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1. Introduction
In phonological research, it is often important to corroborate assumptions and models with speech
data. While acoustic and perceptual evaluations are valuable, the motor basis of speech processes can
only be understood fully if information about articulatory movement is included. The tongue is the
most important organ for speech sound articulation. However, lingual movement is notoriously
difficult to observe because the tongue is concealed in the oral cavity. Ultrasound imaging is rapidly
gaining popularity as a tool for speech research in linguistics, speech sciences and speech-language
pathology. Technological innovation and competition have lead to substantially lower costs for
ultrasound machines, which are now becoming affordable to speech researchers. Ultrasound appeals to
speech researchers because the method is biologically safe. The radiation levels that are generated by a
medical ultrasound machine are very low and do not accumulate. Data acquisition is relatively easy, so
that ‘difficult’ subjects such as children and patients can be studied. The real-time visualization of the
tongue is visually pleasing and intuitive. This paper will provide a short introduction to ultrasound
imaging for speech researchers. For more detailed information, the reader is referred to a recent special
issue of Clinical Linguistics and Phonetics (Volume 19, issue 6-7, 2005), which focuses on ultrasound
imaging in speech research. More extensive introductions to the topic may be found in Stone (2005) or
Bressmann et al. (2005a).
Diagnostic ultrasound has been used in phonetic research to describe static and dynamic aspects of
tongue shape and speech motor control (Stone et al. 1987, 1988). Recent research has used ultrasound
to compare articulatory gestures in different languages (Davidson 2005) and to describe language
specific preparatory settings for speech (Gick et al. 2004). Gick et al. (2005) describe the use of
portable, battery powered ultrasound machines for field research. Ultrasound has also been used in
clinical speech research with patients with strokes (Wein et al. 1993), glossectomy (Schliephake et al.
1998, Bressmann et al. 2005b, 2005c, in press), and malocclusions (Kikyo et al. 1999, Cheng et al.
2002). The tongue shape can be displayed in real-time on the screen, which makes ultrasound
attractive to Speech-Language Pathologists as a tool for biofeedback in speech therapy (Shawker &
Sonies 1985, Bernhardt et al. 2003, 2005).

2. How ultrasound imaging works
When a pulse of acoustic energy is directed at an object with suitable conductivity, it puts the
object into oscillation and elicits (faint) echoes. This mechanism is referred to as the pulse-echo
principle. The echoes can be used to gather information about the object. An example of a master
sonographer of the animal world is the bat, which uses ultrasound to navigate a flight path in the dark.
Medical ultrasound machines use piezoelectric crystals to generate sound waves in the megahertz
(MHz) range. The crystals are set into oscillation by an electrical current. When the current is switched
off, the crystals are set into receiving mode for the echoes. By repeating this process hundreds of times
every second, a two-dimensional image can be reconstructed by a computer. Commercially available
ultrasound machines deliver a video frame rate of 30 frames per second. This corresponds to the
National Television Standard Committee (NTSC) format that is used in video equipment in North
America. The NTSC video frame rate is sufficiently fast to capture most aspects of tongue movement
in speech. However, very quick articulatory gestures such as plosives or tongue tip trills may not
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always be accurately displayed. The spatial accuracy for ultrasound images is usually within 1 mm
accuracy for the current generation of machines (Kaburagi & Honda 1994). However, ultrasound also
has important technical limitations: when the signal passes into air or bone, the sound wave is lost and
no echo is passed back to the transducer because the conductivity for the sound is either too low (bone)
or too high (air). As a result, air and bone will appear as black ‘shadows’ on the ultrasound image.

Figure 1. Ultrasound machine with
endocavity transducer.

Figure 2. Head anchor and transducer holder for
sonographic examinations.

Figure 1 shows an ultrasound machine with the transducer (upper right-hand corner). There are
many different types of specialized ultrasound transducers available for different medical applications.
Speech researchers will usually find endocavity or intercostal transducers most suitable. These
transducers combine wide view angles with small footprints so that the tongue can be visualized along
its length while interfering as little as possible with mandibular movement. The desirable frequency
range for the transducers is between 3 and 7 MHz for imaging the tongue. Lower frequencies provide
coarser images while higher frequencies provide a better resolution and more image detail. However, a
higher frequency will be attenuated more strongly in the tissue, limiting the depth of the view field.
Ultrasound imaging requires a careful positioning of the transducer. The ultrasound image is
acquired by holding the transducer under the chin of a speaker. If the transducer is held manually, the
examiner’s hand may move or change the angle of the transducer. The subject’s head and shoulders
may move, which can affect the coupling or the angle of the transducer. This is not necessarily a
problem when one wants to obtain qualitative data or use the ultrasound display for real-time
biofeedback. However, for quantitative measurements, many researchers use head and transducer
holders to reduce movement artefacts (Stone & Davis 1995, Bressmann et al. 2005a). An example of
such a head stabilizer is shown in Figure 2.

