally contaminated by the magnetostrictive impulses, which
constituted about 17% of the total signal, since the exponen-
tial decay time of each pulse was 40 ms in duration.

4. Perceptual analysis of computed vowel waveforms

To ascertain the perceptual acceptability of the vowels
that would result from sound excitation of the area func-
tions, four groups of vowel waveforms were computed: Both
subjects provided two sets of area functions, one that includ-
ed the sinuses and another that did not. Thus 16 vowel stim-
uli were generated. Each stimulus was repeated 20 times,
and the entire ensemble of 320 sounds was randomized and
recorded on tape in 16 blocks of 20 stimuli each. A pause of 3
s after each stimulus provided enough time for the listener’s
response and a 10-s interval marked the end of each block. A
panel of 20 naive listeners was provided with earphones and
response forms. They were asked to identify each stimulus in
turn by making a check mark in a column below the most
appropriate of the four point vowel symbols appearing on
the form. The listeners were also instructed to respond with-
in the 3-s interval provided and not to attempt to enter or
correct responses retroactively. This experiment was fol-
lowed by an identically organized test using 350-ms samples
of the subjects’ original vowel productions (which had been
hand edited to remove the magnetostrictive noise) and a,
less formal, open response test performed on a small group of
phonetically trained listeners.

E. Measurement of midsagittal dimensions:
Experiment 2

The methods used to obtain the midsagittal width and
area data from the sequences of pharyngeal images collected
in experiment 2 were virtually identical to those described
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FIG. 11. Positions of the axial images acquired by the SIGNA machine fora
study of the relationship between midsagittal width and cross-sectional area
in the pharynx. Images from a total of 14 locations (covering a pharyngeal
distance of 7 cm) were obtained for each of nine vowels from subject TB. A
corresponding set of images covering 12 locations and the same vowel reper-
toire was also acquired from subject PN.

earlier in experiment 1 and do not need repeating. This sec-
tion describes the analytical procedures unique to experi-
ment 2.

1. Acquisition of pharyngeal data

Pharyngeal images of 0.5-cm-thick slices spaced at 0.5-
cm intervals and spanning an 8.5-cm length of the tract were
obtained from the SIGNA machine while each subject pro-
duced each of the nine vowels in turn. The approximate ori-
entation of these images with respect to the spine is shown in
Fig. 11. However, because the subjects’ heads were not iden-
tically positioned within the machine, the pharyngeal vol-
ume specified by the 17-image arrays was not precisely the
same. To confine the field of view to the pharynx and avoid
entering the oral cavity, an upper endpoint at the level of the
inferior margin of the second cervical vertebra was selected
for both subjects. The images that fell below the chosen end-
point formed subsets of the 17-image arrays. For subjects TB
and PN the subsets of retained images numbered 14 and 12,
respectively. These images were converted into sets of x, p
coordinates by the boundary-tracing algorithm.

2. Measurement of pharyngeal dimensions

For each image, the pharyngeal area was calculated
from the appropriate set of x, y coordinates. The distance
between the most anterior point on the margin of the tongue
(or epiglottis) and the most posterior point on the wall of the
pharynx was defined as the midsagittal width. In practice,
when measuring midsagittal width, the point selected as the
posteriormost point of the pharyngeal wall would vary in
accordance with whether the piriform sinuses were to be
included or excluded from the measurement. When they
were excluded, the posterior point lay on the rear wall of the
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larynx tube and, when they were included, the most posteri-
or point of the boundary of the rearmost piriform sinus was
selected. The behavior of the epiglottis complicated the ap-
plication of our measurement criteria for determining mid-
sagittal width. In all cases, when the cross-sectional area of
the pharynx at a height of 3.0 to 4.0 cm above the glottis
shrank to about 1.0 to 1.5 cm?, the epiglottis made intimate
contact with the tongue surface and, therefore, for practical
measurement purposes, the epiglottis then constituted the
surface of the anterior pharyngeal wall. When larger cross
sections occurred, however, the epiglottis could lose contact
with the tongue root, make a posterior projection into the
pharyngeal cavity, and thus transfer the role of defining the
anterior pharyngeal wall to the tongue surface. This tenden-
cy was considerably more prevalent in case of TB than PN,
the tip of whose epiglottis visibly lost contact with the tongue
root only during the larger pharyngeal configurations. If, as
a result of a posterior projection of the epiglottis, the valecu-
lar sinuses became visible, then, for the purposes of measur-
ing midsagittal width without sinuses, the areas occupied by
the valecular sinuses would be ignored and, the most anter-
ior point on the posterior surface of the epiglottis would then
serve as the anterior boundary of the pharynx.

The distances between the extreme left- and right-most
boundaries of the airway (the lateral width) were also mea-
sured. In Sec. III C below, these data are used to derive the
relationship between midsagittal and lateral dimensions and
the relationship between midsagittal width and area. These
derivations are then compared to those of Sundberg ef al.
(1987).

1. RESULTS
A. Qualitative observations
1. Image quality

Both MR machines produced images composed of an
array of 256 X 256 two-byte pixels. Figures 1-5 show a few of
the more than 600 images that were obtained during the
course of this study. Figure 1 contains a pair of midsagittal
images of the tract and Figs. 2-5 contain transaxial and cor-
onal images. All of these images were generated by the
SIGNA machine during production of the vowel /i/ (see
footnote 1). Images obtained from both subjects are shown
in pairs that depict roughly corresponding planes through
the vocal tract.

In the images, the whitest areas indicate regions with the
highest concentrations of hydrogen, such as fatty tissue and
bone marrow. Muscle and connective tissue appear in vary-
ing shades of grey. The darkest regions show airspaces (the
vocal tract and sinuses), calcified structures such as bone
and teeth, and blood vessels. The blood within these vessels
is, of course, hydrogen-rich, but it does not image because it
is flowing rapidly and moves out of the image plane in the
time between rf excitation and echo acquisition. Some mo-
tion artifact, primarily due to pulsating blood flow in the
carotid artery, but also due to respiration, is apparent in
some axial images (Fig. 2, subject PN ). Much of this artifact
was later suppressed by lengthening TE (Fig. 2, subject TB)
but, since area measurement was not compromised by the
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presence of the artifact, the acquisition procedure was not
repeated and these images were retained. Individual cervical
vertebrae, which are distinguishable in the images, provided
the principal anatomical landmarks used to identify corre-
sponding axial planes in the two subjects’ image arrays. Oth-
er features such as dental roots, which contrast well with
gum tissue, the height of the palate dome, and, the shape of
the nasal sinuses served a similar role in the identification of
corresponding coronal planes.

2. Vocal tract boundaries

Tracings of the air—soft-tissue boundaries of the vocal
tract—are presented in Figs. 6 and 7. The tracings were
made from axial and coronal EMR images obtained during
the production of two vowels, /i/ and /a/. These vowels
have extreme tongue articulations, characterized as high
front and low back, respectively. The tracings in Fig. 6 repre-
sent a sample of six axial cross sections of the pharynx cover-
ing a length of 7 cm, while in Fig. 7 they represent a sample of
six coronal cross sections through the upper vocal tract dis-
tributed over a distance of 5 cm. The axial planes are identi-
fied by the symbol G and their distance in cm from a point
located just above the glottis, and the coronal planes are
identified by the symbol L and their distance from the lips.

