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Morphological Variation in the Adult Hard Palate and
Posterior Pharyngeal Wall

Adam Lammert,a Michael Proctor,a and Shrikanth Narayanana

Purpose: Adult human vocal tracts display considerable
morphological variation across individuals, but the nature and
extent of this variation has not been extensively studied for
many vocal tract structures. There exists a need to analyze
morphological variation and, even more basically, to develop
a methodology for morphological analysis of the vocal tract.
Such analysis will facilitate fundamental characterization of
the speech production system, with broad implications from
modeling to explaining interspeaker variability.
Method: A data-driven methodology to automatically analyze
theextentandvarietyofmorphological variation isproposedand
applied toadiversesubjectpoolof36adults.Analysis is focused
ontwokeyaspectsofvocal tractstructure: themidsagittal shape
of the hard palate and the posterior pharyngeal wall.

Result: Palatal morphology varies widely in its degree of
concavity but also in anteriority and sharpness. Pharyngeal
wall morphology, by contrast, varies mostly in terms of
concavity alone. The distribution of morphological
characteristics is complex, and analysis suggests that certain
variations may be categorical in nature.
Conclusion: Major modes of morphological variation are
identified, including their relative magnitude, distribution,
and categorical nature. Implications of these findings for
speech articulation strategies and speech acoustics are
discussed.

Key Words: morphology, anatomy, physiology, articulation,
speech production, speech motor control

V
ocal tract morphology is a fundamental considera-
tion in characterizing the human speech production
system because, as with any motor system, the

physical size and shape of structures that compose the vocal
tract underlie many aspects of articulation and control.
Morphology has additional importance for the speech
production system because of its role in shaping speech
sounds. The vocal tract’s acoustical properties (e.g., resonant
characteristics) are determined by its shape, which is
determined not only by active shaping and articulation but
also by the vocal tract’s inherent morphology. At the same
time, morphology varies widely across individuals, which has
at least two major implications. First, morphological
variation is a potential source of variability in both the
articulatory and the acoustic domains. Second, a detailed
understanding of morphological differences between indivi-
duals can facilitate fresh insights into many aspects of

interspeaker variability, speech motor control, and speech
production modeling.

Many studies (e.g., Hiki & Itoh, 1986) have observed
differences in palatal concavity (i.e., whether the palate is flat
or has a high, domed shape), but little beyond concavity has
been noted or quantified. Even with this basic understanding
of morphological differences, it has become clear that palate
shape influences many aspects of speech production,
particularly for coronal consonants (Fuchs, Perrier, Geng, &
Mooshammer, 2006). Many aspects of sibilant fricative
articulation are related to palate shape, including laminal
versus apical articulation (Dart, 1991), medial groove
formation (McCutcheon, Hasegawa, & Fletcher, 1980), and
tongue placement strategies (Toda, 2006; Weirich & Fuchs,
2011). Moreover, when palate shape is artificially altered,
articulation of sibilant fricatives has been shown to adapt
over time (Baum & McFarland, 1997; Honda, Fujino, &
Kaburagi, 2002; Thibeault, Ménard, Baum, Richard, &
McFarland, 2011). Sonorant articulation is also variable,
depending on whether the palate is domed or flat shaped.
Tiede, Gracco, Shiller, Espy-Wilson, and Boyce (2005)
demonstrated that altering palate shape with a prosthesis can
switch subjects from producing ‘‘bunched’’ to ‘‘retroflex’’
American English /r/. Speakers with flat palates have been
shown to exhibit less articulatory variability during vowel
production than speakers with domed palates (Brunner et al.,
2005, 2009; Mooshammer, Perrier, Geng, & Pape, 2004;
Perkell, 1997). Vowel production also adapts over time to
artificial changes in palate shape (Brunner et al., 2007). These
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changes are likely because palate shape alters the resonant
properties of the vocal tract, particularly for high front vowels
(Lammert, Proctor, Katsamanis, & Narayanan, 2011).

