NH,
= acta
ﬁ% psychologica

ELSEVIER Acta Psychologica 107 (2001) 95-117

www.elsevier.com/locate/actpsy

Functional imaging during speech production

K.G. Munbhall *

Departments of Psychology and Otolaryngology, Queen’s University, Kingston, Ont., Canada
Received 20 September 2000; received in revised form 14 December 2000; accepted 18 December 2000

Abstract

Physiological studies of speech production have demonstrated that even simple articulation
involves a range of specialized motor and cognitive processes and the neural mechanisms
responsible for speech reflect this complexity. Recently, a number of functional imaging
techniques have contributed to our knowledge of the neuroanatomical and neurophysiological
correlates of speech production. These new imaging approaches have the advantage of per-
mitting study of large numbers of normal and disordered subjects but they bring with them a
host of new methodological concerns. One of the challenges for understanding language
production is the recording of articulation itself. The problems associated with measuring the
vocal tract and measuring the neural activity during overt speech are reviewed. It is argued
that advances in understanding fundamental questions such as what are the planning units of
speech, what is the role of feedback during speech and what is the influence of learning, await
the development of better methods for assessing task performance. © 2001 Elsevier Science
B.V. All rights reserved.
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1. Introduction

The production of spoken words is the end product of a complex network of
linguistic and cognitive processes. Thoughts and intentions are remarkably trans-
formed into a sequence of movements and sounds in the order of hundreds of
milliseconds. One of the great achievements of psycholinguistic research in the past
30 years has been the preliminary system identification of this language output
system. Distinct phases of planning and control in this process have been identified
through the study of errors (e.g., Fromkin, 1973) and studies of the timing of
production (Levelt, 1989) and formal models of language production have been
proposed to account for these data.

Levelt’s model is representative of these frameworks and it is summarized in
Fig. 1. As can be seen in this figure, the progression from concept to articulation is
thought to involve separate processes that impart syntactic, morphological, pho-
nological and phonetic organization. At the end of this flow of information pro-
cessing lies the final and often forgotten stage of the language sequence, articulation
itself. Most psycholinguistic models of this kind give minimal attention to the final
stage of actual speech production. Like a last minute addition to a guest list, ar-
ticulation does not feature in early phases of planning. In fact, in many models of
language production, articulation is portrayed as a passive and modular final filter
for language production. For a variety of technical reasons, this de-emphasis of
articulation has been mirrored in functional imaging studies of language production.
Many neural imaging studies have used a range of “silent” tasks in which words are
not even spoken. ! This is unfortunate because it de-emphasizes the medium in which
the evolution of language presumably took place and it makes an unwarranted “pure
insertion” assumption about speech motor control (Jennings, Mclntosh, Kapur,
Tulving, & Houle, 1997).

There are many reasons for giving the articulation component of language pro-
duction more attention in functional imaging studies. Foremost amongst these is the
fact that the speech motor system is not a passive channel for the transmission of
linguistic signals from prior planning stages. Rather, it transforms those signals in a
number of ways. At the most peripheral level, the nonlinear mechanics of tissue and
muscle, the inertial forces of the moving articulators and the complexities of force
generation in muscles each contribute to the form of articulation and thus to the final
form of the speech output. In order to accommodate this degree of nonlinearity, the
nervous system is thought to have internal models of the vocal tract and the acoustic
consequences of articulation (Guenther, 1994; Hirayama, Vatikiotis-Bateson, &
Kawato, 1994; Jones & Munhall, 2000; Jordan, 1990, 1996; Kawato, Furukawa, &
Suzuki, 1987). An internal model is a representation of the forces and kinematics of
movements as well as the feedback that results from those movements (see Miall &

' To be fair, some of the studies being referred to were not intended to study articulation per se. Their
focus was on other aspects of language production. However, the criticisms related to the use of silent
tasks are still applicable.



K.G. Munhall | Acta Psychologica 107 (2001) 95-117 97

rhetorical/semantic/syntactic system

| conceptual preparation |

!

preverbal message

| grammatical encoding |

+

surface structure

\/

morpho-phonological
encoding

phonological score

'

| phonetic encoding |

'

articulatory score

| articulation |

phonological/phonetic system

+

overt speech

Fig. 1. Framework of processing components in language production (adapted from Indefrey & Levelt,
2000).

Wolpert, 1996; Kawato, 1999, for discussions of internal models in movement
control). In this depiction of the act of speaking, articulation involves significant
information processing in order to manage the motor system in the vocal tract
during phonetic sequencing. Timing, force, and trajectory control of a large number
of articulators have to be programmed in rapid succession. This computation en-
gages a neurally distributed planning and control system.