Figure 6 at 0 cm illustrates the appearance of the piri-
form sinuses just above the glottis. The larynx tube is cen-
trally located, while the piriform sinuses are located poster-
iolaterally and take the form of two pockets, each
approximately 3 cc in volume partitioned from the larynx
tube by the aryepiglottic folds (cf., Sundberg, 1974). At a
point 1 cm higher, the piriform sinuses remain in view and
appear somewhat larger. In tracings made at 2.5 cm above
the glottis, the aryepiglottic folds become thinner and reduce
the separation of the piriform sinuses from the laryngeal air-
way. It is at this point that the area of the principal airway
begins to change dramatically as a function of vowel identi-
ty. The tracings for /a/ assume a more closed posture consis-
tent with a low-back tongue position, while those for /i/
maintain an open configuration consistent with an elevated
front tongue position. Meanwhile, the base of the epiglottis
during /a/ production projects in a posterior direction, ef-
fectively reducing the area of the airway. This phenomenon
is particularly evident in the tracings from subject PN to
such an extent that the right hand piriform sinus appears to
be entirely closed. In contrast, for the vowel /i/ produced by
both subjects, the epiglottis adopts a more anterior posture
causing the cross-sectional area of the tract to increase.

At the 4.0-cm level in Fig. 6, the vowel differences noted
above have become even more marked. In the tracings of /i/
from subject TB, the rim of the epiglottis appears as a cres-
cent-shaped island surrounded by air (the hyoepiglottic liga-
ment and valecular sinuses have been omitted). Such isola-
tion is not apparent in the corresponding tracing from
subject PN whose epiglottis consistently adopted a more
frontal position that made it appear (as shown here) contig-
uous with the anterior pharyngeal wall. The presence of
tongue grooving, caused by the extreme elevation required
for /i/ production, first appears at the 5.5-cm level and ex-
tends to the 7.0-cm level. At this point, the uvula makes a
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bold appearance in both cross sections produced by subject
TB. Its much less prominent appearance in the /i/ produc-
tion of subject PN suggests either that its image was blurred
by vibratory motion or that only its tip actually entered the
image plane.

Figure 7 contains sample tracings from the upper vocal
tract that continue to show the contrast between /i/ and /a/
productions. In the first, most posterior, plane located 6 cm
from the lips, the tracing of /i/ from subject TB just captures
the remaining portion of the tongue groove. Subsequent
planes, located at 5.0 and 6.0 cm from the lips, cover the

TABLE L. Area functions are given for both subjects. Figures not in paren-
theses represent cross-sectional areas that include the areas of the sinus cav-
ities. Figures in parentheses omit the areas of the sinuses. All cross-sectional
areas are calculated at intervals of 0.875 cm starting at the larynx.

Vocal tract area functions for the four point vowels

Cross-sectional areas (cm?)

TB/a/ TB/=/ TB/v/ TB/u/
1.56 (0.83) 1.91 (0.90) 1.20 (0.81) 3.11 (1.60)
3.10 (1.76) 2.69 (1.22) 2.73 (1.10) 5.18 (2.35)
3.74 (2.96) 453 4.11 (3.21) 6.44
248 2.05 4.63 6.05
1.28 1.33 6.05 5.76
0.60 1.44 1.62 6.20
0.73 2.82 7.64 5.19
1.28 4.54 199 372
1.39 4.04 1.09 3.06
1.31 3.24 4.55 2.31
1.43 2.82 2.63 1.05
1.90 3.20 1.81 1.00
322 4.32 110 0.67
44 5.13 0.69 0.92
4.83 4.17 0.85 1.57
3.89 498 0.80 2.30
4.72 6.31 0.50 3.78
2.03 5.65 1.10 424
249 7.03 1.65 3.89
2.82 213
0.66
PN/a/ PN/=/ PN/i/ PN/u/
2.02 (0.30) 0.48 1.33 (0.71) 0.55
3.34 (2.38) 1.86 (0.28) 1.87 (0.51) 1.92 (0.63)
2.56 (2.04) 1.98 (1.41) 4.31 (3.07) 4.52 (1.41)
1.18 (0.90) 1.92 (1.80) 5.38 6.87
0.76 0.83 (0.74) 6.36 6.87
0.67 0.85 8.11 1.12
0.81 1.68 1713 6.08
0.80 1.56 6.77 5.09
1.47 1.64 5.68 448
2.48 2.34 4.35 2.80
2.85 2.66 293 2.11
2.76 2.50 1.64 1.53
329 1.77 1.01 0.74
3.60 2.19 0.55 1.20
3.10 2.28 0.54 0.79
2.90 2.35 0.56 1.30
253 4.82 1.62 2.03
4.23 71.89 2.37 2.79
3.33 3.36
2.44
1.07
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FIG. 12. Graphs of vocal tract area including sinuses for each of the four point vowels as a function of distance from the larynx. Keys to plotting symbols
identify subject and vowel. The data plotted in these graphs are available in Table L.

transition from the soft to hard palate, which becomes in-
creasingly arched as the lips are approached. This feature
can be seen most clearly in the tracings of the open /a/ con-
figurations from both subjects. In contrast, during /i/ pro-
ductions, the tongue is thrust upward against the hard palate
to form a narrow, often asymmetrically shaped, constric-
tion. The last three planes cover a 2-cm length of the oral
cavity from a location lying just anterior to the alveolar ridge
to the mid point of the lips. It is in this region that the great-
est degree of uncertainty arises due to signal/noise limita-
tions, and the absence of data identifying the location of the
incisors and the lateral dimensions of the lips. Thus the im-
age data had to be augmented by data from other sources
described in the preceding methads section.

B. Results from experiment 1
1. Area functions

Table I lists the area functions for the four point vowels,
/a 2 iu/, for both subjects, both including and excluding the
sinuses, derived by the methods described above. The data
that include the sinus areas are plotted in Fig. 12. Across
vowels, the area functions show broadly the expected pat-
terns: narrow pharynx and wide oral cavity for /a/, less con-
stricted pharynx for /a2/, wide pharynx and narrow oral
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cavity for /i/, and wide oral cavity and pharynx with con-
strictions in the velar regions and at the lips for /u/. Across
subjects, the greatest difference occurs for the /a/ vowel, for
which the TB area function is generally wider and shows
more peaks and dips than that for PN. This variability prob-
ably reflects the difficulty, which both subjects experienced,
with maintaining, for long periods, the vocal tract posture
required to produce an /=/. For both /a/ and /=/, the cal-
culated lengths differ across subjects. For /i/ and /u/, the
area functions for the two subjects have identical lengths and
similar shapes. For /u/, the function for TB seems shifted to
the left with respect to that for PN, suggesting that these
functions may have systematically different pharyngeal
starting points. In all cases, the opening at the lips is some-
what larger for PN than it is for TB.

2, Vocal tract lengths

The results of comparing tract lengths calculated from
area functions with those measured from the lateral Xero-
graphic x-rays are given in Table II. For five of the eight
comparisons, the differences are less than the 0.875-cm reso-
lution of the samples interpolated from the MRI data. Ex-
cept for one case in which the difference in calculated lengths
is negligible, the lengths calculated from the Xerograms are
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TABLE II. The vocal tract lengths of the two subjects are given for each of
the four vowels as measured from MR and x-ray sources.

TABLE IV. Results of open and closed perceptual tests performed on the
synthesized vowels and on the original utterances.