Most attention toward morphological variation in the
vocal tract has been focused on overall length and
proportions along a single dimension defined by the
midsagittal vocal tract midline, from the lips to the glottis.
Overall length of the vocal tract varies significantly through
development and between adult individuals (Fant, 1960;
Vorperian et al., 2005, 2009). Proportions of the vocal tract
also vary, particularly the relative length of the oral and
pharyngeal cavities (Arens et al., 2002; Boë et al., 2006, 2008;
Chiba & Kajiyama, 1941; Fitch & Giedd, 1999; King, 1952;
Lammert, Proctor, & Narayanan, 2011; Vorperian, Kent,
Gentry, & Yandell, 1999). The purpose of this study is to
provide an in-depth quantification and analysis of key
morphological variations orthogonal to the midline in adult
speakers. The width of the vocal tract orthogonal to its
midline is central to articulatory descriptions of phonetic
segments (e.g., vocal tract area functions, manner of
articulation, constriction degree); however, morphological
variation in this direction has not been extensively investi-
gated. This study focuses specifically on the hard palate and
the posterior pharyngeal wall, which determine much of the
morphology orthogonal to the midsagittal midline. The hard
palate, because it is immovable, constitutes a cornerstone of
the articulatory environment in which speech production
takes place. The pharyngeal wall is movable but is similarly
important because of its large size and because its move-
ments during speech are small relative to its size.

Despite several studies showing that hard palatal
morphology impacts speech production, very little is known
about the extent and variety of morphological variation in
that structure. Even less is known about morphological
variation of the posterior pharyngeal wall, which may have a
related influence on speech production. The current investi-
gation aims to address this gap in knowledge by developing
and applying a methodology to automatically determine the
principal varieties of shape variation in the hard palate and
posterior pharyngeal wall across individuals, referred to here
as modes, along with the proportion of total observed
variance explained by each of these modes. As an illustration,
consider the differences in palatal concavity that have been
previously observed by researchers (see second paragraph of
introduction). Differences in palatal concavity constitute one
possible mode of variation in palate shape but may not
constitute the most prominent mode, and there may be other
prominent modes to consider. The proposed methodology
addresses these issues, and it does so in data-driven fashion,
rather than by imposing prior notions regarding the kinds of
variation expected.

Given the modes of shape variation, it is also possible
to examine whether categorical distinctions are suggested by
the data, independent of any known groups. For instance, do
individuals exhibit a tight, unimodal distribution with regard
to palatal concavity? If they do, then one can reasonably say
what the ‘‘typical’’ shape is. If, however, speakers exhibit a
more complex, multimodal distribution, then it might be

better to say that they fall into distinct categories (i.e., that
they form clusters). A second set of statistical analysis aims
to automatically estimate the distribution of individuals
according to the major modes of shape variation and
whether any clusters are indicated by the data.

Because speech is the primary interest of this study, a
group of speakers who have no history of speech, language,
or hearing pathology were investigated. Any subject who met
this criterion was included in the study, regardless of factors
such as race and language background. The motivation for
assembling a diverse group was to understand the extent and
variety of morphological variations that can still result in
normal speech. Many factors influence craniofacial mor-
phology, including sex (Xue & Hao, 2006), dental pathology
(Ishii, Deguchi, & Hunt, 2002), race (Evereklioglu et al.,
2002; Gu, McNamara, Sigler, & Baccetti, 2011; Morgan,
MacGregor, Birchall, Lund, & Sittampalam, 1995;
Wamalwa, Amisi, Wang, & Chen, 2011; Wu, Hagg,
Pancherz, Wong, & McGrath, 2010; Xue, Hao, & Mayo,
2006), and history of mouth breathing (Gross et al., 1994;
Harari, Redlich, Miri, Hamud, & Gross, 2010), but normal
speech can result in any of these conditions. The primary
interest motivating this study is not the sources and
correlates of morphological variability but rather the breadth
of morphological variation that exists in a normal-speaking
group of individuals and particularly those morphological
variations that may impact speech production.

Method

Subjects

A group of 36 healthy adult subjects with no reported
history of speech, language, or hearing pathology were
considered. The average age of subjects was 27.0 years (SD =
4.3 years; range = 19–37 years). Subjects included 30
individuals who self-identified as Caucasian, non-Hispanic
and six individuals who self-identified as Asian. One subject
exhibited a Class III malocclusion (a Caucasian male speaker
of German), and all other subjects showed normal dental
occlusion patterns. Subjects were from diverse language
backgrounds, including 22 native speakers of American
English, 8 native German speakers, 5 native Mandarin
speakers, and 1 native speaker of Hindi.

