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Chapter 6

Studying Clicks Using Real-Time MRI

Michael Proctor, Yinghua Zhu, Adam Lammert, Asterios Toutios,  
Bonny Sands, and Shrikanth Narayanan

1 Introduction

The phonetic properties of clicks have been investigated in a wide range of 
languages, using a variety of techniques. Aerodynamic and acoustic proper-
ties of lingual consonants1 have been examined in Zulu (Doke 1923a), Naro 
(Kagaya 1978), Khoekhoe (Ladefoged and Traill 1984), ǃXóõ (Traill 1985; Traill 
1991; Ladefoged and Traill 1994), Xhosa (Sands 1991), Gǀui (Nakagawa 1996; 
Nakagawa 2006), Hadza (Sands et al. 1996), Nǀuu (Miller et al. 2007a), and Yeyi 
(Fulop et al. 2003). X-ray (Doke 1923b; Doke 1925; Traill 1985), palatography and 
linguography (Doke 1923a; Doke 1925; Beach 1938; Traill 1985; Nakagawa 2006; 
Sands et al. 1996; Sands et al. 2007), and more recently, high-speed ultrasound 
studies (Miller et al. 2007b; Miller et al. 2009b; Miller et al. 2009a, etc.), have 
provided rich detail about the lingual articulation of clicks in these and other 
languages.

Collectively, these data have provided a good understanding of the princi-
pal mechanisms of click consonant production; however, because each these 
experimental methods focuses on specific aspects of lingual articulation, there 
are other aspects of click production that are not as well understood. Because 
ultrasound and palatography do not provide information about the whole of 
the soft palate, it not clear whether the dorsal constrictions of some clicks are 
best classified as velar or uvular, and to what extent – if at all – posterior place 
of articulation is contrastive in clicks. Neither ultrasound nor palatography 
provide any information about the pharynx or tongue root, so we have little 
data on the role of these articulators in click production.

More generally, it is not yet clear if lingual ingressive consonants in all lan-
guages can be adequately described in terms of small set of basic underlying 
clicks and combining accompaniments, or if a complete description of these 

1   ‘Lingual’ refers to the airstream mechanism (c.f. ‘glottalic’ and ‘pulmonic’), and is preferred by 
some authors (Taljaard and Snyman 1989) over the terms ‘velaric’ (Ladefoged and Traill 1984; 
Ladefoged and Traill 1994), or ‘linguo-velaric’, for reasons outlined in Miller et al. (2007b) and 
Miller (2011).
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sounds requires reference to other details of articulation of the tongue body, 
tongue root, jaw, larynx, and velum. Cross-linguistic surveys (e.g. Köhler et al. 
1988; Ladefoged and Maddieson 1996; Vossen 1997; Maddieson 2003) propose 
that there are five fundamental click contrasts – bilabial, dental, alveolar, pala-
tal, and lateral – yet it is not clear whether this is an adequate inventory, or if 
clicks sharing the same anterior constriction location are produced in exactly 
the same way across languages.

Consonants represented as /ǃ/, for example, have been variously described 
as alveolar (Sands et al. 1996; Vossen 1997; Ladefoged and Maddieson 1996), 
postalveolar (Maddieson 2003), palatal (Lanham 1964; Snyman 1975; Herbert 
1990; Roux 2007), palato-alveolar (Doke 1954), alveo-palatal (Doke and 
Mofokeng 1957), apicolamino-palatal (Finlayson et al. 1991), and retroflex 
(Doke 1926; Cruttenden 1992). Some of this descriptive variation clearly re-
flects differing analyses of the same sounds; in other cases, different sounds, 
individual speaker variation, and dialect differences are being described. For 
example, there is considerable variation in the realization of lingual ingressive 
consonants in Bantu languages which use only a single click place contrast, 
even when these are considered to be allophones of the same phonological 
unit (Ziervogel 1952; Doke and Mofokeng 1957; Maddieson 2003).

Our incomplete knowledge of the phonetic properties of clicks has impor-
tant implications for their phonological representation – a topic of ongoing 
debate (Kohler et al. 1988; Nakagawa 2006; Brugman 2009; Miller et al. 2009a; 
Miller 2011; Bradfield 2014). Views differ over whether clicks are best described 
as a small set of underlying segments which combine in clusters (Traill 1985; 
Traill 1993; Nakagawa 2006), or as a larger inventory of unitary segments which 
resist decomposition (Beach 1938; Snyman 1970; Ladefoged and Traill 1994; 
Miller-Ockhuizen 2003).

Because articulatory data on clicks has largely been restricted to the region 
of the vocal tract associated with the primary mechanisms of sound produc-
tion, it is not surprising that fundamental questions about these consonants 
remain. A comprehensive understanding of their phonetic and phonological 
properties will require more data from more languages: spatially-detailed and 
temporally-rich information about the configuration of the entire vocal tract. 
While data of this nature has previously been provided by x-ray studies (Doke 
1923b; Traill 1985), this modality is no longer generally considered viable be-
cause of concerns about the risks of exposing subjects to ionizing radiation.

In this chapter, we report results from some initial investigations into the 
use of real-time Magnetic Resonance Imaging (rtMRI) to study clicks. The pri-
mary goal of this work is to investigate the utility of rtMRI as a method for 
studying lingual ingressive consonant production. We present data acquired 
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from individual speakers of two different languages that make use of click 
consonants: Khoekhoegowab and siSwati. We compare these consonants with 
data acquired from a beatbox artist who makes paralinguistic use of clicks 
in his vocal percussion repertoire. In each case study, we discuss the advan-
tages and disadvantages of rtMRI compared to other phonetic methods used 
to study clicks, and report some findings that will inform our understanding 
of the phonology of the languages under investigation, and our knowledge of 
click production in general.

2 Real-Time MRI of Speech

All data presented in this chapter were acquired using a real-time Magnetic 
Resonance Imaging protocol developed specifically for the dynamic study of 
the upper airway during speech production (Narayanan et al. 2004; Bresch 
et al. 2008). Video and audio recordings of the target languages were acquired 
from the participants during a series of scan sessions conducted at LA County 
Hospital. Stimuli were presented to the participants in the orthography of the 
study languages as they lay supine in an MRI scanner bore. Participants’ vocal 
tracts were imaged as they produced spontaneous speech, short passages of 
prose, and lists of words targeting the consonants of interest. Subjects were 
paid for their participation.