The amount of information that must be conveyed and therefore programmed by
the motor system is remarkable. Talkers modify their speech style and precision in
real time to fit social and environmental context and to respond to conversational
demands. Mood, intent, attention, as well as the conceptual and emotional meaning
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of a message are all transmitted in parallel with phonetic information by subtle
differences in the way in which words are spoken. These subtle differences are pro-
duced by systematic modifications to the movement timing and trajectories of the
oral articulators. For example, talkers can voluntarily modify the clarity with which
they speak (Gagne, Masterson, Munhall, Bilida, & Querengesser, 1995) and speech is
perceptually distinct if it is read, recited, voluntarily produced, attentionally en-
gaged, etc. (e.g., Remez, Lipton, & Fellowes, 1996). In addition, there is variability in
articulation from a number of other sources. Speaking rate, lexical and emphatic
stress and syllabification can vary from repetition to repetition.

How this motor planning is accomplished is not well understood but an inter-
action between levels of planning is indicated. For example, Saltzman, Lofqvist, and
Mitra (2000) have used a phase resetting paradigm to study the relationship between
central “clock” mechanisms and the timing of peripheral motor events in speech.
When randomly timed mechanical perturbations are applied to the lower lip during
repetitive syllable production, the patterns of timing adjustments are consistent with
a model in which central timing is modulated by the peripheral motor system
(Gracco & Abbs, 1989). Kawato (1997) has suggested that this arrangement is
preferred for computational reasons as well. During trajectory planning, the solution
space can be reduced more effectively if constraints (e.g., smoothness) are specified at
other planning levels (Kawato, 1997). To do this however, the trajectory planning
(along with other information processing problems in motor control such as coor-
dinate transformations and motor command generation) must be computed simul-
taneously rather than sequentially.

Understanding articulation, then, is not simply a matter of understanding how the
jaw, for example, moves for a canonical phoneme target. Rather, such an under-
standing must include a description of coordination in the context of the range of
performance conditions occurring during communication. Trajectory formation for
the articulators would thus involve interaction with many levels of the language
system as well as involving complex motor planning in order to achieve these goals in
the presence of the biomechanical and physiological complexity of the vocal tract
(Munhall, Kawato, & Vatikiotis-Bateson, 2000).

The nonadditivity of cognitive processing and type of response has recently been
demonstrated in a semantic judgment task (Jennings et al., 1997). PET activation
patterns 2 varied for the same semantic task depending on the response mode (mouse
click, overt speech, silent thought). Jennings et al. suggest that the way in which
subjects organized their responses induced activation in different areas of the brain
for the semantic processing. This kind of interaction is consistent with a system with
many reciprocal connections and feedback projections such as the language system.

Factors such as these argue strongly for careful study of speech production in
functional imaging studies. From a practical point of view, the manner in which

2 1In this paper I will use the term “activation” to refer to the measures from different imaging
techniques. 1 acknowledge that this is technically wrong (and may even be more than just technically
wrong) but it is convenient for expository purposes in this manuscript.



K.G. Munhall | Acta Psychologica 107 (2001) 95-117 99

words are spoken defines part of the “task” in any language production study and
the presence of real articulation permits more precise task monitoring in imaging
studies. Response timing, accuracy and task compliance can only be measured when
there actually is a response! There is good evidence that this should be a concern in
language production studies. Untrained talkers are not very precise at controlling
many speech variables in laboratory studies of language output. For example,
speaking rate, in spite of its popularity as a manipulation in speech production
studies, is notoriously variable (Miller & Baer, 1983). Rate of articulation has also
been reported to influence regional blood flow in PET experiments (e.g., Paus, Perry,
Zatorre, Worsley, & Evans, 1996).

Indefrey and Levelt (2000) have recently argued that a range of poorly understood
“lead-in” processes used in neuroimaging studies of word production (e.g., picture
naming, generating words from beginning letter, word reading, repetition) have to be
more carefully considered since they influence neuroimaging results. In a similar
vein, details of articulation define a range of “lead-out™ processes that will influence
imaging data. Variability in speech obviously can result from different neural control
strategies at many levels of the production system and this will be reflected in dif-
ferent neural activation patterns.

In addition to these methodological reasons for studying the functional repre-
sentation of overt speech there are more theoretical reasons as well. Speech can be
viewed as a complex linguistic process (Liberman & Whalen, 2000), and thus the
neural representation of speech gestures is seen as an inextricable part of the
language system. In Liberman’s view, the phonetic gestures are the “common
currency”’ of two-way communication and thus are the primitives of human lan-
guage.

More pragmatically, there is a set of classic problems in the understanding of
articulation that can profitably be addressed using functional imaging. These include
(a) specifying the fundamental units of speech coordination, understanding the im-
plementation of these units in a range of contexts that influence precision and timing,
(b) understanding how central representation of units interact with feedback in real
time and (c) understanding how these units are acquired and modified by learning.
For each of these problems imaging could aid in both the neural mapping of the
behavior and potentially the specification of the processing components of the be-
havior (Kosslyn, 1999). In the final section of the paper I will return to these
problems.

To date, functional imaging has played two distinct roles in the study of speaking.
First, a form of functional structural imaging has long been important for the precise
description of the actual behavior of talking. Secondly, functional neural imaging
has recently contributed to our understanding of the cognitive and linguistic pro-
cesses responsible for articulation and for mapping these putative processes onto the
neural architecture. In this paper I will give an overview of these two roles played by
imaging, particularly magnetic resonance imaging (MRI), and comment on how
functional imaging can help resolve enduring problems in the field. I will begin by
commenting on the state of functional structural and functional neural imaging
using MR.