Image Acquisition

Midsagittal vocal tract images of all subjects were
collected using real-time magnetic resonance imaging
(rtMRI) as part of a larger study assessing the explicit
connection between variation in the morphological, articu-
latory, and acoustic domains. The use of rtMRI reflects the
goals of this larger study, which will require imaging
techniques that capture articulatory dynamics and the
corresponding acoustic signal in conjunction with each
subject’s morphological features.

Image acquisition was performed at Los Angeles
County Hospital on a Signa Excite HD 1.5T scanner (GE
Healthcare, Waukesha, WI) with gradients capable of
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40 mT/m amplitude and 150 mT/m/ms slew rate. A custom
four-channel upper airway receiver coil array with two
anterior coil elements was used for radio frequency (RF)
signal reception. A 13-interleaf spiral gradient echo pulse
sequence (TR = 6.164 ms, FOV = 200 mm × 200 mm, flip
angle = 15 )̊ was used. The scan slice had a thickness of
approximately 5 mm. Resolution of reconstructed images
was 68 pixels × 68 pixels, which equates to a pixel width of
approximately 3.0 mm × 3.0 mm. New image data were
acquired at a rate of 12.5 frames per second and were
reconstructed using a sliding window technique to produce a
video rate of 23.18 frames per second. Further details about
the rtMRI image acquisition protocol can be found in
Narayanan, Nayak, Lee, Sethy, and Byrd (2004). Data
considered in this work were acquired over scan sessions
starting in March 2006 and ending in December 2011. All
work was approved by the University of Southern California
Institutional Review Board prior to acquisition.

Images used in this study showed subjects at rest with
mouths closed, breathing through the nose. All subjects were
instructed to lie comfortably in the scanner in supine
position. Subjects’ heads were oriented along the midline of
the body and padded in place to prevent lateral motion
during the scan. The midsagittal plane was localized by real-
time examination of slices orthogonal to the midsagittal
plane (e.g., an oblique axial slice; Santos, Wright, & Pauly,
2004). By visualizing these planes, localization markers could
be placed over landmarks such as the nose tip and the
pharyngeal cross-sectional airway and iteratively refined to
ensure accurate localization.

A potential confound in studying morphology of the
posterior pharyngeal wall is that it can deform somewhat by
active articulation and passive conditions in the pharynx.
The posterior pharyngeal wall can be actively recruited for
swallowing and other functions of the vocal tract (Magen,
Kang, Tiede, & Whalen, 2003). It can also deform because of
extreme flexion or extension of the neck (Penning, 1988) and
because of pressure buildup in the pharynx (Proctor, Shadle,
& Iskarous, 2010). To ensure an accurate reflection of the
posterior pharyngeal wall’s inherent morphology, these
sources of deformation were controlled for in several ways.
Subjects were imaged during rest position for breathing to
avoid effects from active articulation or pharyngeal pressure
buildup. Flexion or extension of the neck was controlled for
by instructing subjects to lie comfortably in the scanner.
Subject comfort has previously been used to define a natural
reference position for flexion or extension of the head and
neck for studying the shape of the pharynx (Mohammed,
Marshall, & Douglas, 1994). Note that asking subjects to
assume a predefined amount of flexion/extension (e.g., in
terms of degrees) is problematic because (a) it may be
uncomfortable for some subjects to hold the predefined
position and (b) it may not reflect a subject’s natural posture
and thereby potentially violate ecological validity. The results
section of this paper presents further statistical analysis,
related to this point, with the aim of identifying any
significant relationship between flexion/extension of the head
and the modes of pharyngeal wall deformation.

Image Processing

Five images were identified for each subject, capturing
rest position during breathing and with the tongue pressed
against the teeth and hard palate. These images were
averaged to improve the signal-to-noise ratio and to ensure a
representative rest position. Canny edge detection (Canny,
1986) was used with manual linking and correction to trace
the hard palate and posterior pharyngeal wall (see Figure 1).
Traces of the hard palate began at the upper dentition and
extended along the palate to the posterior nasal spine (i.e.,
hard–soft palate junction). Pharyngeal wall traces extended
from its highest point in the nasopharynx, down to the entry
of the esophagus, a reliable anatomical landmark.