2.1 Image and Audio Acquisition
Subjects’ upper airways were imaged in the midsagittal plane on a GE Signa 
Excite HD 1.5T scanner with gradients capable of 40mT/m amplitude and 
150mT/m/ms slew rate, using a custom 4-channel head-and-neck receiver coil. 
Data from two front channels were used for image reconstruction. Image data 
were acquired from a 5mm midsagittal slice centered on the subject’s tongue, 
extending over a 200mm × 200mm field-of-view. The imaging region was 
positioned to include the subject’s trachea, larynx, velum, hard and soft pal-
ates, and the lips and jaw, over the full range of excursion of the articulators 
during speech. Image data were acquired with a fast gradient echo sequence 
(TR = 6.028ms) and an interleaved spiral readout: a new complete image was 
acquired every 54ms, using information from 9 partial acquisitions captured 
every 6.028ms. Spatial resolution in the sagittal plane was 68 × 68 pixels (2.9 × 
2.9mm²). Further details of image acquisition and reconstruction are provided 
in Bresch et al. (2008).

Audio was simultaneously recorded at a sampling frequency of 20 kHz in-
side the MRI scanner while the subject was imaged, using a custom fiber-optic 
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microphone system. Audio recordings were subsequently noise-canceled and 
reintegrated with the reconstructed MRI image sequences (Bresch et al. 2006). 
The resulting video data provide dynamic visualization, with synchronous 
audio, of the informant’s entire midsagittal vocal tract, from the upper trachea 
to the lips, including the oropharynx, velum and nasal cavity. Teeth do not 
image in MRI, so the location of dentition must be inferred when in contact 
with soft tissue. Scan planes were located midsagittally through the larynx, so 
that information about the state of the vocal folds and surrounding structures 
could also be inferred from pixel intensity in the laryngeal region.

2.2 Data Analysis
Images were up-sampled by a factor of five, using bicubic interpolation, from 
the original image acquisition resolution of 68 × 68 pixels, to enhance resolu-
tion of vocal tract structures and to facilitate estimation of distances between 
articulators (Fig. 6.1). Image sequences were reconstructed post-acquisition 
using a sliding-window technique, to produce oversampled high-speed video 
with an effective rate of 165.9 frames per second (one frame every 6.028 ms, 
constructed from 9 partial acquisitions over 54 ms), so that images could 
be better time-aligned with acoustic events of interest. Midsagittal palatal 

Figure 6.1 rtMRI frame showing midsagittal articulation of the upper airway
Notes: Image captured at maximum constriction of the initial dorsal stop in the 
Nama word ɡe /ɡè/ ‘we (masc.)’. Left: original MR image resolution (68 × 68 px); 
Right: interpolated image frame (340 × 340 px) with superimposed anatomical 
labels. Teeth do not image in MRI. An arc-shaped artifact caused by co-planar 
cardiac activity partially distorts the image through the upper pharynx and 
tongue root. An additional artifact caused by dental fillings affects resolution of 
the lower lip, tongue tip, and sublingual cavity.
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outlines for each speaker derived from mean images calculated across mul-
tiple frames, and superimposed into image sequences to improve resolution of 
passive structures around the hard palate, where the relative lack of soft tissue 
provides a weaker and more variable signal.

Start and end times of each utterance were located by examining time-
aligned audio, spectral, and video data in a custom inspection and analysis tool 
(Proctor et al. 2010a; Narayanan et al. 2014). A typical image sequence, aligned 
with companion acoustic data, is illustrated in Figure 6.2. Every 10th frame, 
spaced at 60.2 ms intervals, selected from the high-speed video reconstruc-
tion of the rtMRI data is shown, with corresponding landmarks indicated on 
the speech waveform. Cardiac artifacts – distortions which can arise when the 
imaging plane intersects the heart – can be seen in Figure 6.2 and other images  
in these datasets. Because this noise source is localized, it does not usually af-
fect the analysis, although it can compromise study of nasalization when it 
distorts the region of the image corresponding to the velum and nasopharynx.

3 rtMRI Insights into Nama Clicks

Nama is a variety of Khoekhoegowab, a Khoe language primarily spoken in 
Namibia (ISO 639–3 code: naq), whose other varieties include the ethnolects 
Damara and Haiǁom (Haacke et al. 1997; Güldemann and Vossen 2000). 
Twenty of the thirty four Nama consonant phonemes use a lingual airstream: 
each of four different clicks may be produced with five contrastive manners 
of articulation (Brugman 2009). The four click types are described as dental, 
alveolar, palatal and lateral (Beach 1938; Westphal 1971; Ladefoged and Traill 
1984; Ladefoged and Traill 1994; Güldemann 2001; Haacke and Eiseb 2002), 
but the phonetic and phonological characterization of the other contrasts are 
debated. Ladefoged and Traill (1984) and Ladefoged and Traill (1994) describe 
a system of basic clicks modified by different combinations of laryngeal and 
nasal accompaniments (Table 6.1). Nama lingual ingressive consonants have 
also been analyzed as consonant clusters (Traill 1993; Güldemann 2001), uni-
tary segments differentiated by contour airstreams (Miller 2011), and separate 
series of stops, affricates and nasals (Brugman 2009).

3.1 Informant and Corpora
The study participant was a 35 year-old Namibian male trilingual speaker of 
Afrikaans, Nama, and English. Born and raised in Windhoek, he has lived most 
of his life in Namibia, and had been living in the United States for a year before 
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participating in this study. His mother speaks Nama as her first language and 
his father, Afrikaans. The informant lay supine in an MRI scanner and read 
out words presented in Nama orthography, with accompanying Afrikaans and/
or English translations. A list of the subset of words analyzed for this study is 
provided in Appendix A; most items were elicited twice.

A comprehensive analysis of these data is beyond the scope of this chapter. 
Initial findings have been presented in Proctor et al. (2016); here we highlight 

Figure 6.2 Time-aligned audio and video data acquired during Khoekhoe lateral click 
production
Notes: Eight image frames (top two rows) showing midsagittal articulation at key 
stages of the consonant-vowel sequence beginning the word ǁɡɑm /ǁɑ́m̀/ ‘talk’. 
Broken vertical lines superimposed on the waveform of the companion acoustic 
recording indicate the location in time of each frame. A decaying series of echoes 
spaced at 53 ms intervals (an artefact of the noise reduction processing) can be 
seen in the waveform and spectrogram (bottom), following the click release burst 
at 0.31 s.
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some of the most important ways in which real-time MRI can inform our un-
derstanding of the phonetic properties of Nama clicks.

3.2 Tongue Shaping and Movement in Nama Clicks
Real-time MRI reveals the shape of the whole tongue, and the way that the 
tongue is coordinated with the jaw, at each point of an utterance. By examin-
ing tongue shape at comparable stages in minimally-different words, we can 
see how the four basic types of lingual ingressive consonant are formed and 
released by a speaker of Nama. Midsagittal tongue postures captured at the 
acoustic onset, and 100 ms into the release of word-initial clicks are illustrated 
in Figure 6.3.

The data reveal four characteristic midsagittal tongue postures and patterns 
of release associated with each of the Nama clicks. Dental and alveolar clicks 
are produced with a more apical coronal gesture, compared to the palatal and 
lateral clicks, which involve a more extended constriction of the tongue blade 
across the alveolar ridge and back into the hard palate. The alveolar click is 
produced by this speaker with a particularly apical, slightly retroflexed tongue 
posture that is retained throughout release and into the following vowel.