100 K.G. Munhall | Acta Psychologica 107 (2001) 95-117

2. Structural imaging of speaking

Sound production in human speech involves the generation of sound (e.g., by the
vocal folds) and its filtering by the acoustic properties of the vocal tract (i.e., shape,
size, wall characteristics, etc.). This division of explanation into source and filter has
been the working model in speech research for the last 50 years (Fant, 1950) but
speech bioacoustics and speech motor control are still far from completely under-
stood. In part, this is due to the relative inaccessibility of the speech articulators. The
external face and jaw contribute to the sound character in speech (Lindblom &
Sundberg, 1971) and can be easily measured. However, the lips and jaw are not the
primary determinants of the overall speech spectrum. A number of other “internal”
articulators jointly determine the shape of the oral airway. Measuring the contri-
bution of the tongue and pharyngeal walls on the acoustics of speech, however,
requires invasive recording techniques.

This precise measurement of the vocal tract is necessary in order to understand the
coordination demands on the speech motor control system and in order to specify
the primitives of articulation. Early static X-ray images revealed the complex shape
of the vocal tract during speech and significantly advanced our understanding of
speech acoustics. However, the advent of high-speed X-ray films revolutionized the
field revealing the remarkable nature of the skill of speech motor control for the first
time. (See Moll, 1960, for a review of the early research. See Munhall, Vatikiotis-
Bateson, & Tohkura, 1994, 1995, for an archival database of high-quality films.)
This first functional imaging of speech revealed a rapidly changing “acoustic tube”
in which the position and shape of a number of articulators were coordinated to
produce a stream of consonants and vowels. For example, the X-ray films revealed
that the tongue tip in speech can produce distinct movements within approximately
50 ms of each other (Kent & Moll, 1975). In recent years, the use of this X-ray
cineradiography has drastically decreased, primarily due to ethical concerns about
the radiation dosage.

Other imaging techniques have been developed including the use of ultrasound
(e.g., Stone, Morrish, Sonies, & Shawker, 1987) and electromagnetometry (e.g.,
Hoole, Nguyen-Trong, & Hardcastle, 1993) but the development of MRI and
computed tomography (CT) gave the community opportunity for the first time to
record 3D images of the complete vocal tract shape (e.g., Baer, Gore, Gracco, &
Nye, 1991; Dang, Honda, & Suzuki, 1994; Moore, 1992; Story, Titze, & Hoffman,
1996; Tiede, 1996). These new technologies have a number of advantages for speech
research. They afford remarkable reconstructions of the complete vocal tract airway
which have been valuable for tests of aeroacoustic models and for synthesis research.
Fig. 2 shows two views of the vocal tract during production of the vowel /a/ from
Story, Titze, and Hoffman (1998). As you can see in the image, a complex airway
shape produces the pattern of resonances for a vowel.

In recent years, the increasing speed of MR image acquisition has led to the use of
MRI as a direct substitute for X-ray imaging (e.g., Narayanan, Alwan, & Haker,
1995; Rokkaku, Hashimoto, Imaizumi, Niimi, & Kiritani, 1986; Yang & Kasuya,
1994). Fig. 3 shows midsagittal images of the three vowels /i, u, a/ collected using a
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Fig. 2. Volumetric reconstruction of the vocal tract airway of an adult female producing the vowel /a/.

turbo flash technique with data acquisition time in the order of 1.5 s per image. The
false color overlay of the three vowels in Fig. 3(d) highlights the different vocal tract
configurations required for vowel production.

The most promising development is the possibility of using MRI for dynamic
articulation measurement. Stroboscopic MRI has been used to measure the dynamic
changes in the vocal tract by building a composite utterance from images sampled
from a series of utterances. The subjects repeat a target syllable repetitively and
images are recorded from different phases of the production (Mathiak et al., 2000;
Shadle, Mohammad, Carter, & Jackson, 1999).

The goal of functional structural imaging is to characterize the shape of the vocal
tract for different sound categories and to be able to describe changes in shape over
time. The field’s dream is to achieve high resolution, 3D imaging at rates that are
acceptable for measuring articulation. While this aim no longer seems impossible, it
is still far from being achieved.

Recently, faster image collection has permitted the recording of dynamic se-
quences within a single utterance. For example, Demolin, Metens, and Soquet
(2000), using an ultra fast Turbo Spin Echo (TSE) Zoom sequence, recorded real
time midsagittal images during the production of the vowel sequence /ieaou/ at a rate
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Fig. 3. Mid-saggital images of a talker producing the vowels (a) /i/ (b) /u/ and (c) /a/. Panel (d) shows the
three vowels superimposed in false colours.

of 4-5 images per second. In a related development, Stone, Dick, Douglas, Davis,
and Ozturk (2000) recorded tagged Cine-MRI to examine the changes in the internal
biomechanics of the tongue during speech. A magnetic grid with a decay time of
approximately 500 ms was imposed on the tongue tissue and its deformation was
recorded over time. In a one second interval, 24 time-phases or image frames were
recorded. While Stone et al. required ensemble summing of multiple repetitions to
increase signal strength at each time-phase, this is still remarkable sampling speed.