Traces of each structure were aligned at their end
points through rotation, translation, and uniform scaling.
This allowed each contour to be regarded as a single vector
of distance measurements along and perpendicular to the line
defined by its end points. All vectors were subsequently
resampled to 100 elements and compiled into the sets

xpal~ x
pal
i~1, � � � ,xpal36

n o
and xphar~ x

phar
i~1, � � � ,xphar36

n o
, for each

of the 36 subjects, i.

Analysis

The analysis was designed to be as data driven as
possible, providing a description of the statistical aspects of
shape variations present in the data with minimal assump-
tions and maximum generality. Analysis was aimed at the
following aspects of the data: (a) the principal modes of

Figure 1. Midsagittal image of a male subject used in the analysis.
The image shows the subject at rest, with mouth closed and
breathing through the nose. Automatically derived traces of the hard
palate and posterior pharyngeal wall have been overlaid, along with
anatomical landmarks used to delimit those structures.
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shape variation in the hard palate and posterior pharyngeal
wall, and what proportion of the total observed variance can
be explained by each of these modes; (b) the distribution of
individuals according to the modes of shape variation; and
(c) any general categorical distinctions in shape (i.e., clusters
of speakers) suggested by the data, independent of any
known groups.

To address the first question, principal component
analysis (PCA) was applied. Given a set of observations, xpal

and xphar, PCA finds the orthogonal modes of variation
present in the data and numerical values representing an
individual’s shape according to those modes, often called
scores. The analysis is defined such that each successive mode
accounts for as much of the variance as possible, such that
the proportion of the variance accounted for by each mode
can be calculated. Moreover, because the largest few modes
account for most of the variance in the data, one can describe
complex shapes using the scores from only a small number of
modes. Thus, PCA directly addresses the first question and
facilitates further analyses considering the scores.

The second question requires accurate estimation of
the probability distribution of individuals according to the
largest modes of variation. Distributions were estimated by
employing kernel density estimation, using a Gaussian kernel
to estimate the probability density at 100 points. The width
of the Gaussian kernel, corresponding to the SD of the
Gaussian, was set to 0.3s, where s is the SD of the specific
feature in question.

The third question is best addressed through cluster
analysis. Clusters were found by applying the k-means
algorithm to the PCA scores. All cluster optimizations were
done with random centroid initializations and 100 repetitions
to avoid convergence to a local minimum (the lowest-cost

solution was selected). In choosing the number of clusters, a
size constraint was imposed, such that all clusters were
required to have more than four individuals (i.e., 10% of the
subject pool). Individuals were grouped into the largest
number of clusters that did not violate this size constraint.
For both palate shapes and pharyngeal wall shapes, the
appropriate number of clusters, according to these criteria,
was precisely three.

Results

Hard Palate

The major modes of hard palate variation, as
suggested by the data, can be seen in Figure 2. The three
largest modes are shown, which together account for more
than 85% of the variance in the data. Moreover, these modes
seem to have easy interpretations in terms of their physical
meaning. The first mode, accounting for 51% of the variance
in the data, represents the degree of concavity of the palate
(i.e., whether it is flat or domed). The second mode, which
accounts for another 25% of the variance, is related to the
anteriority of the palate: whether the apex of the dome is
positioned toward the anterior or posterior portion of the
oral cavity. An additional 10% of the variance can be
attributed to the sharpness or flatness of the palate at its
apex. These modes will be referred to, respectively, as
concavity, anteriority, and sharpness for the remainder of the
discussion of palatal variation. Figure 3 shows images of
individuals who represent the extremes of these three modes.