Comparison of vocal tract lengths measured from x-ray and MR images

Perceptual data on computed vowels: Closed test

With sinuses With sinuses
Subj  Vowel X-ray (cm) MRI (¢cm) Difference (¢cm) Responses (TB) Responses (PN)
/a/ /&/ i/ /u/ /a/ /=/ 1 o/
TB fa/f 17.6 17.50 0.10
TB e/ 16.9 16.62 0.28 /a/1277 | 10 0 (113 ]400 /a/ |368 | 23 2 7] 400
T8 /i/ 18.1 16.62 1.48 /e/1216 |173 3 8 | 400 /e/ | 67329 4 0| 400
TB 0/ 18.3 18.37 0.07 /i/ 3 11393 3 | 400 Viv4 1 11396 2] 400
/u/ 3 0 5 (392 | 400 /u/ 2 2] 711325]400
PN /a/ 16.8 15.75 1.05
PN /=/ 16.4 15.75 0.65 499 184 401 516 438 355 473 334
PN /if 17.7 16.62 1.08 Without sinuses Without sinuses
PN /u/ 18.7 18.37 0.33 Responses (TB) Responses (PN)
/a/ fx/ /i/ fu/ ra/ /=l fif /o
/a/ 1302 | 14 2 | 821400 /a/ 1301 97 1 1|400
/e/ (110 |286 1 3] 400 /2=/| 23373 4 0]400
greater. Thus this evidence suggests that our methods of pro- // '// ; ; 3% 38; :gg ; '// (2) (2) g]’ 272 m
. . u, 1}
cessing MRI data tended to underestimate vocal tract
length. 416 303 410 471 326 472 523 2719
3. Comp arison of acoustic analy ses Perceptual data on computed vowels: Open test
Table IT1 lists the average formant frequencies obtained With sinuses
-pole LP sis of three, 5-s- Responses (TH)
from the 14-pole LPC analysis of t ree, 5-8 long natural Jar sml fi pof fof  Iat I de
vowel samples drawn randomly from points close to the
start, middle, and end of many image acquisitions. Also Ja/ | O 0 0 0 0 |4 138 | 0 | 8
present are the formant frequencies computed from the eight //ale// ; '(5) 72 8 (5) 5(7) (1) (1) gg
area functions. ghown in Table I (four. vowels including ‘the /0 0 0 46 | 32 0 o | 2 | s
areas of the piriform and valecular sinuses and four with-
- . s . 7 15 74 46 37 99 39 3
out). The formant frequencies of the subjects’ utterances dif- With sinuses
fer significantly from the computed resonances of the area Responses (TB)
functions (with or without sinuses). In the discussion sec- V2 VA7 Y A VAR 'V AR UV S VAR AV A 74
tion, we spetcu‘late on the poss}ble causes of the.formant fre- EE 0 0 0 ol 46 | 31 | o | so0
quency deviations, and, later in this results section, we show Y24 9 54 0 0 0 16 1 0 80
that, despite these differences, the vowel waveforms comput- A/l 0 O |78 0 0 0 0] 2 | 80
ed from the area functions in Table I are nevertheless per- /o 0 0 o ¥ |4 0 o]t
12 54 78 34 45 62 32 3
With sinuses
Responses (PN)
TABLEIII. Results of a formant frequency analysis of the subjects’ original VLVARYZ AR S VAR VAR (\ VAR VAR 6 VAR £ 74
vowel utterances and vowels synthesized from their area functions. Fre-
quencies are expressed in Hz. /a/ 9 0 0 0 0 66 5 0 80
/®/f 0 72 [\] 0 0 8 0 0 80
. /i/ 1 0 76 0 Q 0 0 3 80
Comparison of natural and computed formants o/ o ) I ) 7 0 ) 0 30
Analyzed Synthesized o 12 7 0 79 74 5 3
Without sinuses
Subj Vowel Sinus F1 F2 F3 F1 F2 F3 F4 Responses (PN)
VAT T A VAR VAR [ VAR VAR - VARV { 7
TB /a/ incl. 595 1006 2400 535 1057 2430 3837
TB /a/ excl 579 1091 2461 3769 fo/ | 75 5 0] 0 019 0 0 ] 8
TB /®/ incl. 687 1318 2270 624 1416 2259 3737 /e/| 0 1 80 | 01 O 010 [0 0 | 80
TB /=/ excl 659 1503 2304 3749 n 0 0 | 6 0 0] 0 0 18 | 80
TB /i/ incl. 246 1917 2608 273 2162 2836 3976 fu/ 0|0 rfo]|mmjojo 01 8
TB /fi/  excl 278 2263 2947 4066
18
TB /u/ incl. 256 777 2146 303 1061 2339 3500 s 83 63 0 " 0 0
B /u/  excl 312 1068 2462 3592 Perceptual data on natural vowels: Closed test
PN /a/ incl. 564 910 3006 620 1242 2905 4059 Responses (TB) Responses (PN)
PN /a/ excl 763 1383 2935 4127 raf =t fif /u/ /a/ =/ i/ /Tu/
PN /=/ incl. 745 1420 2485 700 1585 3024 3984 /a/ 1278 [113 0 9 |400 sas 1207 | 94 ol 39400
PN  /x/ excl 769 1727 3083 4441
. . // | 97 302 1 0 |400 /=/ (120 | 277 1 21400
PN /i/  incl. 244 2228 2899 284 2270 3674 4761 /i/ 0 11397 3 1400 Ji/ 0 1399 71 400
PN /i excl. 3002389 3790 4331 s O[3 30393 [a00 /[T 1] 3[395]400
PN /u/ incl. 259 841 2410 311 1442 2426 3545 N
PN  /u/ excl 316 1434 2544 3622 376 419 401 404 388 372 403 437
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ceived as the original utterances by a majority of both skilled
and unskilled listeners.

4. Comparison of perceptual analyses

Results of the perceptual analyses are given in Table I'V.
The results for the first closed response test, using vowel
sounds synthesized from the area functions, are shown in
Table IV (top). Two of the vowels based on data from sub-
ject TB were frequently misclassified. A substantial number
of the vowels computed from the /2¢/ area functions, both
including and excluding the sinuses, were misclassified as
/a/. There was also a substantial, although smaller, number
of cases of /a/ being confused with /u/ among vowels based
on data from subject TB. The principal perceptual confu-
sions among the PN stimuli arose when the vowel /u/ was
presented. On about 30% of all occurrences, /u/ was classi-
fied as /i/. There were also confusions among the /a/ and
/®/ stimuli. However, the overall consequences of these
confusions lacked any identifiable pattern. This is illustrated
by a comparison of the with- and without-sinus conditions.
The results of an information analysis (McGill, 1954),
based on the response data contained in Table IV (top), re-
veal that, of the two bits of information presented, the infor-
mation transmitted is higher in the with-sinuses condition
for subject PN (1.47 bits vs 1.38 bits) and higher in the
without-sinuses condition for subject TB (1.42 bits vs 1.28
bits). Only in the case of subject TB does an analysis of vari-
ance show the difference between the two conditions to be
significant (F = 42.05, p <0.0005). Thus the overall conclu-
sion drawn from the results of the closed response test is that
the classification errors show no common pattern across
subjects or systematic relation to whether the areas of the
sinuses were included or excluded from the synthesis calcu-
lations.

Results presented in Table IV (middle) from an addi-
tional open response test reveal further details of the percep-
tual shortcomings of the synthesized vowels. Four phoneti-
cally trained listeners were instructed to classify the stimuli
as American-English vowels. Their responses reveal that
most of the /a/ vowels synthesized from TB’s vocal tract
data (with or without sinuses) were perceived as /a/ or /a/
and that the same confusion occurred with PN’s /a/ vowel,
but in the with-sinuses condition only. A substantial number
of /2/ vowels synthesized from the TB data were also per-
ceived as /a/ with the greater proportion of that number
appearing in the with-sinuses condition. Between 77% and
97% of the /i/ vowels were classified correctly, while the last
vowel /u/ was perceived as either /u/ or /u/ with roughly
equal frequency in the case of subject TB but, in subject PN’s
case, it was consistently perceived as /u/.