In spite of these successes, MRI presents a number of problems for the study of
speech. The recording environment is very noisy leading to changes in the acoustic
feedback for subjects (see below) and making acoustic analysis of productions dif-
ficult. Data acquisition is still too slow and full volumetric reconstructions require
sustained, repetitive productions. Thus, only static postures that can be maintained
for a number of seconds can be studied in high resolution volumetric recordings.
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Some boundaries of the vocal tract (e.g., the teeth) do not image well due to their
protein density and there are even concerns about the changes in shape of the vocal
tract when subjects produce speech in a supine position (Shiller, Ostry, & Gribble,
1999; Tiede, Masaki, & Vatikiotis-Bateson, 2000). Finally, because of constraints on
eligible utterances, only monosyllabic stimuli produced in a laboratory citation style
have been measured. As a result, the older, high-speech X-ray films still remain the
best overall view of the moving vocal tract during fluent speech (Munhall et al., 1994,
1995).

3. Functional neural imaging of speaking

It has been known for over a century that multiple regions of the brain are in-
volved in producing spoken language. Our knowledge of these neuroanatomical
correlates of speech production primarily comes from deficit/lesion studies (see
Caplan, 1992) and electrical stimulation studies (e.g., Ojemann, 1991; Penfield &
Roberts, 1959) but recently, a number of imaging techniques have also been used.
(See Savoy, 2001, for an extensive historical review.)

The key components of the language production system, first identified in the
nineteenth century, continue to shape neural accounts of language. The classical
view involves an area in the posterior portion of the inferior frontal gyrus (Broca’s
area), an area in the posterior superior temporal gyrus (Wernicke’s area) and con-
nections between these areas (e.g, the arcuate fasciculus). In the past 30 years, this
view has been refined in many ways. First, the areas involved in even simple language
behavior such as naming have been shown to be much more extensive than originally
proposed. Fig. 4 shows cortical stimulation sites (Ojemann, 1991) that produced
disruptions in naming. As can be seen broad regions of the temporal, parietal and
frontal cortex can be involved in language production. This figure also shows the
individual variability that has come to define the study of the neural representation
of language. The numbers in circles represent the percentage of subjects who showed
disruption when stimulated at each site. As can been seen, the percentages showing
stimulation effects vary considerably with no single location being essential for all
subjects. Twenty-one percent of the subjects showed no disruption even in the region
that corresponds with Broca’s area (see also Dronkers, 1996).

This observation is consistent with recent changes to the view of the language
areas in the cortex. The definition of classical areas such as Broca’s area and to a
lesser extent Wernicke’s area have undergone significant revision in recent years.
Both the boundaries of Broca’s area and its role in language processing have been
questioned. Broca’s area is now thought to involve a much larger area than the
classical view (Mohr, 1976). To some extent, the exact area designated “Broca’s
area’ is not that critical and as Damasio and Damasio (1988) suggest its precise
location may be a matter of taste. However, there is general acceptance of a larger
anterior language area. The functionality of this region has also varied in recent
decades with a greater emphasis on the role of Broca’s area in syntax and reduced
role for Broca’s area for actual articulation (e.g., Dronkers, Redfern, & Knight,
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Fig. 4. Variability in localisation of sites deemed essential for naming. The circled numbers indicate the
percentage of subjects who produced naming errors when electrically stimulated at that site. The upper
numbers indicate the number of subjects stimulated (from Ojemann, 1991).

2000). In addition, the anterior inferior frontal lobe may be more involved in se-
mantic decisions while the posterior inferior frontal lobe is implicated more in
phonological processing (Fiez, 1997). Finally, the role played by subcortical struc-
tures (e.g., thalamus, cerebellum, basal ganglia) in articulation and other language
processes has been revised (Damasio, Damasio, Rizzo, Varney, & Gersh, 1982).

Following Petersen, Fox, Posner, Mintum, and Raichle’s (1988) PET study of
single word processing, a range of functional imaging studies of language output
have contributed to our growing neurological model of language production. These
studies in combination with recent studies of lesions have led to the view that lan-
guage production involves an extended cortical and subcortical network (e.g., Ac-
kermann & Hertrich, 2000; Fiez & Raichle, 1997; Grabowski & Damasio, 2000;
Nadeau & Crosson, 1997). Recent studies of oral movement and overt speech in-
dicate that articulation similarly involves a distributed network (Corfield et al.,
1999). For example, Rosen, Ojemann, Ollinger, and Petersen (2000) compared silent
articulation to speaking aloud in a stem completion task. Expected differences in the
activity in the primary motor cortex and the superior temporal gyrus were found. In
addition, increased activity was seen in the thalamus and putamen during overt
speech.