The distribution of individuals according to concavity,
anteriority, and sharpness can be seen in Figure 4. All three
distributions appear to be bimodal, with both modes

Figure 2. The three largest modes of variation in hard palate shape, determined in completely data-driven fashion, without imposing any prior
notions about expected shape variations, by applying PCA to the observed hard palate shapes from the subject pool. Modes reflect differences
in concavity, anteriority of the apex, and sharpness of the palate around the apex. The overall mean hard palate shape is shown in black, and
the blue and red lines show the nature of deviations from the mean according to each mode. The magnitude of the deviations shown reflects the
magnitude of variations seen in the subject pool, at precisely ¡1.5 SDs from the mean shape. Because these modes account for more than
85% of the overall variance, arbitrary hard palate shapes may be well represented using only these three modes. (a) 51% of variance; (b) 25% of
variance; (c) 10% of variance.
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approximately equally likely. Subjects are distributed most
broadly according to palatal concavity, slightly less broadly
according to anteriority, and even less broadly according to
the palatal sharpness. This pattern corresponds closely to the
proportion of variance accounted for by each kind of
variation. Moreover, the presence of multiple modes
exhibited by all three distributions indicates that hard palate
shapes may naturally separate into categories, which can be
found by applying cluster analysis.

Cluster analysis revealed three categories of palate
shapes. The mean shapes for all individuals in each cluster
are visualized in Figure 5. These clusters can be interpreted
as comprising individuals with (a) concave palates; (b) flat,
anterior palates; and (c) flat, posterior palates.
Approximately half of the subjects fell into the first cluster
that contains concave palates. Remaining subjects were split
between the other two clusters.

Posterior Pharyngeal Wall

The major modes of posterior pharyngeal wall
variation can be seen in Figure 6. The two largest modes are
shown, which together account for more than 82% of the
variance in the data. Similar to the palate shapes, the largest
mode of variation in the pharyngeal wall is related to the
degree of concavity (75% of the total variance). A much
smaller second mode, accounting for an additional 7% of the
variance, reflects differences in the inclination of the
pharyngeal wall, from fairly vertical to forward leaning.

Figure 3. Midsagittal images of subjects representing the extremes
of each mode of variation in hard palate shape. Modes reflect
differences in palatal concavity, anteriority of the palatal dome’s
apex, and sharpness of the palate around its apex.

Figure 4. Distribution of hard palates according to the three largest modes of shape variation. Abscissa values represent scores derived from
PCA, with a value of 0 representing the hard palate mean shape. Modes accounting for more of the variance in the data (e.g., concavity) display
a broader distribution. The presence of multiple modes, exhibited by all three distributions, indicates that hard palate shapes may naturally
separate into categories.

Figure 5. Hard palate shapes representing the three categories of
hard palate shape, determined in completely data-driven fashion, by
applying k-means cluster analysis to the observed hard palate
shapes from the subject pool. The displayed hard palates reflect the
mean shape of all hard palates contained within one cluster.
Clusters can be interpreted as comprising (1) concave palates; (2)
flat, anterior palates; and (3) flat, posterior palates.
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These modes will be referred to, respectively, as concavity
and inclination for the remainder of the discussion of
pharyngeal wall variation. Images of individuals who
represent the extremes of these two modes can be seen in
Figure 7.

Further analyses were run to establish that the
observed differences in pharyngeal wall shape reflected
inherent morphological differences and not differences due
to neck flexion or extension. Neck extension was estimated
by drawing one line each through the palate and the
pharyngeal wall end points and calculating the angle between
those lines. Previous research has indicated that flexing or
extending the head across a wide range (40 ,̊ centered on a
comfortable, neutral posture) has little effect on key upper
airway dimensions (Mohammed et al., 1994). It was found
that rest positions varied by only 21˚ (from 64˚ to 85 )̊ across
subjects in this study. Correlation coefficients were calculated
between neck extension and pharyngeal wall shape (i.e., the
first two principal modes). Correlation between neck
extension and pharyngeal wall concavity was not statistically
significant (Pearson’s r = –0.01, p = 0.96), making it very
likely that this mode of variation reflects inherent differences
in morphology. Correlation with inclination, however,

approached significance (Pearson’s r = 0.31, p = 0.07). On
the basis of this result, it is conceivable that the observed
differences in posterior pharyngeal wall inclination were, at
least in part, caused by neck flexion or extension.