Lastly, the results of the closed response test that em-
ployed the subjects’ original utterances appear in Table IV
(bottom). These data show that the largest proportion of
perceptual confusions occurred between the vowels /a/ and
/#/. Consequently, it is clear that the root of a substantial
number of the /a/—/#/ confusions made among the synthe-
sized vowels must lie in the articulatory and acoustic charac-
teristics of the subjects’ original vowel productions. How-
ever, despite the fact that in terms of the total number of
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stimuli correctly identified, the overall accuracy achieved
with the natural speech stimuli is slightly better than that
achieved with the synthesized stimuli, analyses of variance
of the natural speech and each set of synthetic speech re-
sponses for both subjects show the vowel-condition interac-
tion effects, in all but one instance, to be highly significant
(F(3,57) > 6.28; p <0.001) while the overall differences in
numerical scores are, in the best case, statistically not signifi-
cant (F(1,19) = 2.56; p = 0.13).

C. Results from experiment 2

1. Relation between midsagittal and lateral pharyngeal
width

Measures of both midsagittal and lateral width were
made, as described above, from the tracings of the pharyn-
geal cross sections for all nine vowels at 12 (PN) and 14
(TB) different heights above the glottis. Figure 13 shows,
for both subjects, the results of plotting the lateral against
the midsagittal measures. The different heights spaced at
intervals of 0.5 cm are identified by different symbols. Larg-
er-sized symbols are used to indicate the four uppermost
levels.

An identical treatment by Sundberg er al. (1987) of a
much smaller body of data led these authors to seek evidence

Subject TB: Lateral vs. Sagittal Width

Height

7.5cm.
7.0cm,
8S5cm.
60 cm.
5.5 cm.
5.0cm.
4.5 em.
4.0 em.
3.6 cm.
3.0 em.
2.5 cm.
2.0cm.
15 ¢cm.

LATERAL WIDTH (cm)

a 3" x a + = » » 0a BDE@O

10cm.

SAGITTAL WIDTH (cm)

Subject PN: Lateral va. Sagittal Width
Height

7.5 cm.
7.0 cm.

8.0 cm.
5.8 cm.
KO am.
4.5 cm.
4.0 cm,
3.5 cm.
3.0 cm.
2.5 cm.

2.0cem.

LATERAL WIDTH (cm)

x s +«+ a » »0ds ROGO

2 3 4 ]
SAGITTAL WIDTH (em)

FIG. 13. Graphs of lateral versus midsagittal width of the pharynx. Each
plotting symbol represents a measurement made at a different height above
an origin located close to the glottis. See text for further details.
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Subject TB: RATIO L/S vs. SAGITTAL WIDTH

3
g
&
-
<] ‘.
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j [}
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(1] 1 2 3 4
SAGITTAL WIDTH (cm)

Subject PN: RATIO L/S vs. SAGITTAL WIDTH

3

LATERAL - SAGITTAL RATIO
L ]
.
®e
.

0 T T T
[] 1 2 3 4

SAGITTAL WIDTH (cm)

FIG. 14. Graphs of the ratio of lateral to midsagittal width versus midsagit-
tal width plotted with data obtained from the pharynx at points estimated to
be 6.0, 6.5, 7.0, and 7.5 cm above the glottis.

of a linear relationship, which they found in the case of a
female subject. Results from a male subject were more com-
plex and equivocal, however. Linear regression lines fitted to
the data of our male subjects have slopes of 0.95 and 1.06, in
close agreement with Sundberg, and intercepts on the lateral
axis of 0.57 and 0.56 cm, roughly half the value that emerged
from Sundberg’s study. Correlation coefficients (R) of 0.69
and 0.78 (n = 126 and n = 108) yield, in both cases, levels
of significance that substantially exceed p = 0.001. Thus, in
contrast to Sundberg et al., we conclude that the relation
between midsagittal and lateral width in the pharynx can be
plausibly represented by a straight line.

Furthermore, the tendency observed by Fant (1960),
Sundberg (1969), and Sundberg et al. (1987) for the lateral
dimension of the upper pharynx to expand at a slower rate
when large midsagittal extensions occur is not fully support-
ed by data from the four uppermost levels shown in Fig. 14.
From plots of the ratio of lateral and midsagittal width ver-
sus midsagittal width, we would expect to see a downward
trend in the ratio as the midsagittal width increases. In fact, a
regression line fitted to the data of subject PN has a positive
slope that suggests contrary behavior. A similar regression
line applied to the ratio data of subject TB, on the other
hand, has a negative slope and thus supports the earlier ob-
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servations. Therefore, on the basis of this evidence, it would
appear that any tendency for the slope of a plot such as that
shown in Fig. 13 to decrease at extreme midsagittal widths
may not represent a universal feature but a behavior of only
some individuals.

2. Midsagittal width versus area: The pharyngeal data

We began our analysis of the width versus area data by
examining the applicability of the square law hypothesis
(A = K-S?) proposed by Sundberg er al. (1987) to the data
obtained at all heights. Therefore, scatter plots were made of
the airway cross-sectional areas versus their squared mid-
sagittal widths. Figure 15 presents these plots, which appear
in pairs, representing data sets that exclude (a) and (b) and
include (c) and (d), the areas of the sinuses. The data are
derived from all nine vowels at each of 12 levels spaced at
0.5-cm intervals above the larynx for subject PN and 14 lev-
els for subject TB. Regression lines having correlation coeffi-
cients (R) of 0.88, 0.94, 0.81, and 0.90 fit these data with a
statistically high degree of significance (p < 0.001, n > 100)
in all cases. A group of four outlying points (circled) in plot
TB(b) have been omitted from that regression calculation
with the result that the K and intercept parameters are
brought into close agreement with the other data. These
regression parameters are summarized in Table V (first five
columns) and compared with those of the male subject stud-
ied by Sundberg et al. This comparison shows that our values
for both K and the intercept coefficient are smaller than
those calculated from the data of Sundberg er al.

In all four plots in Fig. 15, the variance is not constant
and appears to vary with the midsagittal width. This sug-

Subject TB (exel. sinuses) Subject PN (excl. sinuses)

AREA (cm?2)

AREA (cm 2)

= T T
0 [ 12 18
SAGITTAL WIDTH (cm 2)
(a)

Subject TB (incl. sinuses)

18
SAGITTAL WIDTH (cm 2)

(c)

Subject PN (incl. sinuses)

AREA (em?)

SAGITTAL WIDTH (em 2)
(b}

AREA (cm2)

[ 12 18
SAGITTAL WIDTH (em?2)
(d)

FIG. 15. Graphs showing the relationship between pharyngeal area and the
square of midsagittal width. The plots for subjects TB (above) and PN (be-
low) appear in pairs, one member of which excludes and the other includes
the areas of the sinuses. Circled points were omitted from the regression
calculation.
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TABLEYV. Coefficients K, exponents r, intercepts, and correlation coefficients of regression lines computed from the entire body of pharyngeal area versus
midsagittal width data. Results contrast the square law and power law hypotheses.