One of the recurring conclusions from the existing body of functional imaging
work on language production is that the patterns of neural activation are extremely
sensitive to the task the subject is asked to perform. For example, in Indefrey and
Levelt (2000) meta-analysis of 58 word production studies involving functional
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imaging, a variety of language output tasks were used ranging from picture naming
aloud, to silent word reading, to repetition aloud. * By Indefrey and Levelt’s reck-
oning, all of these protocols involved a “phonological encoding” component.
However, no single area was universally active across studies. Broca’s area and the
left mid superior temporal gyrus were most common. At least in part, this pattern
can be attributed to the range of demands placed on the subjects by the different
tasks used in the experiment. For example, the silent tasks in their meta-analysis
ranged from “viewing” to “thinking” to silent “mouthing”. A similar pattern was
found in Poeppel’s (1996) review of five PET studies of phonological processing. The
“sparse overlap” that Poeppel criticized may be accounted for by subtle differences
in task demands between experiments (e.g., segmentation of stimuli into syllables vs.
segmentation into onset and rime of the syllables) (Demonet, Fiez, Paulesu, Petersen,
& Zatorre, 1996).

In many of the studies on language output, particularly fMRI studies, the lan-
guage tasks have not involved overt speech but rather various silent tasks such as
imagined speech have been used. This is understandable given the problems asso-
ciated with overt responses (see below). However, there may be costs associated with
adopting this strategy. Direct comparisons between overt and covert speech have
revealed predictable differences associated with the motor control of the speech ar-
ticulators but also differences in activation that may relate to task or linguistic/
cognitive control (Barch et al., 1999; McCarthy, Rothman, Gruetter, & Shulman,
1993; Price, Moore, & Frackowiak, 1996a; Zelkowicz, Herbster, Nebes, Mintun, &
Becker, 1998). Further, Barch et al.’s examination of the response pattern in their
study revealed that subjects did not always follow the task instructions. For anyone
who carries out behavioral research, this observation should be a very familiar one!

Measuring neural activity with fMRI during overt speech, however, shares many
of the problems of functional structural measurements with MRI. The head moves
during articulation to signal prosodic distinctions such as intonation, stress, and
accent. In studies of the relationship of head motion to pitch of the voice, we have
found that the two variables are highly correlated (e.g., Kuratate, Munhall, Rubin,
Vatikiotis-Bateson, & Yehia, 1999). As talkers produced sentences, the head motion
covaried with the intonation contour of the sentence. The head may also move
slightly for mechanical reasons related to jaw rotation. Inhibiting head motion
completely without extraordinary and uncomfortable measures to secure the head, is
difficult. When the head does move, even slightly, activations from a given cortical
location can be spread across different voxels at different points in time. This effec-
tively decreases the activation signal-to-noise ratio and distorts anatomical local-
ization.

In addition, the acoustic noise in the magnet significantly alters the talking en-
vironment and this causes changes in the talker’s speech and presumably in their

3 It should be noted that many of the studies reviewed in Indefrey and Levelt used only partial brain
acquisition. Thus, activations in a number of important language areas could not be imaged in these
studies.
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articulation strategy. Talkers rely on hearing their own speech and the planning
system calibrates speaking volume, clarity and precision based on the auditory input
during talking (Jones & Munhall, 2000).

The potential for magnetic susceptibility artifact also increases during overt
speech (Birn, Bandettini, Cox, Jesmanowicz, & Shaker, 1998) but susceptibility
problems are a concern for measuring neural speech areas even without overt ar-
ticulation. The sinuses, the oral cavity and the pharynx border the cortex and brain
stem and are the source of variations in the homogeneity of the magnetic field.
Because of the large changes in magnetic susceptibility between tissue and these air-
filled cavities, there are large field gradients near these regions. These gradients can
reduce sensitivity to task-dependent signal changes in nearby brain areas and also
can lead to geometric distortions in the image. This is one of the sources of observed
differences between fMRI and PET (Devlin et al., 2000; Veltman, Friston, Sanders,
& Price, 2000). These static problems are exacerbated in the presence of movement.
When the head moves or the vocal tract or nasal cavity change in volume during
speech, there are now dynamic, susceptibility-induced changes to the field (see also
Savoy, 2001) Sinus volumes change over time and thus even the static susceptibility
gradient will not remain constant over repeated experiments with a subject.

The solutions to these movement problems include the use of event-related de-
signs (Birn, Bandettini, Cox, & Shaker, 1999) and the use of pooled group data
(Barch et al., 1999). The former takes advantage of the slow hemodynamic response
to the initiation of neural processing (3—6 s), acquiring activation data only after
articulation is completed. The latter approach assumes that idiosyncratic artifacts
may disappear in the averaging process. Neither approach is entirely satisfactory.
Event-related designs increase the length of studies compared to block designs while
the pooling of data across subjects acts to minimize the individual differences that are
the hallmark of the neural representation of language. Given the variability shown
between subjects (e.g., Fig. 4), there is a distinct advantage to the event-related de-
signs. (See Savoy, 2001; Op de Beeck, Wagemans, & Vogels, 2001, for more infor-
mation about event-related designs. See Martin, Goodyear, Gati, & Menon, in press,
for the use of even-related designs in the study of swallowing.)