Cavity rarefaction mechanisms and release kinematics associated with 
each type of click are better understood by tracking changes in lingual pos-
ture in greater temporal and spatial detail. Image frames capturing midsagittal 
vocal tract configurations at the moment of click release, and at 18 millisec-
ond intervals thereafter (every third frame in the sequence) were examined 
in word-initial clicks produced before the same long, low vowel: ǀɑ̄ /ᵑǁ̥Ɂɑ́ɑ̀/  
‘sharp’, ǃɑ̄ /ᵑǃ̥Ɂɑ̀ɑ̋ / ‘hang’, ǂɑ̄ /ᵑǂ̥Ɂɑ̋ɑ́/ ‘slaughter’, and ǁɑ̄ /ᵑǁ̥Ɂɑ̋ɑ́/ ‘wash’. Vocal tract 

Table 6.1 Nama click consonants

Glottal 
closure

Voiceless 
unaspirated

Voiceless 
aspirated

Delayed 
aspiration

Voiced 
nasal

Dental ǀ ǀɡ ǀkh ǀh ǀn
Alveolar ǃ ǃɡ ǃkh ǃh ǃn
Palatal ǂ ǂɡ ǂkh ǂh ǂn
Lateral ǁ ǁɡ ǁkh ǁh ǁn

Notes: Orthographic representations (Curriculum Committee for Khoekhoegowab 2003) and 
phonetic descriptions (Ladefoged and Traill 1984; Ladefoged and Traill 1994) of the twenty click 
phonemes of Nama.
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boundaries were located using the method described in Proctor et al. (2010a), 
and are superimposed in Fig. 6.4 to show the tongue trajectories associated 
with each type of release.2

The data reveal in more detail the apical nature of the coronal gestures 
which characterize dental and alveolar click release (Fig. 6.4, top row), and 
how these differ from the more laminal anterior constrictions used in the pala-
tal and lateral clicks (Fig. 6.4, bottom row). The retroflexed lingual posture of 
/ǃ/ is even more apparent in this vowel context. The anterior place of articu-
lation of the alveolar click is quite retracted, consistent with some previous 
descriptions of Khoekhoe /ǃ/ as postalveolar (Miller et al. 2007b), and alveolar/
postalveolar Beach (1938: 81).

Greater differences in dorsal articulation are also apparent in the Nama 
clicks produced before a low vowel. The posterior constriction location at for-
mation and during the initial release phase of the dental click is clearly char-
acterized as velar in these tokens (Fig. 6.4, top left); in the other three clicks 
produced in this vowel context, part of the dorsal seal is created and released 

2   A palate and pharynx trace captured at a single point in time is superimposed on each image 
to locate the tongue edges with respect to the passive structures. The tongue root was traced 
beneath the epiglottis in each frame. Soft palate traces are extracted from the first frame in 
each sequence; the exact location of the velum and uvula varies from frame to frame.

Figure 6.3 Comparison of word-initial clicks produced before mid-back vowels
Notes: Top row: midsagittal lingual posture at acoustic onset of click; Bottom row: 
lingual posture 100 ms after click release. L-to-R: dental: ǀom /ᵑǀ̥Ɂòm̀/ ‘breathe’, 
alveolar: ǃom /ᵑǃ̥Ɂóm̀/ ‘remove thorn’, palatal: ǂom /ᵑǂ̥Ɂóm̀/ ‘sew’, lateral: ǁom  
/ᵑǁ̥Ɂòm̋/ ‘sleep’.
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against some part of the uvula. Across all vowel contexts, /ǀ/ involves a more 
advanced posterior constriction location than that observed in the other three 
clicks produced by this speaker.

These data also show how cavity rarefaction is achieved using different parts 
of the tongue, and with different lingual kinematics. Dental and alveolar click 
release involves rapid lowering of the tongue blade and the front of the tongue 
body in the region immediately behind the anterior constriction. In palatal 
and lateral clicks, the lingual cavity is rarefied primarily by lowering and re-
tracting the tongue body. In all four clicks, lingual articulation is accompanied 
by jaw lowering and retraction during release (Proctor et al. 2016).

3.3 Discussion
Real-time MRI provides rich information about the location and type of tongue 
tip and tongue body constriction used to produce each of the four Nama click 

Figure 6.4 Evolution of midsagittal lingual posture in four contrastive Nama click releases
Notes: Top left: ǀɑ̄ /ᵑǀ̥Ɂɑ́ɑ̀/ ‘sharp’ (dental); Top right: ǃɑ̄ /ᵑǃ̥Ɂɑ̀ɑ̋/ ‘hang’ (alveolar); 
Bottom left: ǂɑ̄ /ᵑǂ̥Ɂɑ̋ɑ́/ ‘slaughter’ (palatal); Bottom right: ǁɑ̄ /ᵑǁ̥Ɂɑ̋ɑ́/ ‘wash’ (lateral). 
In each sequence, the first (darkest) outline traces the tongue edge at the moment 
of click release. Subsequent outlines show tongue posture at 18 ms intervals, as 
the tongue moves toward the following low vowel target.
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types, the way that the lingual cavity is rarefied, and lingual motion involved 
in click release. Not all of these details of production can be obtained from 
other experimental methods that provide more restricted information about 
the tongue and the way it interacts with the passive articulators.

For this speaker, /ǀ/ and /ǃ/ are produced with narrow apical coronal gestures 
in the midsagittal plane, while /ǂ/ and /ǁ/ involve laminal tongue tip constric-
tions that contact a much wider region of the alveolar ridge and hard palate. 
The posterior constriction of the dental click produced before the low vowel 
extends forward into the velar region of the soft palate, but in all four clicks a 
large part of the tongue body remains constricted against the uvula (Fig. 6.3, 
top row), increasingly so during release.

Ultrasound provides similar information about the shape of the upper edge 
of the tongue around the click cavity (see, for example, Miller et al. 2007b); 
however, because rtMRI reveals the location of the entire mass of the tongue in 
the midsagittal plane, it allows us to better understand how click constrictions 
are formed and released, and how parts of the tongue below the oral airway are 
articulated and coordinated with other activity in the vocal tract.