Coeflicients based on pooled data from entire pharynx

Square law Power law
Subject Sinuses Coeff K Intercept Coeff R Coeff K Expo r Coeff R
TB inel. 0.57 0.92 0.81 1.09 1.50 0.87
TB exel. 0.61 0.45 0.88 0.89 1.67 091
PN incl. 0.64 0.75 0.90 0.90 1.89 0.93
PN excl. 0.72 0.33 0.94 0.84 1.95 0.95
Sundberg incl. 0.74 1.26 091 1.50 1.62 0.95

gests that the assumption of independent variance on which
regression analysis is based is not strictly met by the data in
their present form. Moreover, acceptance of the square law
hypothesis at this stage begs the question of whether some
other, perhaps closely related, power law of the type
A =K-S" would achieve a better description of the data.
Both of these issues are addressed by logarithmically trans-
forming the area (4) and midsagittal width (S) variables.
Regression lines computed from the transformed data,
shown plotted in Fig. 16, yield higher correlation coeffi-
cients (R) and more nearly equal distributions of the residu-
als about the lines—thus both graphs indicate closer confor-
mity with the regression assumptions. The gradients of the
regression lines now provide estimates of the exponent 7,
while the intercepts provide corresponding values of X that
can be directly compared with the K coefficients derived
from the square law analysis. The results of this power law

Subject TB (excl. si Subject PN (excl. sinuses)

3
24

& &

8 g,

: 2

g g "

= =,
- 1 l‘! 1 2

LOG (Sagittal Width, cm) LOG (Bagittal Width, cm)
(a) (e}
Subject TB (incl. sinuses) Subject PN (incl. sinuses)
3
R 2 ) .

& & g

: P S

g g ° V.

Q -

] - 1 .‘

.
2 T 2
1 [)] 1 2 -1 4] 1 2

LOG (Segittal Width, cm}
(b}

LOG (Sagittal Width, em)
)

FIG. 16. Graphs of the log transformed pharyngeal area versus midsagittal
width data from both subjects, TB (upper) and PN (lower). Data from all
measurement locations within the pharynx have been plotted. Left-hand
plots (a) and (b) contain data that exclude the areas of the sinuses, whereas
right-hand plots (c) and (d) include the sinus areas. See Table V for the
parameters of the regression lines.
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analysis are summarized in the last three columns of Table
V. They show that the average value of the power law expo-
nent is approximately 1.75, ranging from about 1.5-2.0.
Meanwhile, based on the power law analysis, the average
value of K is 0.93 as compared with an average of 0.64 based
on the square law.

3. Midsagittal width versus area: The relation to height
above the larynx

To this point we have treated the pharynx as if its mode
of expansion and contraction were uniform throughout its
length. We now examine the behavior of the pharynx at dif-
ferent heights above the glottis, using the area data that ex-
clude the sinuses. Figures 17-19 show plots of the logarith-
mically transformed area and midsagittal width data at
different heights. In many of these plots, it can be seen that
the linear regression line provides a remarkably good fit to
the data. Table VI lists the correlation and other coefficients
of linear regression lines computed on the basis of both the
square law and power law at different heights above the lar-
ynx. These coefficients have been plotted in Fig. 20, whose
left-hand panel compares the values of coeff K derived from
the two hypotheses. The right-hand panel, meanwhile,
shows values of the exponent r derived from the power law
analysis. Several differences in behavior are apparent
between the two subjects. In the case of subject TB, the val-
ues of coeff X and the exponent tend to be higher in the
region between 3.0 and 4.0 cm above the larynx (roughly in
the neighborhood of the epiglottis) than elsewhere, and
higher than is apparent in the case of subject PN in the same
region. The results of averaging the two subjects’ K coeffi-
cients and exponent values leads to the third pair of graphs in
Fig. 20, which, for approximate modeling purposes, might
be represented by the parabolic functions appearing there.

Basing their analysis on the square law hypothesis,
Sundberg et al. (1987) compared the K coeflicients, inter-
cept constants and correlation coefficients (R) which they
obtained with those of three earlier studies. A comparison of
the present results with those assembled by Sundberg et al. is
shown in Table VII.

4. Midsagittal width versus area: The upper vocal tract

The only complete sets of images of the upper vocal tract
were obtained by the EMR machine during the course of
experiment 1. These coronal images were obtained only for
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Subject TB: Height 7.5 ecm.

LOG (AREA)
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Subject PN: Height 7.5 cm.
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-
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1 ] 1 -1 0 1 2
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FIG. 17. Graphs of log-transformed pharyngeal area versus midsagittal width data obtained from both subjects, TB (left) and PN (right), at 0.5-cm intervals
commencing (top) at the approximate height of 7.5 cm above the glottis. The exponents and constants of the linear regression lines shown here are available
in Table VI.
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01 * 0
a+— T T -1
1 (1} 1 2 1 0 1 2
LOG (SAGITTAL WIDTH) LOG (SAGITTAL WIDTH)
Subject TB: Height 5.0 cm. Subject PN: Height 5.0 cm.
3 3
21 24
é 11 i 117
0 h o -
-1 T v 1
1 0 1 ] 1 2
LOG (SAGITTAL WIDTH) LOG (BAGITTAL WIDTH)
Subject TB: Height 4.5 cm. Subject PN: Height 4.5 cm.
8 3
21 () 21
% 11 i 11 y
o .
§ g
01 0
-1 T v 1 r
-1 0 1 2 1 ] 1 2
LOG (SBAGITTAL WIDTH) LOG (SBAGITTAL WID’I'H)V
Subject TB: Height 4.0 cm. Subject PN: Height 4.0 cm.
3
2 -
g,
o -
(]
1 r v 1 -
-1 0 1 2 41 0 1 2

LOG (SAGITTAL WIDTH) LOG (SAGITTAL WIDTH)

FIG. 18. Graphs of log-transformed pharyngeal area versus midsagittal width data continue from a point 5.5 cm above the glottis. See Table VI for regression
parameters.
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FIG. 19. Graphs of log-transformed pharyngeal area versus midsagittal width data continue from a point 3.5 cm. above the glottis. Regression parameters are
available in Table VI.
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TABLE VI. Coefficients K, exponents 7, intercepts, and correlation coefficients for regression lines computed at each individual level above the larynx.
Results contrast the square law and power law hypotheses. Data exclude the piriform and valecular sinuses. All calculations are based on n = 9 samples

except where otherwise indicated.

Coefficients computed at different heights above larynx

Square law Power law
Height (em) Subj Coeff X Intercept Coeff R Coeff K Expor Coeff R

1.5 TB 048 0.01 0.99 0.61 1.96 0.99(n=28)
1.5 PN 0.74 —0.20 097 0.66 202 0.98
10 TB 0.65 —0.16 0.99 0.67 1.86 0.97
70 PN 0.81 —0.14 0.98 0.74 1.99 097
6.5 TB 0.73 —0.1 0.99 0.78 1.82 097
6.5 PN 0.82 0.06 0.98 0.88 1.91 0.96
6.0 Th 0.83 —-003 1.00 0.79 2.03 0.98
6.0 PN 0.89 0.08 0.96 0.95 1.91 095
55 TB 0.80 0.28 0.99 1.04 1.80 0.98
5.5 PN 0.95 —0.08 0.94 0.83 2.10 0.94
5.0 TB 0.78 0.44 0.99 1.10 1.77 0.99
5.0 PN 0.74 0.35 095 091 1.88 0.94
45 TB 0.70 091 0.97 1.36 1.56 099
4.5 PN 0.38 0.07 0.99 0.76 2.16 0.99
4.0 TB 0.77 0.05 0.98 0.81 1.95 0.99
4.0 PN 0.48 1.08 0.92 0.86 1.89 0.96
35 TB 1.20 —-0.70 0.98 0.63 2.73 0.97
35 PN 0.85 0.12 0.97 0.85 2.06 0.94
30 TB 1.44 —1.02 0.97 0.72 272 097
3.0 PN 0.59 0.94 0.85 1.20 1.54 0.88
25 B 0.48 1.06 0.89 1.34 1.17 0.90
2.5 PN 0.65 033 0.96 091 1.79 0.99
20 TB 0.61 038 0.76 091 1.58 0.74
2.0 PN 0.63 0.13 0.95 0.69 1.98 0.96
1.5 TB 0.56 0.23 0.82 0.78 1.59 0.33
1.5 PN (no data available)