4. Three problems in speech motor control

As indicated above, recording the neural correlates of articulation is a method-
ologically difficult task. However, the full problem involves more challenges than just
the complexity of the data acquisition. As Indefrey and Levelt (2000) suggest, some
kind of task decomposition is required before functional imaging of language pro-
duction can succeed. We need to specify the necessary and sufficient components of
speaking aloud. In doing so, we not only must identify the key neural subsystems of
speaking and determine their involvement in different speaking tasks but in addition
we must understand the processes represented by this neural architecture. In this
Section 1 consider three example problems in current speech motor control. Reso-
lution of each of these problems will require innovative behavioral and functional
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imaging studies. As will be seen, preliminary progress in functional mapping has
taken place but little progress has been made in specifying (a) the sensitivity to task
and (b) the nature of the processing at these activation sites.

4.1. Units of planning and production

Fig. 1 portrays a multi-staged planning system that coordinates behavior span-
ning different extents of time (or information). Phrasal structure often spans seconds
while phonetic structure is implemented in the order of tens of milliseconds. The
speech motor system must plan and produce movements that show pattern across
these varied spans of time.

Recently, lesion studies have indicated that the anterior portion of the insula in
the left hemisphere may play a special role in speech planning. In a large study of
aphasic patients Dronkers (1996) found that all 25 of the patients in this population
who were diagnosed with apraxia of speech had lesions in the anterior tip of the
precentral gyrus of the insula. Apraxia of speech is viewed as a disorder of motor
planning and thus this data suggested strongly that the insula has a special role in
this aspect of speech motor control. A series of recent imaging studies have cor-
roborated this finding in normal subjects. Riecker, Ackermann, Wildgruber, Dogil,
and Grodd (2000) compared overt speech and singing to covert versions of those
tasks using fMRI. While the motor cortex and cerebellum showed activation in both
overt and covert tasks the left anterior insula only showed activation during overt
speech. Interestingly, the right hemisphere showed activity during overt singing.
Wise, Greene, Buchel, and Scott (1999) using PET similarly reported activity in the
left anterior insula when subjects spoke. Kuriki, Mori, and Hirata (1999) using MEG
observed a source in the same region but slightly superior to the location originally
reported by Dronkers.

While these studies are promising, it is not clear what “planning” means in this
context. For all of the temporal planning spans suggested by Fig. 1, the production
of speech involves the coordinated activity of dozens of muscle groups and articu-
lators ranging from the muscle activity responsible for respiration to the control of
the articulators directly involved in sound production (larynx, pharynx, velum,
tongue, lips and jaw). The coordination of this complex articulator system requires
synergistic behavior between individual articulators in order to produce acoustic
targets (Perkell et al., 1997).

This synergistic behavior can be seen in experiments involving the application of
unexpected loads to the lips or jaw. Compensations from other articulators are
observed so that goals at the phonetic task level are achieved. For example, per-
turbations of the lips result in compensatory changes in the lips and jaw (Abbs &
Gracco, 1984; Gracco & Abbs, 1985, 1988) and the larynx (Lofqvist & Gracco, 1991;
Munhall, Lofqvist, & Kelso, 1994); jaw perturbations result in compensatory
changes in the tongue (Kelso, Tuller, Vatikiotis-Bateson, & Fowler, 1984), lips
(Folkins & Abbs, 1975; Shaiman, 1989), and velum (Kollia, Gracco, & Harris, 1992).
Most remarkable is that task-specific responses are observed in a given articulator
when it is actively involved in a sound segment being produced but not when the
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same articulator is not involved in a sound segment (Kelso et al., 1984; Shaiman,
1989). This behavior derives from a neural system that can flexibly and rapidly plan
and implement task-specific couplings of articulators (see also Saltzman & Munbhall,
1989).

At a longer time scale, the timing and pitch contours responsible for prosody must
also be planned and controlled. From patient data there is some indication that the
production of prosody (i.e., sentence-level temporal structure) may be differentially
lateralized cortically. While the production of phonemic contrasts are selectively
impaired with left hemisphere damage, both linguistic and affective structure that
spans a phrase or sentence seems to be less strongly lateralized (Baum & Pell, 1999).
Mayer et al. (2000) have shown similar results using fMRI. The activation corre-
sponding to prosodic organization was localized to the superior temporal gyrus but
they conclude that degree of lateralization is determined by the length of the lin-
guistic unit.

Neurally distributed control of movement characteristics is well established (e.g.,
Rao et al., 1997). Beyond the insula and superior temporal cortex other regions are
consistently associated with articulation in functional imaging studies. For example,
cerebellum and supplementary motor area (SMA) show increased activity during
overt speech (e.g., Hirano et al., 1996, 1997; Kroll & de Nil, 1998; Wise et al., 1999).
Which areas are necessary and for what component of articulation are unclear at
present. The recent report of LR, a comatose woman with severe damage to most of
the right hemisphere and major portions of the left hemisphere and subcortical
structures demonstrates that isolated neural structures can still produce fluent ar-
ticulation (Schiff, Ribary, Plum, & Llinas, 1999). In spite of being unconscious for 20
years, she produces spontaneous words that are well formed.