Figs. 6.3 and 6.4 reveal that different parts of the tongue are lowered – in dif-
ferent ways and with different timing – during cavity rarefaction. The dental 
clicks examined here, for example, are released with more tongue body retrac-
tion than alveolar clicks, which are formed with a more retracted tongue body 
posture to begin with, and are therefore characterized primarily by tongue low-
ering. The apex of the tongue dorsum in the dental click produced before a low 
vowel, for example (Fig. 6.4, top left) is located 10 mm further forward along 
the soft palate compared to the dorsal apex in the alveolar click, and then re-
tracts 11 mm towards the pharynx during release, while the dorsum retracts less 
than 5 mm during /ǃ/ release. The lowest point of the lingual cavity retracts over  
15 mm during the same interval in /ǀ/, compared to 4 mm retraction in the alveo-
lar click release. Asymmetries can also be seen in the trajectories of the anterior 
and posterior constrictions: this speaker’s palatal clicks are rarefied and released 
primarily through dorsal lowering and retraction, while the tongue blade re-
mains constricted against the hard palate (Fig. 6.4, bottom left: 18…54 ms).

Greater pharyngeal apertures are observed for this speaker during /ǀ/ and 
/ǃ/ formation and release, compared to /ǂ/ and /ǁ/. In clicks produced before 
a low vowel, for example, the tongue root (measured at the base of the epi-
glottis) is approximately 11 mm more advanced at /ǃ/ release (Fig. 6.4, top row, 
early frames) than at the same point during /ǂ/ release (Fig. 6.4, bottom row, 
early frames). These data suggest that dental and alveolar clicks may be pro-
duced in Khoekhoegowab with a more advanced tongue root than palatal and  
lateral clicks.
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Looking beyond the tongue, these data illustrate another major advantage 
of rtMRI for studying non-pulmonic consonants: the global midsagittal view 
of the vocal tract reveals how other articulators are coordinated with lingual 
activity. The images in Fig. 6.3 show the state of the velum at any point in time, 
which remains lowered throughout the entire period of click production in 
these words. Although it is not always possible to determine the exact state 
of the glottis from rtMRI data, the images in Fig. 6.3 also show that the glottis 
is at least partially constricted during click release (c.f. the completely open 
glottises shown in Fig. 6.13). On the basis of these observations, the rtMRI data 
provide support for previous characterizations of the ‘plain’ Nama click series 
as voiceless nasal lingual ingressive consonants with a glottalized component 
(Brugman 2009; Miller 2011); however, in palatal and lateral clicks, the pos-
terior constriction location may be better characterized as uvular: /ᵑǀ̥Ɂ/–/ᵑǃ̥Ɂ/– 
/ᶰǂ̥Ɂ/–/ᶰǁ̥Ɂ/.

4 rtMRI Insights into siSwati Clicks

SiSwati is a Southern Bantu language, primarily spoken in Swaziland and South 
Africa. siSwati (ISO 639–3 code: ssw) is a Tekela variety of the Nguni language 
group (S43: Guthrie 1971), along with Ndebele, Phuthi, and Lala (Gowlett 2003).

There is no consensus in the literature over the number and nature of 
click contrasts in siSwati. Most accounts argue for a single click place, most 
commonly characterized as dental (Nussbaum 1969; Rycroft 1981; Taljaard 
et al. 1991; Kockaert 1996), but also described as alveolar (Gowlett 2003). Doke 
(1954), and Chen and Malambe (1998) list /ǀ/ and /ǃ/ as distinct phonemes. The 
picture is complicated by multilingualism and the influence of loan words, 
as many neighbouring languages use more extensive click inventories. Even 
in the native lexicon, siSwati clicks appear to be realized with considerable 
variation in place (Ziervogel 1952; Nussbaum 1969; Corum 1980). There is also 
disagreement over the laryngeal and nasal features that differentiate clicks in 
siSwati (Ziervogel 1952; Doke 1954; Nussbaum 1969; Kockaert 1996), although 
again, this may reflect different approaches to transcription and phonological 
description.

One reason for the incomplete understanding of these segments is a lack 
of phonetic data. Most descriptions of the sound system of siSwati appear to 
rely solely on impressionistic transcription. To the best of our knowledge, no 
instrumental studies of siSwati click consonants have previously been pub-
lished. Here, we present some results from an initial rtMRI investigation into 
the articulatory characteristics of clicks produced by a single speaker of siSwa-
ti, to shed more light on some of these issues.
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4.1 Informant and Corpora
The study participant was a 47 year-old female, born and raised in Swaziland 
to first language speakers of siSwati. The informant also speaks English and 
Xitsonga but identifies siSwati has her primary language. She has lived most of 
her life in Swaziland, and has also lived in South Africa and Arizona as an adult. 
The participant reported normal hearing abilities and no speech pathologies. 
She has three missing teeth: left and right lower second molars and upper right 
second pre-molar.

The participant read out short passages of prose and lists of words target-
ing siSwati phonological contrasts of interest. In addition to the study corpus, 
some spontaneous speech was recorded. Twenty one recordings were made in 
total, each lasting between 19 and 34 seconds. The subset of the corpus ana-
lyzed in this study is listed in Appendix B.

4.2 Articulatory Characterization of siSwati Clicks
A real-time MRI sequence of a ‘plain’ siSwati word-initial click produced be-
fore a high-back vowel is illustrated in Figure 6.5, with time-aligned acoustic 
data. Every 5th frame is shown, spaced at 30 ms intervals, with corresponding 
landmarks indicated on the speech waveform. SiSwati click production before 
low and high front vowels is illustrated in the frame sequences in Figures 6.6 
and 6.7, for comparison.

Only minor influences of vowel context on anterior constriction formation 
are seen in these data. In each vowel context, the target of the initial tongue-tip 
gesture is dental (Fig. 6.5, frames 1–6; Fig. 6.6, frames 78–84), and the anterior 
seal is formed with an apico-laminal constriction extending from the back of 
the upper teeth over the entire alveolar ridge. As observed in the Nama dental 
clicks, the laminal component of the tongue tip gesture becomes more promi-
nent at the point of release of the siSwati click before a low vowel (Fig. 6.6: 
90–102).

Before the low vowel /ɑ/, the posterior seal is created with a broad dorsal 
gesture extending across the lower velum and uvula (Fig. 6.6: 90–108). As in 
Nama /ǀ/, rarefaction appears to be achieved primarily through lowering of the 
tongue blade and the centre of the tongue in the region immediately behind 
the anterior constriction, below the center of the hard palate (Fig. 6.6: 102–114). 
Click release in this vowel context was characterized by a large amount of jaw 
lowering and retraction (−13 mm vertical, and −13 mm horizontal displace-
ment, from click release to vowel target).

Articulation of the nasalized click in the word ncisha /ᶰǀiʃɑ/ ‘delete it’ is 
shown in Fig. 6.7. The coarticulatory influence of the high front vowel is evident 
throughout the sequence: at each stage of production, the tongue body is ar-
ticulated in a higher, more fronted position, compared to the posture captured 
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at equivalent points in time in Fig. 6.6. The dental place of articulation of the 
anterior seal remains the same in this vowel context (Fig. 6.7, frames 754–772). 
The posterior seal is still achieved with a broad dorsal gesture, but with a more 
advanced closure target. The dorsal constriction extends forward into the velar 
region and becomes progressively more uvular during rarefaction and release 
(Fig. 6.7, frames 772–787). Tongue lowering ceases approximately 50 ms after 
click release, after which the tongue raises and advances towards the vowel 
target (Fig. 6.7, frames 793–805).