The distribution of individuals according to concavity
and inclination can be seen in Figure 8. Concavity exhibits a
very broad distribution, which appears to be trimodal.
Moreover, the left two modes of this distribution are both
more likely than the rightmost mode. Inclination, however,
displays a highly peaked, unimodal distribution, centered
about the mean. The presence of multiple modes, exhibited
by concavity, indicates that hard palate shapes may naturally
separate into categories, which can be found by applying
cluster analysis.

Cluster analysis revealed three categories of pharyngeal
wall shapes. The mean shapes for all individuals in each
cluster are visualized in Figure 9. These clusters can be
interpreted as comprising individuals at various levels of
concavity, from very straight, to slightly concave, to
extremely concave. Approximately 45% of the subjects had
very straight pharyngeal walls, while fewer were slightly
concave (33%), and even fewer had extremely concave
pharyngeal walls (22%).

Discussion

A methodology has been proposed for detailed
statistical analysis of morphological differences in the vocal
tract in which analysis is largely automatic and data driven.

Figure 6. The two largest modes of variation in posterior pharyngeal
wall shape, determined in completely data-driven fashion, without
imposing any prior notions about expected shape variations, by
applying PCA to the observed pharyngeal wall shapes from the
subject pool. Modes reflect differences in concavity and inclination of
the pharyngeal wall. The overall mean pharyngeal wall shape is
shown in black, and the blue and red lines show the nature of
deviations from the mean according to each mode. The magnitude of
the deviations shown reflects the magnitude of variations seen in the
subject pool, at precisely ¡1.5 SDs from the mean shape. Because
these modes account for more than 82% of the overall variance,
arbitrary pharyngeal wall shapes may be well represented using only
these two modes. (a) 75% of variance; (b) 7% of variance.

Figure 7. Midsagittal images of subjects representing the extremes
of each mode of variation in posterior pharyngeal wall shape. Modes
reflect differences in pharyngeal wall concavity and inclination of the
pharyngeal wall.
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The advantage of a data-driven approach is that it allows the
data to express directly the variety and extent of variation,
rather than imposing prior notions of expected variations. It
is notable that the analyses here revealed highly interpretable
structure in the data because the results of a data-driven
approach can sometimes suffer from poor interpretability.
For instance, with respect to the major modes of shape

variation in the hard palate and posterior pharyngeal wall, a
large majority of the variance can be cleanly interpreted.

Substantial variation was observed in the degree of
concavity of the hard palate, which accounted for more of
the variance than any other single mode. This reinforces the
observations of previous studies (e.g., Brunner et al., 2009;
Hiki & Itoh, 1986), which noted that palatal concavity is a
major source of morphological variation. Two additional
modes of variation were found orthogonal to concavity that
accounted for substantial amounts of variability in the data.
Additional dimensions include the anterior or posterior
position of the apex of the palatal dome and the sharpness or
flatness of the palatal dome shape around that apex. The
diversity of hard palate morphology observed in these data
may have important implications for articulation strategies
across individuals. Anteriority of the palatal inflection has
the potential to affect place of articulation for all coronal
segments. Roundness or sharpness of the palate could affect
the details of tongue shaping for production of coronal
fricatives. Future work will focus on these kinds of effects.

Concavity differences also constitute the largest mode
of morphological variation in the posterior pharyngeal wall.
Unlike the hard palate, however, these concavity differences
account for the vast majority of the observed variance, with
much less contribution from additional modes. The next
largest mode—vertical inclination of the pharyngeal wall—
accounts for an order of magnitude less variation compared
with concavity and may simply be related to differences in
head flexion or extension. Differences in pharyngeal wall
concavity have been shown to impact vowel production by
determining the width of the pharynx and, consequently, the
resonant properties of the vocal tract, especially for low back
vowels (Lammert, Proctor, Katsamanis, & Narayanan,
2011). There may be additional consequences for maintain-
ing pressure gradients in the pharynx that would affect
voicing, particularly for voiced fricatives where pressure
buildup must be carefully controlled. For languages with
pharyngeal and emphatic consonants (e.g., Semitic, Afro-
Asiatic), place of articulation may also be affected.