In order to begin to understand what role and which structures are playing in
language output, greater task control in articulation must be achieved. Clearly some
kind of production monitoring is mandatory in language output studies. As was
indicated in Section 2, measurement of speech movement in the vocal tract is tech-
nically demanding and not completely solved by the research community even
outside of the magnet. However, at a minimum, acoustic recordings are necessary.
The extremely poor recording conditions may require noise-cancelation or some
other type of active filtering approach.

4.2. Auditory feedback

Talkers are responsive to a range of different feedback sources. The oral cavity is
richly populated with cutaneous and kinesthetic sensors and this information is used
in controlling movements and vocal learning. Auditory feedback has a number of
influences on articulation. Background noise produces an immediate modulation of
speaking volume (Lombard effect: * Lane & Tranel, 1971). Also, clinical and

4 The Lombard effect refers to the tendency to increase the loudness of your voice in the presence of
noise.
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experiment evidence indicates that perception of your own speech is an important
part of speech motor control. Post-linguistically acquired deafness often leads to a
deterioration of many aspects of speech production (e.g., intensity and pitch control,
variability in the production of vowels and consonants; Cowie & Douglas-Cowie,
1992). In laboratory studies, when subjects hear the pitch of their own voice sud-
denly raised or lowered artificially, they compensate by shifting their pitch in the
opposite direction (e.g. Burnett, Freedland, Larson, & Hain, 1998; Kawahara, 1995).
Adaptation to these modified conditions can occur quickly within an experimental
session (Houde & Jordan, 1998; Jones & Munhall, 2000). Finally, dynamic con-
versational interaction involves the monitoring and adaptation to a range of visual
signals from a conversational partner (e.g., Bavelas & Chovil, 1997).

From recent stimulation and imaging studies we have some indications about the
neural activity during auditory feedback in speech. A group of recent MEG studies
have reported reduced auditory cortical response during speech production (Houde,
Nagarajan, & Merzenich, 2000; Numminen & Curio, 1999; Numminen, Salmelin, &
Hari, 1999). When subjects spoke, the perception of their voice produced smaller
magnetic field recordings from the auditory cortex than when they listened to tape-
recorded speech (Houde et al., 2000). This attenuated response during speaking is
consistent with stimulation data in patients. Creutzfeldt, Ojemann, and Lettich
(1989) observed suppression of activity in neurons in the lateral temporal cortex
during speech. Similar data have been reported from animal studies. Muller-Preuss
and Ploog (1981) found a population of primary auditory cortex cells in squirrel
monkeys that were suppressed during the animal’s voicing.

On the other hand, a series of imaging studies have shown increased activation in
cortical regions in response to talkers hearing their own voice during speech. Price
et al. (1996b) and McGuire, Silbersweig, and Frith (1996) have shown activation in
the anterior temporal cortex during overt speech production when the speaker’s
voice can be heard. The activated area, auditory association cortex, corresponds with
areas activated by listening to someone else’s speech or recordings of your own
speech. A preliminary study of singing (Perry et al., 1999) showed similar activation
near the right superior temporal region during overt voicing.

In a series of studies, Hirano and colleagues (1996, 1997) suggest that observa-
tions of activation of auditory speech areas may depend on the task demands and the
role auditory feedback is playing in a particular utterance. In Hirano et al. (1996),
they report infrequent activation of the superior temporal region in overt compared
to silent reading of familiar written text. In a follow-up study (Hirano et al., 1997), in
which subjects heard modified feedback (low-pass filtered or delayed auditory
feedback) they did show increased regional blood flow in the auditory speech areas.
McGuire et al. (1996) gave subjects pitch-shifted speech feedback and found trends
of increased activity relative to normal auditory feedback in the superior temporal
region but not as dramatic as the difference shown in Hirano et al. (see also Houde
et al., 2000).

Hirano et al. (1997) interpret their findings as evidence for different cortical
mechanisms for processing overt speech — one for more automatized or overlearned
speech and another for situations that require more feedback. While this suggestion
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fits with a longstanding dichotomy between open- and closed-loop control systems,
current work on internal models in motor control suggests that feedback can play a
range of possible roles in learning and control and that multiple feedback systems
can be in operation at once (Kawato, 1999; Perkell et al., 1997). Thus, this simple
dichotomy may underestimate the range of possible control systems involved in
speech control. For example, some kind of internal feedback or corollary discharge
could be involved. Paus et al. (1996) have demonstrated that, at least in part, acti-
vation patterns may not require that subjects hear themselves. In a PET study, their
subjects whispered syllables at a range of speaking rates while listening to a white
masking noise that prevented the perception of their own speech. As syllable rate
increased cerebral blood flow increased in a range of areas associated with speech
production as well as the left planum temporale and the left posterior perisylvian
cortex. The authors interpret this as evidence for motor-to-sensory discharge.

These findings are consistent with other neuroimaging and stimulation studies
that find support for a linkage between perception and production. Ojemann and
Mateer (1979) showed that phoneme identification and sequential lip movements
were both disrupted by stimulating the same cortical region (posterior Broca’s area).
More recently, Wise et al. (1999), in a recent PET study, found that the left anterior
insula and lateral premotor area showed activation during both listening and repe-
tition.