Another difference between siSwati clicks in these two vowel contexts is 
the articulation of the pharynx: before the high front vowel, the same click 

Figure 6.5 siSwati ‘plain’ click production before a high-back vowel
Notes: Eight image frames (top two rows) showing midsagittal articulation at key 
stages of the consonant-vowel sequence beginning the word cula /ǀúlɑ/ ‘knock 
down’. Broken vertical lines superimposed on the waveform of the companion 
acoustic recording indicate the location in time of each frame.
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is produced with an advanced tongue root (evident in the relative displace-
ment of the epiglottis), and greater overall pharyngeal aperture (Fig. 6.7, 
frames 90–108). Vowel context also influences the kinematics of the jaw and 
tongue dorsum: click release into a following i vowel is characterized by less 
dorsal lowering and retraction, and much less jaw motion (−4 mm vertical, and 
−1 mm horizontal displacement, click release to vowel target) than was ob-
served during click release into a following /ɑ/ vowel.

Differences in clicks arising from vocalic coarticulatory effects are better 
observed in a side-by-side comparison; lingual postures of voiceless aspirat-
ed siSwati clicks produced before three different vowels are compared in the 
enlarged image frames juxtaposed in Figure 6.8. Differences in the size and 
geometry of the midsagittal cavity can be observed. These images also show 
the influence of vowel context on labial posture: the onset consonant of choba
/ǀʰoɓɑ/ ‘crush’ is realized with a smaller labial aperture (20 mm) and more lip 
protrusion (tongue tip to lips = 6 mm) at the moment of click release, com-
pared to clicks produced before non-rounded vowels (/ǀʰi/: labial aperture = 
6 mm; tongue tip to lips = 17 mm).

We can characterize these clicks more accurately by comparing them to 
other consonants used in siSwati. Tongue postures captured at the articulatory 
centers of velar stops produced in three different vowel contexts are compared 
in Fig. 6.9. As expected, the images reveal large differences in dorsal posture 

Figure 6.6 siSwati nasal click production in a low back vowel context: mid-sagittal
articulation of the onset consonant in ncata /ᶰǀɑtɑ/ ‘s ound made when irritated’
Notes: MRI frames shown at 36 ms intervals. Frame 78: initial posture (140 ms 
before release); Frames 84–96: coronal closure followed by dorsal constriction; 
Frame 102: acoustic onset of click; Frame 120: lingual posture at acoustic target of 
post-consonantal vowel.
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Figure 6.7 siSwati nasal click production in a high front vowel context: mid-sagittal
articulation of the onset consonant in ncisha /ᶰǀiʃɑ/ ‘delete it’
Notes: MRI frames shown at 36 ms intervals. Frame 754: initial posture (140 ms 
before release); Frames 763–781: coronal closure followed by dorsal constriction; 
Frame 787: acoustic onset of click; Frame 805: lingual posture at acoustic target of 
post-consonantal vowel.

Figure 6.8 Influence of vowel context on siSwati clicks: Lingual posture at acoustic onset of 
voiceless aspirated clicks
Notes: Left: lichibi /liǀʰiɓi/ ‘pond, puddle’; Centre: chacha /ǀʰɑǀʰɑ/ ‘undo’; 
Right: choba /ǀʰoɓɑ/ ‘crush’.

due to the coarticulatory influence of the vowels: the apex of the dorsum is 
28 mm more advanced in the velar stop in kimi /k’imi/ [k̟Ɂimi], compared to 
liduku /li ̇d̤́ukʼú/ [li ̇d̤́uqɁu]. Comparison with the images in Figs. 6.6–6.7 reveals 
that the clicks use a generally more retracted and extended dorsal constriction: 
the anterior limit of the posterior click seal is always more retracted than the 
most advanced velar allophones, and most closely resembles that of the uvular 
allophones. The dorsal constriction of the click typically appears to extend fur-
ther back than the equivalent stop constriction, making contact with a greater 
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length of the uvula, because the tongue root appears be to less advanced and 
the lower pharynx more constricted during lingual ingressive consonant pro-
duction; further investigation will be required to see if this observation holds 
across a wider range of utterances.

5 Paralinguistic Click Production

Vocal percussion – the use of the vocal organs to generate percussion sounds, 
or imitate percussion instruments – has a long history in many cultures and 
musical performance genres, such as konnakol recitation in southern Indian 
musical traditions (Nelson 2008). Recently, vocal percussion has come to find 
new expression in hip-hop performance, where ‘human beatboxers’ imitate 
synthetic drum sounds, typically to create an accompanying percussion track 
for another rapper.

Many vocal percussion sounds can be described using the International 
Phonetic Alphabet because they are produced in the same ways, and share 
many phonetic properties with sounds exploited phonologically in languages 
(Lederer 2005; Proctor et al. 2013). Of particular interest are the clicks used 
by beatbox artists to imitate percussion elements such as wood blocks, snare 
drums, and rimshots (Stowell and Plumbley 2008). These data present an inter-
esting case study for two reasons: the clicks are produced with musical, rather 
than linguistic goals, and they are typically produced by speakers of languages 
that do not use clicks phonemically.

In this section, we review rtMRI data showing click articulation by a third 
informant, a beatbox artist. These data (originally described in Proctor et al. 
2010b; Proctor et al. 2013) allow us to examine mechanisms of click production 
in a speaker uninfluenced by phonological constraints. By comparing these 

Figure 6.9 Place of articulation of siSwati velar stops
Notes: Left to right: lingual posture at point of maximum constriction of velar 
stop in three vowel contexts: kimi /kʼi ̇ḿi/ ‘in me’ ; kabi /kʼɑ ́ɓi/ ‘badly, severely’ ; 
liduku /li ̇d̤́ukʼú/ ‘piece of cloth’.
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sounds with equivalents in Nama and siSwati, we can consider which aspects 
of click production might be language-specific, and which aspects arise from 
more general mechanisms of sound production.

5.1 Participant and Corpus
The participant is a male professional singer, working in a wide variety of vocal 
performance styles including hip-hop, pop, and R&B. At the time of the study, 
the subject was 27 years old, and had been working for 10 years as an emcee 
in a hip-hop duo, and as a session vocalist with other groups. The informant 
was born in Orange County, California, to Panamanian parents, and lives and 
works in Los Angeles. He is a native speaker of American English, and a heri-
tage speaker of Panamanian Spanish.