1.0 TB 0.20 0.66 035 071 1.02 044
1.0 PN (no data available)

the four point vowels and, consequently, the data that they
supplied on the oral cavity were less plentiful than those
covering the pharynx. For the purposes of measurement in
the coronal plane, the midsagittal width was redefined as the
distance between the most superior point on the surface of
the palate and the most inferior point on the surface of the
tongue.” Using the alveolar ridge as a point of alignment,
corresponding coronal images from the two subjects were
obtained and the dimensional data from those images were
combined and plotted in the panels of Figs. 21 and 22.
Heretofore, measurements of upper vocal tract dimen-
sions during speech sound production have been possible
only with calipers or similar instruments. Boe et al. (1988),
using axial x-ray tomography, attempted to negotiate the
bend in the tract and approach the palatal region by inclining
the subject’s head. Other studies (Ladefoged et al., 1971;
Sundberg et al., 1987) employed casts of the vocal tract that
were formed while the subject maintained a vowel-like con-
figuration. Because our image planes are parallel and differ
from the planes of section studied by earlier investigators, we
cannot directly compare our measurements with those pub-
lished previously. Sundberg et al. (1987) adopted the Heinz
and Stevens (1964) polar coordinate system when they mea-
sured their casts. They determined that, for male subjects,
their data for the mouth cavity as a whole obeyed a relation
of the type A = K-S, where 4 and § represent the cross-
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sectional area and midsagittal width respectively, Kis a con-
stant between 2.07 and 2.63 and r, the midsagittal exponent,
lies between 1.33 and 1.47.

Pooled data from both subjects incorporating all the
parallel planes between a point starting just behind the upper
incisors and a point just short of where the fronted tongue
begins to make a steep descent into the pharynx (a distance
of about 6 cm) yield r = 1.40 and K = 1.27 at a level of
significance of p <0.001 (R = 0.85, n> 100). However, to
determine whether the use of pooled data might mask sys-
tematic variation in the exponent r and coefficient X as a
function of cavity position (as previously noted by Sundberg
et al.), these parameters were also computed for each plane
individually and the results assembled in Table VIII. The
series of r exponents from Table VIII, seen plotted in the
upper half of Fig. 23, appears to show evidence of a modest
upward trend toward the posterior direction, as the image
plane number increases. However, a regression line fails to
fit the exponent data at a sufficiently high level of signifi-
cance to lay claim to such a systematic trend. Therefore, we
must conclude that for a substantial portion of the upper
vocal tract, our data indicate that r is approximately con-
stant with a mean value of 1.97 and standard deviation of
0.41.

A linear regression line computed on the series of K
coefficients, on the other hand, does fit the data points at a
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FIG. 20. Left panel: The K coefficients obtained from both square law and power law approximations to the relationship between the cross-sectional area and
midsagittal width of the pharynx are plotted here as a function of height above the glottis. Right panel: The exponent of the power law approximation is also
plotted as a function of height above the glottis. The two lowest graphs show averages of the two subjects’ data and the results of computing parabolic
approximations of the data by regression.
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TABLE VIL. Results from the present study are compared with data (male subjects only) obtained from Table II1 of Sundberg et al. (1987) containing
results based on a square law approximation. Because the grid systems used in earlier studies differ from the one used here, corresponding pharyngeal heights
between earlier and present data are necessarily approximate. The asterisks indicate that there are no data available.

Comparison with earlier measurements

Study Height (cm) Coeff K Intercept (cm?) Coeff R
Present study (TB) 1.5 0.48 0.01 0.99
(PN) 7.5 0.74 —0.20 0.97
Sundberg et al. (1987) 7.6 0.61 1.90 0.99
Ladefoged et al. (1971) . 1.75 2.00 .
Heinz & Stevens (1964) 2.30 0.00 L4
Present study (TB) 5.5 0.80 0.28 0.99
(PN) 55 0.95 —0.08 094
Sundberg ez al. (1987) 5.7 0.70 0.60 0.99
Ladefoged et al. (1971) * 1.58 4.50 b
Heinz & Stevens (1964) * 2.30 0.00 *
Present study (TB) 4.0 0.77 0.05 0.98
(PN) 40 048 1.08 0.92
Sundberg et al. (1987) 3.8 0.99 0.30 1.00
Ladefoged er al. (1971) . 1.58 4.50 *
Heinz & Stevens (1964) b 2.00 0.00 *
Present study (TB) 2.0 0.61 0.38 0.76
(PN) 2.0 0.63 0.13 0.95
Sundberg et al. (1987) 1.9 0.97 1.60 091
Ladefoged et al. (1971} . 1.30 4.00 .
Heinz & Stevens (1964) * 1.60 0.00 .

level of significance of p <0.001 (R = 0.85, n = 13), suffi-
ciently high to suggest that some evidence exists for system-
atic variation in K as a function of oral location. The con-
stant K, plotted in the lower half of Fig. 23, has a value of
approximately 2.0 at the plane closest to the lips and de-
scends throughout the region of the hard palate reaching
about 0.6 at about the 13th plane. This is roughly the point of
entry into the pharynx, where the 0.5-cm sections begin to
obliquely intersect the anterior pharyngeal wall resulting in
broad air-tissue image density gradients and greater uncer-
tainty as to the precise position of the boundary and the area
it inscribes. It is also the point where the coronal sections
increasingly fail to make an orthogonal intersection with the
tract centerline. Consequently, the measurements in this re-
gion have limited value for modeling purposes.

ill. DISCUSSION
A. Experiment 1
1. Vocal tract lengths

Comparisons of vocal tract length calculated from MRI
and x-ray data in Table II generally showed that the MRI
derived lengths were shorter. The three vowels in Table 11
for which the difference in length was greater than the sec-
tion length (0.875 cm) included /i/ for both subjects and
/a/ for subject PN. It is, of course, possible that this dis-
agreement arises from genuine differences in the vowels pro-
duced on the two occasions. However, the fact that the /i/
vowels from both subjects showed the largest differences im-
plies systematic error. One possible source of error is evident
in Fig. 10, which shows the grid system superimposed on an
/i/ vowel configuration. In regions where the grid lines are
parallel and intersect the tract centerline orthogonally, each
grid line samples a 0.5-cm increment in tract length. How-
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ever, at the base of the pharynx, and particularly in the front
half of the oral cavity, the actual centerline of the vocal tract
diverges as much as 30 deg from a perpendicular intersection
with the grid lines. Thus, specifically in these regions, the
tract length would be underestimated by about 13% using
our procedures. Moreover, the cumulative effect of this error
can be expected to be greater for an /i/, because the high-
front tongue position for that vowel would tend to increase
the lack of perpendicularity between the vocal tract center-
line and the grid lines in the oral cavity. Such underestimates
of tract length would be expected to result in the tendency
for synthesized first formant frequencies to be higher than
the corresponding analyzed formants. The fact that in Table
II1, averaged across both subjects, the vowel /i/ (accompa-
nied by /u/) exhibits larger first-formant elevations than the
other two vowels, indicates that errors in tract length may be
implicated in the lack of agreement between the analyzed
and synthesized formants.