Auditory transformation manipulations such as used by McGuire et al. are an
important tool for understanding the role played by feedback in controlling artic-
ulation. However, these manipulations raise a series of concerns about task sensi-
tivity. Pitch shifts and feedback delays modify speaking rate and the amplification
that is required in these experiments to overcome the subjects true airborne speech
induces an increase in the talker’s speaking effort and loudness (Mayer et al., 2000).
In addition, attention to the feedback may vary with the feedback condition (see also
Price et al., 1996a,b). All of these speech manner variables can influence neural
activation.

4.3. Learning

Learning and development and the corresponding neural plasticity that is asso-
ciated with these changes are the focus of research across a broad spectrum of
cognitive neuroscience. The study of learning can make contributions, as well, to the
understanding of spoken language. Learning to speak requires mastery of extensive
new knowledge including linguistic categories as well as perceptual-motor skills. An
essential part of learning to speak is learning the geometry of the vocal tract and the
mapping between speech acoustics and vocal tract shapes (Callan, Kent, Guenther,
& Vorperian, 2000). For children this means learning the dimensions of their ar-
ticulators and learning the unique morphology of their tongue and palate. In ad-
dition, it means that the child’s motor control must be adapted to the slow but
significant changes in shape and size of the vocal tract due to growth (Saltzman &
Munhall, 1992). From a linguistic perspective, children must learn the sound system
of their native language and manners in which sequences of sound are put together



K.G. Munhall | Acta Psychologica 107 (2001) 95-117 111

(Callan et al., 2000). Learning continues beyond childhood in the acquisition of new
vocabulary and new lexical forms, adaptation to dental prostheses or oral cavity
changes, language and dialect acquisition and changes following speech and lan-
guage therapy, etc.

Using functional imaging to study learning in speech is important for two reasons.
First, it allows us to address fundamental questions about learning and the acqui-
sition of speech skills. Secondly, there are methodological reasons for understanding
learning in this context. In functional imaging, a range of short-term changes in
performance can be broadly classified as learning. For example, Petersen, van Mier,
Fiez, and Raichle (1998) showed a shift in the areas used in performing the same
verbal task over the course of 15 min of practice. In studies that are less formally
designed to examine practice, similar changes can be seen in activation patterns over
the course of the experiment (e.g., McGuire et al., 1996).

One area in which learning paradigms have been used is in the evaluation of
treatment effects in people who stutter (e.g., Kroll & de Nil, 1998; see Fox et al.,
2000; Salmelin, Schnitzler, Schmitz, & Freud, 2000, for other studies of stuttering).
In these studies PET imaging was used pre- and post-therapy in order to examine
differences between the patient population and normal talkers and to track changes
over time. In Kroll and de Nil’s work the stutterers showed changes in the activity
level of a number of regions such as the anterior cingulate cortex and the cerebellum.
The observation of cerebellar changes fits with a growing literature that suggests that
parts of this structure play an important role in information processing during motor
learning (e.g., Imamizu et al., 2000; Raymond, Lisberger, & Mauk, 1996; see
Parsons, 2001).

However, distinguishing changes in learning from a number of possible confounds
may be difficult. Performance differences, fluctuations in vigilance, anxiety, etc., can
contribute to changes in neural activity over time (Poldrack, 2000) without there
being true differences in the functional anatomy of the task. As Kroll and de Nil
(1998) note, the anterior cingulate cortex effects in their studies may be related to the
emotional response in their subjects. On the other hand, changes in processing or
changes in the efficiency of the circuitry may also be occurring (Petersen et al., 1998).
Given that these kinds of short-term changes may be a factor in all imaging studies it
can be argued that some type of learning paradigm should always be used.

5. Conclusions

After more than a decade of functional neural imaging of language production,
we have seen significant advances in our understanding of language production as
well as the methodologies for studying it. A variety of new imaging and neural re-
cording techniques are available to researchers today (e.g., fMRI, PET, MEG, ERP,
etc.), each with its own strengths and weaknesses. The study of articulation, the end
product of language production, is particularly challenging and may require the use
of multiple techniques. One of the major challenges facing this field is task specifi-
cation. As I have suggested above, articulation involves significant information
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processing for its sensorimotor aspects and in addition it is highly interactive with
other levels of communication planning. Understanding what neural structures are
required for language output will necessitate better estimates of the output itself. The
difficulties interpreting silent or rest conditions have been well documented (e.g.,
Rosen et al., 2000) °.

In each of the three questions discussed above, progress in functional neural
imaging has been made but there are limits on future gains without better task
specification. In the case of speaking aloud, this will require at least two things. First,
some type of speech production monitoring must be included in the experimental
protocols. Second, we must have a better idea about what processes are involved in
the variety of different ways of speaking. Both of these requirements imply that
future functional neural imaging will be tied to advances in future structural imaging
and our understanding of acoustic-articulatory relations in speech. In order to un-
derstand the neural representation of the behavior, we must better understand the
behavior itself.
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