The participant demonstrated all of the percussion effects in his repertoire, 
and several beatboxing sequences, performing in short intervals as he lay su-
pine in the scanner bore. Each target effect was demonstrated at least five 
times, separated by short pauses of approximately two seconds. Image data 
were acquired with a different pulse sequence to that used for the other click 
studies (for details see Proctor et al. 2013), but the same methods were used for 
audio acquisition, image processing, and analysis.

5.2 Articulation of Clicks in Vocal Percussion
Of the seventeen phonetically-distinct percussion effects in the informant’s 
repertoire, four made use of clicks. These were described by the subject as a 
snare drum, a high-hat, and two different rimshot effects. Before examining 
how these sounds were produced, we first identified the lingual postures as-
sociated with English consonants produced by the informant, to establish ar-
ticulatory landmarks which would allow us to characterize his clicks. Typical 
dental, alveolar, and velar constriction targets (captured at consonant mid-
points in rapidly-rapped English words) are illustrated in Fig. 6.10.

Articulation of the effect described as a ‘side K rimshot’ is illustrated in the 
image sequence in Fig. 6.11, acquired over a 480 ms interval. The posterior con-
striction is formed first, followed by the coronal constriction, completed 119 ms 
before the acoustic onset of the click. The seal formed between the body of the 
tongue and the soft palate initially extends from the velar region to the bottom 
of the uvula (frame 283); after click release, the tongue remains in contact with 
the bottom of the uvula (f293). Place of articulation cannot be characterized in 
terms of a single target for the anterior lingual seal at formation, as the blade 
of the tongue forms a continuous constriction along the entire midline of the 
palate (f289). After click release, the midsagittal anterior constriction location 
can be characterised as alveolar (Fig. 6.11: f293; c.f. Fig. 6.10: /t/).
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At the point of maximum lingual constriction, no midsagittal cavity can be 
seen between the tongue and the palate (Fig. 6.11: f289). Rarefaction and cavity 
formation occur in the mid palatal region while anterior and posterior lingual 
seals are maintained (frames 290–291), suggesting that the consonantal influx 
is lateralized, consistent with the subject’s description of the click as being pro-
duced at ‘the side of the mouth’. The velum remains lowered throughout. The 
same articulatory sequence was observed in all seven examples of this sound 
effect demonstrated by the subject, which may be described as a voiceless na-
salized lateral click: [ᶰǁ̥].

An additional rimshot effect demonstrated by the subject is illustrated in 
Fig. 6.12: five image frames acquired over a 384 ms interval. Unlike the Nama 
dental and alveolar clicks, which were initiated with an apico-(post)alveolar 
gesture, the anterior seal in this sound effect is formed with a laminal coronal 
alveolar constriction. The posterior closure is spread across the velar/uvular 
regions (Fig. 6.12, frames 17–21), but initially at a more anterior location to that 
observed during constriction formation in Fig. 6.11. In terms of initial constric-
tion location, and the way that the seal formed between the tongue body and 
the velum/uvula, articulation of the posterior constriction in this effect closely 
resembles that of the Nama /ǀ/. As in the lateral rimshot, posterior constriction 
formation precedes anterior closure in most cases, although some variation in 
the relative timing of these gestures was observed across eight repetitions of 
this effect.

Rarefaction occurs in the palatal/velar region, as a result of jaw and tongue 
lowering. The velo-pharyngeal port remains open throughout, and the velum 
is lowered onto the rear part of the tongue dorsum as the click is released, so 
that the final location of the posterior lingual seal is against the lowest part of 
the uvula. This effect may be described as a type of voiceless nasalized alveolar 
click: [ᶰǃ̥]. The informant used the additional description ‘sucking in’ to dif-
ferentiate this sound from the previous rimshot effect, which suggests that he 

Figure 6.10 Places of articulation in English consonants produced by the beatbox artist
Notes: Mid-consonantal posture captured in dental, alveolar and two velar 
obstruents, in rapid speech. Left-to-right: /ð/ (‘t ͟he’); /t/ (‘masṯer’); /ʃ/ (‘sh͟e’); /k/ 
(‘authentic’̱).
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may have accompanied the click release with some ingressive pulmonic activ-
ity. The glottis appears to remain largely open throughout this effect, but it is 
not possible to establish whether additional airstream mechanisms were used 
from these data alone.

The image sequence in Fig. 6.13 – four frames acquired over a 340 ms 
interval – illustrates articulation of a ‘clap snare’ sound effect. As in most of 
the clicks demonstrated by this subject, an extended lingual seal is first cre-
ated along the the entire midline of the hard and soft palates (frame 387). The 
front constriction in this click is more anterior than that observed in the lat-
eral (Fig. 6.11) and alveolar clicks (Fig. 6.12), with the point of influx closer to 
the subject’s teeth (Fig. 6.13, frames 393–4; c.f. Fig. 6.10: /ð/). The dorsal seal 
extends along the entire length of the uvula, and the place of articulation of 
the posterior constriction is clearly uvular at release (frames 393–394). Labial 
approximation begins when the tongue and jaw are raised to form the lingual 
seal; the lips are completely closed during the rarefaction stage (frame 391), 

Figure 6.11 Articulation of a ‘side K’ rim shot effect as a lateral click [ᶰǁ̥]
Notes: Frame 283: posterior constriction formed between tongue dorsum 
and soft palate/uvula; f289: alveolar anterior constriction completes lingual 
seal; f290: rarefaction of palatal cavity; f293: final lingual posture after lateral 
influx: lowered tongue body retaining anterior & posterior lingual seals. Velum 
remains lowered throughout click production.

Figure 6.12 Articulation of a rimshot effect as an alveolar click [ᶰǃ̥]
Notes: Frame 15: lingual raising and advancement towards palate; f17: lingual 
seal extending from alveolar ridge to soft palate; f20–21: rarefaction of lingual 
cavity beneat h palate; f23: final lingual posture after click release. Velum 
remains lowered throughout click production.
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and reopened as the click is released (frame 393). The velum remains lowered 
and the glottis is clearly open throughout the entire sequence, which may be 
described as a labialized voiceless nasalized dental click: [ᶰǀ̥ʷ].

One final sound effect in the repertoire was produced as a click, described 
by the subject as a ‘hi-hat closed: kiss teeth’. Six examples of this sound were 
demonstrated; lingual articulation in each case very closely resembled that 
observed in the ‘clap snare’ (Fig. 6.13). Some minor variation was observed in 
the timing of labialization and the degree of constriction of the glottis; how-
ever, the effect may also be described as a labialized voiceless nasalized dental 
click [ᶰǀ̥ʷ].

5.3 Insights from Beatboxing
These data demonstrate that speakers of languages lacking lingual ingressive 
consonants can produce different types of clicks for paralinguistic purposes, 
and that, at least in the case of this informant, these sounds are generated 
in very similar ways to the click phonemes produced by native speakers. The 
sound effects demonstrated by this beatboxer can be described using standard 
IPA because they are characterized by the same broad places and patterns of 
articulation as the /ǀ/, /ǃ/ and /ǁ/ consonants used in Bantu and Khoisan lan-
guages, although we do not yet know if all clicks produced for paralinguistic 
purposes have equivalents in phonological systems.