2. Role of the piriform sinuses

When analyzing the area data and comparing synthe-
sized vowels with the original utterances, we did not com-
pute the effects of the sinuses (piriform or valecular) as cav-
ity shunts branching off the main airway. Instead we chose
to (a) “include” them as if they were a part of the airway or
(b) “exclude” them as if they had no acoustic consequences
whatsoever. This seemingly cavalier approach was adopted
for several reasons. First, as noted earlier, the image quality
decreased sharply approaching the larynx due to its close
proximity to one end of the receiver coil and caused many
gaps in the piriform data. Thus the volumetric data on the
sinuses were not complete. Furthermore, even if the dimen-
sions of the cavities could have been measured accurately,
the fact remains that the lack of available knowledge about
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FIG. 21. Graphs of the log-transformed cross-sectional area versus midsagittal width data from the upper vocal tracts of both subjects TB and PN. The
coronal planes of intersection with the tract are spaced at intervals of 0.5 ¢m and numbered 1-8. Plane 1 s located at a point just behind the upper incisors.
Linear regression lines are included.
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FIG. 22. A continuation of the series of graphs begun in Fig. 21 showing log area versus log midsagittal width for coronal planes 9-13. The sixth graph
(bottom right) shows the value of the exponent of the power law approximation plotted as a function of the coronal plane number.

the mechanical properties of the piriform membranes and
the degree of mechanoacoustic coupling that exists between
the larynx tube and the adjacent sinuses makes it difficult to
examine theoretically their acoustic effects with any convic-
tion. It is, perhaps, for this reason that the sinuses have been
ignored in most dynamic models of articulation, including
the Mermelstein (1973) model used here. Fant (1960),
however, did include shunting cavities of fixed size to repre-
sent the piriform sinuses in his model and reported that their
effect is to insert a zero in the spectrum above 5 kHz and
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appreciably sharpen the spectral cutoff at that frequency.
Lin (1990) further showed in a modeling study that there is

a tendency for piriform sinuses of fixed volume and coupling
area to reduce formant frequencies to an extent that depends
on the place of articulation. The effects are small, however,
except in the case of back vowels whose constriction location
causes the F 1 and F 2 frequency reductions to become more
prominent. But, as Fant (1980) acknowledges, and in many
instances our data appear to confirm, the piriform cavities
are not of fixed size. They can alter their volume during
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TABLE VIII Coefficients K, exponents r, and correlation coefficients of
regression lines computed at each of 13 coronal planes in the upper vocal

tract. Data from subjects TB and PN have been combined.

Coefficients based on pooled data from upper vocal tract

Plane Expo r Coeff K Coeff R
1 1.99 1.89 0.99
2 1.74 2.62 0.96
3 2.16 1.68 0.87
4 2.14 1.41 0.94
5 1.74 1.40 0.94
6 0.82 0.71 0.71
7 1.89 1.05 0.95
8 1.80 1.18 0.98
9 2.32 0.92 0.98

10 2.30 0.92 0.98
11 2.17 0.75 0.89
12 2.34 0.85 0.97
13 2.23 0.73 0.94

articulation and often become smaller during the production
of back vowels. At present, owing to a lack of anatomical
data that would establish the relations between sinus vol-
ume, larynx height and the location of tongue constriction,
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FIG. 23. Plots of the values of the exponent » (upper graph) and coefficient
K (lower graph) for each plane in a sequence of 13 coronal planes intersect-
ing the upper vocal tract. The calculations of r and K are based on pooled
cross-sectional area data obtained from subjects TB and PN at each roughly
corresponding plane.
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questions about the role that the piriform sinuses play in the
acoustics of normal speech have received little theoretical
attention. At least one attempt has been made, however, to
explore the issues experimentally by filling the piriform sin-
uses with cotton to eliminate their resonance entirely (Flach
and Schwickardie, 1966). But, as Mermelstein (1967) has
pointed out, the assumption that such resonances can be eli-
minated quite so easily is flawed. Nevertheless, despite the
difficulties, the prospects of collecting much of the needed
data on sinus dimensions are good since, if coils designed to
custom fit the subject’s neck are constructed, there is no
intrinsic reason why, in future studies, images of superior
quality cannot be obtained in the supralaryngeal area.

3. Replicating vowel acoustics by synthesis from tract
dimensions

The differences between the formant frequencies of the
subjects’ original utterances (measured by LPC analysis)
and formants computed from the synthesized waveforms
were large in several instances. That differences appeared at
all should not have been surprising, however, because many
simplifying assumptions were made. Among these assump-
tions is the notion that the vocal tract can be approximated
by two straight sections of pipe connected together by a third
section bent into a 90-deg arc. That assumption justified use
of the simple grid plane system shown in Fig. 10 as a way to
resection the 3-D digital model of the airway in planes that
were orthogonal to its central axis. However, as we have
already pointed out with respect to Fig. 10, there are regions
of the vocal tract that fail to fit the pipe model. In these
regions the estimated cross-sectional areas will be increased
by a factor of sec 6, where 6 is the angular deviation of a
plane of intersection from true orthogonality with the air-
way axis. Consequently, the same deviations from orthogon-
ality that were earlier identified as bearing some of the re-
sponsibility for underestimates in vocal tract length
probably also contributed overestimates of some of the cross
sections contained in the area functions.

Another assumption, inherent in the use of LPC analy-
sis, is that the speech signals contained no spectral zeros.
However, if nasalization was present in the original vowel
productions, as indeed may have been the case based on the
velopharyngeal evidence of MR images from subject PN in
particular, the analysis procedure, which assumed no nasali-
zation, would have given only approximate resonance val-
ues. However, the greater precision required to inquire into
this matter was precluded by the less than ideal recording
conditions. For example, in addition to the magnetostrictive
noise, there was evidence that the natural resonance of the
bore of the magnet may have been introducing its own spec-
tral shaping. Recordings of the subjects’ productions made
in more favorable conditions did, on analysis, exhibit a dif-
ferent pattern of divergence from the synthesized samples.

In the final analysis, however, we have to say that we do
not yet know why the synthesized vowels failed to match the
formant frequencies of the original utterances. Having ex-
plored many avenues to the limits of accuracy of our data, we
are now convinced that, in order to get to the bottom of the
matter, it will be necessary to repeat the experiment. In the
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course of that replication, special efforts will have to be made
to minimize several identified sources of error. Among the
precautions that should be considered are: (i) confining all
future studies to persons who have received phonetic train-
ing and are likely to more reliably reproduce the required
vocal configurations; (ii) seeking equipment capable of fas-
ter imaging times and thinner image planes; (iii) developing
special receiver coils that custom-fit each subject’s head and
neck to enhance the signal/noise ratio and achieve higher
image resolution over the entire length of the tract, and using
this equipment to obtain better data on the dimensions of the
piriform and valecular sinuses; (iv) repeating image acquisi-
tions and examining images more analytically during acqui-
sition to insure that both the equipment and the subject are
operating in a stable fashion; (v) adopting a grid system that
conforms more closely to the anatomy of the vocal tract and
methods of calculation that will produce area estimates for
planes oriented more nearly at right angles to the center line
of the tract; (vi) upgrading the synthesis procedure, using a
time-domain finite-difference algorithm that will exploit the
full resolution of the area data, including side cavities, with a
view to achieving more accurate resynthesis of the original
utterances; and, lastly (vii) upgrading the voice recording
equipment used inside the MR magnet and determining the
natural modes of acoustic resonance of its bore when a sub-
ject is present.