Figure 8. Distribution of posterior pharyngeal walls according to the three largest modes of shape variation. Abscissa values represent scores
derived from PCA, with a value of 0 representing the pharyngeal wall mean shape. Modes accounting for more of the variance in the data (e.g.,
concavity) display a broader distribution. The presence of multiple modes, such as that exhibited by concavity, indicates that pharyngeal wall
shapes may naturally separate into categories.

Figure 9. Posterior pharyngeal wall shapes representing the three
categories of pharyngeal wall shape, determined in completely
data-driven fashion, by applying k-means cluster analysis to the
observed pharyngeal wall shapes from the subject pool. The
displayed pharyngeal walls reflect the mean shape of all pharyngeal
walls contained within one cluster. Clusters can be interpreted as
comprising shapes of increasing concavity, from very straight, to
slightly concave, to extremely concave.
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The current data set suggests that variations in shape
may be categorical, tending to cluster into specific shape
classes. For instance, hard palate shapes reliably cluster into
three categories: (a) highly domed palates; (b) flatter palates,
for which the small dome is more anterior; and (c) flatter
palates, for which the small dome is more posterior.
Posterior pharyngeal wall shapes also cluster into three
categories, mostly related to concavity: (a) very straight
pharyngeal walls, (b) slightly concave pharyngeal walls, and
(c) extremely concave pharyngeal walls. Some of these
categorical differences in morphology may be accompanied
by categories in the articulatory and acoustic domains, which
will be investigated in future work.

As previously mentioned, most attention toward
morphological variation in the vocal tract has been focused
on overall length and proportions along a single dimension
defined by the vocal tract midline. The interplay of acoustical
and articulatory variability with respect to these differences
has been of value in the domain of speech research for
studying long-standing questions related to interspeaker
variability (Fuchs, Winkler, & Perrier, 2008; Nissen & Fox,
2009; Vilain, Abry, Brosda, & Badin, 1999), goals of speech
production (Ménard, Schwartz, Boë, & Aubin, 2007), speech
acquisition (Ananthakrishnan, 2011), and motor control
(Winkler, Fuchs, & Perrier, 2006; Winkler, Fuchs, Perrier, &
Tiede, 2011). The current analysis may facilitate similar
investigations into the effect of palate and pharyngeal wall
structure on articulation and acoustics.

The ultimate goal of this line of research is to assess the
effect of morphological variation on speech articulation and
acoustics. Examining the relationships between variations in
morphology, articulation, and acoustics holds promise for
explaining interspeaker variability in production patterns. It
should be possible to predict production patterns from
observations about an individual’s palatal and pharyngeal
morphology. Moreover, a fundamental analysis of the
speech production system’s physical structure (e.g., mor-
phology) can act as a foundation for understanding many
aspects of speech motor control. Effective control demands
detailed knowledge of structure, which implies that modeling
of control would benefit from such knowledge, as well. Many
additional questions may also be examined using morpho-
logical knowledge, such as the long-standing debate over the
nature of speech production goals. The extent to which
speakers minimize differences in the articulatory versus
acoustic domains can offer insight into the goals of
production. By finding ways to quantify and analyze
morphological differences, the current study constitutes an
important step toward achieving these larger goals. Future
research will address those goals by combining the current
analyses with the articulatory information afforded by
rtMRI and the noise mitigated audio that was recorded in
synchrony with the articulatory data (Bresch et al., 2006).

Many aspects of morphological variation remain to be
studied in more detail. The morphology of movable structures
(e.g., the tongue and lips) should be particularly important for
patterns of articulation. Studying these structures poses
serious practical and theoretical challenges, including the need

to define a reference posture as a basis for comparing
morphology. Detailing morphology off the midsagittal
plane—and especially three-dimensional morphology—is
important. Studying the connection between three-dimen-
sional morphology and articulation will be crucial but also
poses practical challenges given the limitations of current real-
time imaging. Work also remains in terms of identifying
systematic correlates of morphological variation, both onto-
genetic and hereditary. This kind of understanding may make
it possible to robustly predict production patterns and explain
interspeaker variability. Finally, future study could benefit
from an even more diverse subject pool, to more accurately
estimate the full range and variety of morphological
differences that can result in normal speech patterns.
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