The posterior constriction location in all of these sound effects is best char-
acterized as uvular. All these clicks are intrinsically voiceless, and pervasively 
nasalized (produced with the velo-pharyngeal port open), suggesting that 
when nasalization does not need to be controlled for phonological reasons, 
the dorsal lingual seal may be more naturally formed against a lowered velum 
and uvula. More research is needed to establish how different airstream mech-
anisms combine with nasalized clicks (cf. Miller et al. 2009a), and to examine 

Figure 6.13 Articulation of a ‘clap’ snare drum effect as a labialized dental click [ᶰǀ̥ʷ]
Notes: Frame 387: tongue pressed into palate; f391–393: rarefaction of 
palatal cavity: lowering of jaw and tongue centre; f394: click release reveals 
dental-alveolar anterior  constriction and extended uvular posterior lingual 
seal; Velum remains lowered throughout.
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the acoustic consequences of nasal coupling at different stages in the produc-
tion of non-pulmonic consonants in more detail.

A notable difference between the clicks produced by the beatboxer and 
those of the two native speakers of click languages involves the way the an-
terior constriction is formed. While some separation between posterior and 
anterior seals can be observed during closure in all the clicks illustrated in  
Figs. 6.3 to 6.8, the beatboxer’s clicks were formed with what appears to be a 
continuous seal along the entire palate. It is not clear if this reflects the para-
linguistic nature of the task, anatomical differences between speakers, or lan-
guage differences. The clicks produced by this siSwati speaker in high front 
vowel contexts, for example, are formed with a much smaller initial cavity than 
comparable clicks produced by the Nama speaker. Further research might ex-
amine whether native speakers of click languages ever articulate clicks with-
out an initial cavity within the lingual-palatal seal.

Extensive pre-labialization was used to shape the sound of two of the four 
types of clicks demonstrated – a secondary articulation not commonly exploit-
ed in click phonologies, even in the most extended lingual ingressive conso-
nant inventories (Maddieson 1984; Ladefoged and Maddieson 1996).

6 Discussion

These data illustrate the utility of real-time MRI as a method for investigating 
the phonetic and phonological properties of clicks. By providing a means of 
visualizing the dynamic configuration of the entire vocal tract, rtMRI offers 
some important advantages over other methods used to study clicks.

rtMRI provides rich information about place of articulation in click con-
sonants. Unlike ultrasound, in which the location of the palate must be re-
constructed, rtMRI directly images the alveolar ridge, hard palate, velum and 
uvula, and reveals exactly how and where the tongue comes into contact with 
it. Unlike palatography, the field of view rtMRI includes the entire soft palate, 
including the uvula. In practice, the accuracy and amount of detail that rtMRI 
can provide about linguo-palatal contact will depend on the spatio-temporal 
resolution of the imaging sequences and other factors (see Sections 6.1–6.3). 
These data demonstrate the importance of this information for accurate char-
acterization of the phonetic properties and differences between clicks. Nama 
dental clicks are characterized by an apico-laminal coronal constriction ex-
tending from the back of the upper teeth over the entire alveolar ridge; siSwati 
clicks are initiated as apico-dentals and released as lamino-alveolars; while the 
beatboxer initiates all clicks with an extended lingual constriction across the 
whole palate.
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Because it reveals the location and posture of the whole mass of the tongue 
in a given imaging plane, rtMRI can provide richer insights into lingual articu-
lation and coarticulation than modalities that only provide information from 
part of the vocal tract. Dental and alveolar clicks were found to be produced by 
this speaker of Nama with a greater pharyngeal aperture and more advanced 
tongue root than his palatal and lateral clicks. Palatal clicks are produced by 
this speaker with a more bunched tongue posture than /ǃ/, which shows great-
er independence of coronal and dorsal tongue gestures. Clicks produced by 
this speaker of siSwati before back rounded vowels have been shown to involve 
greater labial constriction and protrusion than her clicks produced in other 
vowel contexts. More research is required to test these characterizations for 
other speakers of these languages, and for other speakers’ paralinguistic click 
productions.

Neither palatography nor ultrasound is able to track the formation and re-
lease of the posterior click constriction with the same level of detail as rtMRI, 
as neither method provides reliable information about the articulation of the 
velum and uvula against the tongue dorsum. rtMRI data from these three sub-
jects reveal that click production typically involves an extended dorsal seal 
which may begin as far forward as the velar place of articulation and extend 
all the way to the bottom of the uvula. Characterizing the posterior ‘place of 
articulation’ of click consonants is not straightforward, as the anterior point of 
contact between the tongue dorsum and the soft palate often retracts through-
out click release, may not be revealed in the midsagittal plane until after acous-
tic release of the click, and is influenced by vowel coarticulation. Nevertheless, 
these data suggest that the posterior constriction is typically best character-
ized as uvular, and velar in the case of Nama dental clicks.

The main phonetic properties of the clicks examined in these data are sum-
marized in Table 6.2.

X-ray offers many of the same key advantages as rtMRI: the ability to view 
the whole vocal tract, and observe the coordination of articulators beyond the 
tongue during click production. However, because of the risks associated with 
exposing subjects to ionizing radiation, X-ray is no longer considered to be a 
suitable method for general phonetic investigation. rtMRI therefore offers the 
prospect of safely examining some aspects of click production that have not 
been attempted since Doke’s (1923; 1923) and Traill’s (1985) pioneering X-ray 
studies of click consonants.

6.1 Limitations
We present these data as an initial exploration of the potential of rtMRI 
for studying clicks. The selection of languages is not intended to repre-
sent a typologically-balanced sample of phonological systems that use click 
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consonants, but was determined in part by the availability of participants. 
The use of a single informant in each of the target languages is another obvi-
ous limitation; it is not clear which of the patterns of articulation described 
here are speaker-specific, nor how click production might be influenced by 
factors including vocal tract morphology (Lammert et al. 2013) and prosody  
(Brugman 2009).

The audio component of these data is not ideal for studying lingual ingres-
sive consonants. Acoustic recordings in an MRI scanner are characterized by 
limited bandwidth and echo artifacts that are particularly problematic for 
highly transient sounds such as clicks. Speech recordings acquired during an 
MRI scan additionally require extensive post-processing to attenuate the per-
vasive scanner noise (Bresch et al. 2006; Vaz et al. 2013). Although the resulting 
recordings are of sufficient quality for general acoustic analysis (e.g. Lammert 
et al. 2013) and automatic phonetic transcription (Katsamanis et al. 2011), the 
audio signal is degraded in ways that currently prevent more extensive analysis.