B. Experiment 2
1. Relations between midsagittal and lateral widths

A plot of midsagittal width against lateral width in the
pharynx across vowels can be represented with a high degree
of significance by a straight line. The failure of our data to
replicate the reduced rate of lateral versus midsagittal ex-
pansion for the larger dimensions in the upper pharynx is
somewhat surprising in light of the fact that the observation
has been reported on three previous occasions (Fant, 1960;
Sundberg, 1969; Sundberg ef al., 1987). A possible explana-
tion for this discrepancy may be related to inherent differ-
ences between both the subjects and procedures employed.
Our subjects were native speakers of a different language
(English) from those employed in the earlier studies. More-
over, the procedures adopted in the present experiment re-
quired the subjects to vocalize for longer periods, and it may
have been the case that pur subjects avoided the strain nor-
mally associated with efforts to continuously hold extreme
articulations and used less extreme vocal postures that made
fewer demands on the ability to expand in either of the two
dimensions.

2. Relations between midsagittal widths and areas

It was shown that, in almost all cases, the graphs'of log
midsagittal width versus the log of the cross-sectional area
for different vowels could be adequately represented by a
straight line no matter at what height above the level of the
larynx the data originated. The exceptions to this rule appear
most prominently in the data of subject TB at levels within
2.5 em of the glottis. One reason for these exceptions may
stem from the fact, already noted, that this is a region where
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image resolution rapidly declines. We believe that in future
studies, use of a custom-made receiver coil designed to oper-
ate in closer proximity to the larynx will improve image
quality. An alternative reason may simply be that little di-
mensional variation occurs in the larynx tube of this subject
and that the midsagittal and area measurements are all clus-
tered about fixed values.

The abrupt increase of both K and r apparent in the
graphs of subject TB in the region between 3.0 and 4.0 cm
above the larynx (see Fig. 20) is probably due to the already
noted tendency for the tip of the epiglottis to draw away
from the tongue surface and to project into the pharyngeal
airway as the pharyngeal cavity becomes larger. Evidence of
similar epiglottal behavior on the part of subject PN ap-
peared at only the more extreme modes of pharyngeal expan-
sion. Thus the midsagittal width measures of subject PN

. recorded, in most cases, the distance between the surface of

the epiglottis and the posterior pharyngeal wall whereas, for
subject TB, the recorded measurements were more evenly
divided between those in which the tongue and those in
which the epiglottis formed the anterior boundary. In conse-
quence, the plotted data of subject TB tend to adopt a bimo-
dal distribution due to the increase in .S at the transition
point between the two boundary criteria and an increase in
the gradient of the regression line results in an elevation of
both K and r. _

The average of the r exponents at all distances from the
larynx is 1.97, which may be regarded as a general-purpose
approximation for r that can be applied throughout the
pharynx. However, closer inspection of the individual expo-
nents measured at different distances from the larynx show
that the values of r are approximately constant over 4 cm of
the upper half of the pharynx. Below that level a steep de-
crease occurs, possibly due to the presence of the epiglottis.
At the lowest level, where the data come only from subject
TB, the exponent reaches a value near unity, suggesting that
the lateral width of the airway remains constant at this level.
This interpretation seems intuitively reasonable, since this
level is still within the larynx tube, and a closer look at Fig.
13 suggests that it is consistent with the data. Whether, for
synthesis purposes, the acoustic results obtained might war-
rant use of either the parabolic approximation given in Fig.
20 or the individual exponent values computed at each level
rather than the single value of 1.97 is not known and will
depend on the results of experimentation with particular
synthesis algorithms.

The relationship between midsagittal width and cross-
sectional area that we have derived for the pharyngeal and
oral regions may be used to calculate areas from widths mea-
sured from lateral radiographs. However, three cavealts are
in order. First, the reported data were all measured in either
horizontal or vertical planes, so care must be taken in apply-
ing them to regions where the centerline of the vocal tract
makes a very oblique angle with these planes. Second, in
regions where the tongue surface is grooved, the tract width
that appears in lateral x rays may not always correspond to
the width we measured. More specifically, we used as our
reference the medial apex of the groove whereas measures
from lateral x rays are likely to represent the midsagittal
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distance from a point on the tongue that corresponds more
closely to its lateral edge, especially if midline markers are
not used. Finally, it must be remembered that our data are
derived from static vocal tract shapes, and we can only guess
at how well the particular shapes we have studied will relate
to the shapes that occur during dynamic speech production.

IV. CONCLUSIONS

The MR equipment that we used, particularly in the
initial stages of the study (experiment 1), required long
imaging times for single-slice images. This was followed by
further periods of extensive data manipulation, software de-
velopment and analysis. As our experience and the equip-
ment available to us grew more refined, the images could be
obtained more rapidly while still sustaining the quality
shown in Figs. 1-5. The long imaging times were particular-
ly troublesome because they plagued efforts to maintain or
exactly repeat desired vocal tract shapes. Because the EMR
machine allowed only single-slice imaging, several hours of
imaging time, often spanning more than one session, was
necessary to complete a full vocal tract shape. In conse-
quence, the reliability of our data was not as high as we
would have wished or now think that we can achieve. The
reason for this optimism lies in the more powerful and faster
equipment that is currently available.

The experimental difficulties just noted impose certain
limitations on the quality of the data. Nevertheless, we have
obtained estimates of the vocal tract area functions of two
male speakers during productions of the four point vowels
and, in a further experiment, have also examined the rela-
tions between cross-sectional areas and midsagittal widths in
the pharynx over a range of nine different vowel configura-
tions. Although this is not the first vocal tract study to em-
ploy MR technology (see, for example, Rokkaku et al,
1986; Lakshminarayanan, Lee, and McCutcheon, 1991), it
is the first systematic attempt at measurement and has as-
sembled what probably constitutes the most comprehensive
body of dimensional data on the vocal tract presently avail-
able. With the ability to obtain images approaching the reso-
lution of x-ray CT but without the use of ionizing radiation
and with the prospect of shorter image acquisition times in
the future, it is evident that MR techniques have consider-
able promise and will be used more frequently to collect data
on an ever widening repertoire of speech activity.
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'We have included only SIGNA images because, during the course of
manuscript preparation, we discovered that the film-printed versions of all
the EMR images, which had been collected for use as illustrations, had
their widths shortened by 129 with respect to their heights. The source of
this error arose exclusively in the printer interface and did not affect the
original digital image data on which our measurements were made. How-
ever, the conversion steps that we would have been obliged to take to res-
tore the data to their original format and obtain new high-quality prints
were judged to be too time-consuming in relation to their importance for
publishing purposes to merit the expenditure of effort. Thus, in order to
illustrate this paper, we chose to reproduce in Figs. 1-5, a selection of im-
apes generated exclusively by the SIGNA machine. However, no measure-
ments of the coronal images shown in Figs. 4 and 5 were made. All coronal
measurements were based on images obtained from the EMR system.

2 This criterion had the merit of consistency with respect to the pharyngeal
study, but as in that study, in instances where tongue grooving occurred,
tended to make the accuracy of S (the midsagittal width measure as de-
fined ) highly dependent on whether the true depth of the groove was actu-
ally resolved. This groove was frequently so narrow that some minor mis-
tuning of the transmitter-receiver assembly could have a large impact on
the magnitude of S in the oral region. The true depth of this feature was
likely to be more accurately measured at locations where the base of the
cleft and the centerline of the tract ran at a right angle to the image plane.
The depths of grooves located at the rear of oral cavity, where the planes of
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