3. Ultrasound images and 2D data
The ultrasound image is usually displayed as a brightness scan (B-mode). The borders between
different structures and layers of tissue are displayed as grey values. The interface between the tongue
and the air is visible as a bright white band. Figure 3 shows a series of midsagittal ultrasound images
of cardinal vowels. The midsagittal plane is the most common plane for ultrasound imaging because
the image is most intuitive and can be compared between different speakers. However, ultrasound also
has the great advantage of enabling a researcher to observe intrinsic lingual deformation (Stone et al.
1988).
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Figure 3. Midsagittal images of sustained cardinal vowels. The anterior tongue is towards the right
side in all images; (a) sustained /A:/; (b) sustained /i:/; sustained /u:/.
Figure 4 displays coronal images with and without midsagittal grooving. The video image of the
ultrasound machine can be captured and digitized for quantitative analysis. However, the ultrasound
images are inherently blurry. Consequently, the extraction of the tongue contour from a movement
sequence is a complicated image processing problem. Figure 5 shows a screenshot of an image
analysis program used to extract and measure tongue contours (Gu et al. 2004, Bressmann et al.
2005a). Figure 6 shows a waterfall display of Ultra-CATS measurements of midsagittal tongue
movement during the sentence ‘It rang a lot’. It is a problem of the ultrasound data that a researcher
will not be able to track individual flesh points in space. Instead, the tongue movement is measured in
a transducer centred space (Rastadmehr et al. 2005).

4a

4b
Figure 4. Coronal view of the posterior dorsum of the tongue; (a) midsagittal concavity during the
production of /i:/; (b) midsagittal convexity during the production of /u:/.
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Figure 5. Screenshot of the Ultra-CATS software
(Gu et al. 2004) with measurement grid
superimposed on a midsagittal tongue image.

Figure 6. Midsagittal tongue movement during the
production of the sentence ‘It rang a lot’, with
transcription.

4. Static and dynamic 3D ultrasound imaging
The tongue is a three-dimensional structure. For some research applications, it is desirable to
collect 3D information, rather than just two-dimensional cross sections. Static 3D imaging of the
tongue can be accomplished by collecting multiple two-dimensional slices from a sustained speech
sound and assembling them into a 3D volume. This can be done by either moving the transducer
through a set of predefined positions (Stone & Lundberg 1996) or by tracking the movement of the
transducer in space (Bressmann et al. 2005b, 2005c, accepted). Figure 7 shows an image of a
reconstructed three-dimensional ultrasound volume.

Figure 7. 3D tongue volume of a sustained /a:/.

Figure 8. Reconstruction of 3D tongue
movement during the word ‘merry’, using the
multi-planar paced sonography method.

A number of newer ultrasound machines offer so-called 4D imaging, i.e., dynamic volume acquisition
with a special transducer. While most of these machines do not offer volume acquisition rates that can
match fast tongue movement during speech, the development of crystal matrix transducers and
increased computational power will make dynamic volume acquisition possible in the future (see the
discussion in Chi-Fishman 2005). In the meantime, 3D tongue movement can be approximated from
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repeated measurements in multiple viewplanes. Yang & Stone (2002) recorded repeated utterances of
the same sentence in multiple parallel sagittal and coronal planes. The researchers then time-aligned
the repetitions using a Dynamic Programming procedure and reconstructed the 3D movement data.
Flowers et al. (2005) describe a similar method of reconstructing 3D tongue movement from a sparse
set of coronal slices. The participants’ speech was paced with a metronome (multi-planar paced
sonography). Figure 8 shows a sequence of tongue surfaces reconstructed in this way. However, this
method is demanding for the research participant so it is not suitable for clinical research populations.

5. Conclusions
Ultrasound offers exciting new opportunities for researchers in linguistics and speech-language
pathology. It is safe, non-invasive, and cost-effective. The process of ultrasound data acquisition is
relatively comfortable for the subject, and it is possible to acquire extensive amounts of tongue
movement data. The direct visualization of the tongue shape on the ultrasound screen is often a strong
motivation for research participants. The costs for ultrasound machines have dropped significantly
over recent years, so it is likely that there will be continued interest in this technology for use in speech
research.
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