These data also demonstrate some inconsistencies in image quality which 
can affect MRI studies of the upper airway. Signal-to-noise ratios may vary 
throughout the image depending on the type and configuration of receiver coil, 
which can affect resolution of the velum, pharynx and larynx. Cardiac artifacts 
can mask or distort key anatomical regions, in particular the tongue root and 
velum. In some cases, implanted medical devices prevent some subjects from 
participating in any kind of magnetic resonance imaging study, due to safety 
issues. More commonly, metallic substances used in dental work introduce 

Table 6.2 Summary of phonetic properties of click consonants

Anterior 
constriction

Coronal  
posture

Posterior 
constriction

Cavity 
location

Release  
mechanism

/ǀ/ Nama dental-alveolar apical velar palatal dorsal lowering
Swati dental-alveolar laminal velar palatal dorsal retraction
BBox dental-alveolar apical uvular palatal dorsal retraction

/ǃ/ Nama postalveolar apical/retroflex uvular palato-velar tongue lowering
BBox alveolar laminal uvular palatal dorsal retraction

/ǁ/ Nama alveolar laminal uvular velar dorsal lowering
BBox alveolar laminal uvular palatal dorsal retraction

/ǂ/ Nama palatal laminal uvular velar tongue lowering

Notes: L-to-R: anterior constriction location at click release; coronal posture at release; 
posterior constriction location at release; location of lingual cavity at greatest aperture; and 
primary lingual motion characterizing click release.
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imaging artifacts which distort parts of the signal beyond the point where ac-
curate information about vocal tract configuration can be recovered. Although 
the minor dental artifacts observed in these Nama data were not problematic, 
the much larger artifacts that occasionally degrade other subjects’ MRI data 
can prove to be prohibitive for some types of analysis.

6.2 Recommendations
Although not yet as widely used as static structural imaging, real-time MRI is 
an increasing viable technology for speech studies. Lingala et al. (2016) out-
line the requirements, considerations, and expectations for rtMRI, and suggest 
protocols for acquiring speech data with different spatio-temporal resolutions. 
Although click consonants are especially demanding objects of study, different 
aspects of click production can be fruitfully studied using a wide variety of dif-
ferent sequences on commonly available scanners.

Global and consistent imaging of the vocal tract midline is not always pos-
sible: due to misorientation of the participant’s head and/or anatomical asym-
metries, different regions of the vocal tract may be more closely aligned with 
the midsagittal imaging plane. A study focusing on airstream mechanisms and 
laryngeal setting should verify the mid-glottal alignment of the imaging plane 
by eliciting voiced, voiceless, and glottally-stopped segments during localiza-
tion. There is a trade-off between imaging slice thickness and signal-to-noise 
ratio: slices wider than 5mm offer good temporal and spatial resolution at the 
high frame rates needed to image clicks (Lingala et al. 2016), but may be too 
wide to resolve some anatomical details.

It is important to immobilize the participant’s head so that they are as com-
fortable and stable as possible throughout the scan session. Nevertheless, small 
movements can and do occur, shifting the anatomical alignment across images 
acquired over the course of an utterance or a scan session. Where necessary, 
misalignment due to head movement can be corrected by calculating displace-
ment between frames (using correlation of static anatomical features), and ap-
plying compensating image transformations.

6.3 Future Directions
The data presented here were all acquired using a midsagittal imaging plane, 
so they provide no information about articulation beyond the midline of the 
vocal tract. A comprehensive understanding of click production will need to 
consider activity in other parts of the oral cavity. MRI can be acquired using 
parasagittal, coronal and axial imaging planes, planes of arbitrary orientation 
that intersect any part of the upper airway of interest, and with interleaved ac-
quisition from multiple imaging planes (Proctor et al. 2008; Proctor et al. 2010c; 
Kim et al. 2012; Zhu et al. 2013). Some of these advanced imaging techniques 
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would provide additional information about tongue shaping and vocal tract 
configuration, which would be especially helpful in the study of lateral clicks. 
Image sequences offering greater SNR, and improved spatial and temporal 
resolution (e.g. Niebergall et al. 2013; Lingala et al. 2017) will be important to 
better resolve the hard palate and allow more accurate analysis of laryngeal 
and velic activity.
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 Appendix A: Nama Elicitation Items

Table 6.3 Nama orthography and broad phonetic transcriptions, with Afrikaans 
disambiguators (where used during presentation), and English glosses

Nama IPA Afrikaans English

ǀā /ᵑǀ̥ʔɑ́ɑ̀/ skerp ‘sharp’
ǁā /ᵑǁ̥ʔɑ̋ɑ́/ was ‘wash’
ǃā /ᵑǃ̥ʔɑ̀ɑ̋/ ophang ‘hang out’
ǂā /ᵑǂ̥ʔɑ̋ɑ́/ slag ‘slaughter’
ǀom /ᵑǀ̥ʔòm̀/ asemhaal ‘breathe’
ǁom /ᵑǁ̥ʔòm̋/ slaap ‘sleep’
ǃom /ᵑǃ̥ʔóm̀/ doring uithaal ‘remove thorn’
ǂom /ᵑǂ̥ʔóm̀/ werk met naald ‘sew’
ǀgam /ǀɑ̋ḿ/ warm ‘warm’
ǁgam /ǁɑ́m̀/ gesels ‘talk’
ǃgam /ǃɑ̏ḿ/ diep ‘deep’
ǂgam /ǂɑ̏ḿ/ van blydskap rondspring ‘jumping for joy’
ga /kɑ̏ɑ́/ ‘fool, trick’
ge /kè/ ‘we’ (masc.)
gu /kù/ ‘they’ (masc.)
ega /e̋kɑ̏/ ‘a bit later’
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 Appendix B: siSwati Elicitation Items

Table 6.4 siSwati orthography and broad phonetic transcriptions, with English glosses

siSwati IPA English

caba /ǀɑ́ɓɑ/ ‘cut down’
coba /ǀoɓɑ/ ‘break, snap’
cula /ǀúlɑ/ ‘knock down’
ncata /ᶰǀɑtɑ/ ‘sound made when irritated’
ncusa /ᶰǀusɑ/ ‘ask a favor, send with a message’
ncisha /ᶰǀiʃɑ/ ‘delete it (isiZulu)’
ncesi /ᶰǀêsi/ ‘sorry!’
choba /ǀʰoɓɑ/ ‘steal (isiZulu)’
lichubu /liǀʰuɓu/ ‘hump, hunchback’
lichibi /li ̇ǀ́ʰiɓi ̇/́ ‘lake, pond’
chefe /ǀʰefe/ ‘irritating’
chacha /ǀʰɑǀʰɑ/ ‘undo’
kimi /kʼimi / ‘in me’
kabi /kʼɑɓi ̇/́ ‘badly, severely’
liduku /li ̇d̤́úkʼu/ ‘piece of cloth’
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