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Abstract
Recent advances in real-time magnetic resonance imaging (rt-
MRI) make possible the following study of post-dorsal coartic-
ulatory effects on lateral approximants in running speech. As
the MRI is particularly well-suited for investigating pharyngeal
articulations, it was capable of capturing perseverative coartic-
ulation from a low central vowel to the immediately following
syllable-initial lateral approximant. The lowered and retracted
tongue body position associated with a low central vowel is
articulatorily equivalent to a pharyngeal constriction [1]. We
show here that rt-MRI techniques can track coarticulation di-
rection by calculating the average pixel intensity [2] within a
region of interest in MR images as a function of time.
Index Terms: magnetic resonance, pharynx, lateral approxi-
mants, Tigrinya

1. Introduction
Multiple studies have investigated coarticulation and variation
in laterals cross-linguistically, with particular attention paid to
the perception and distribution of the allophonic variation of
“dark” and “light” /l/ in English [3, 4] as well as Romance lan-
guages like Eastern Catalan and European Portuguese [5, 6].
Others have investigated the articulation of laterals using a va-
riety of methods ranging from x-ray [7] to electropalatography
[8], and Magnetic Resonance Imaging (MRI) [9]. While studies
agree that a posterior constriction characterizes so-called “dark”
laterals [3, 6], little research has been conducted on the specific
articulatory configuration that contributes to the perception of
“darkness”. Instead, “darkness” is typically interpreted with re-
spect to acoustics, specifically the relative lowering of F2 [6].
Furthermore, articulatory descriptions of “dark” laterals can in-
clude tongue dorsum raising and retraction or even both simul-
taneously [3, 8, 9]. This suggests that “darkness” may simply
be an umbrella term that covers a range of dorsal articulations
from velarization to pharyngealization. Given that “dark” /l/ in
English is characterized acoustically by both its relatively low
F2 and high F1 with respect to “clear” /l/, it is reasonable to sug-
gest that a combination of constrictions at the velar and pharyn-
geal area may be responsible for the perception of “darkness”
[10, 11]. In comparison, Ladefoged [12] identifies a single velar
constriction (i.e. arching of the tongue dorsum) as characteristic
of a “dark” lateral.

This study seeks to address two concerns before examining
the articulations responsible for the perception of “darkness” in
a future study. First, we wish to establish whether it is possible
to distinguish between two sounds that possess similar articula-
tory configurations but different manners of articulation, using
rt-MRI. Given that “clear” /l/ lacks the dorsal gesture associated

with “dark” /l/, “clear” /l/ should look quite similar to the alveo-
lar plosive /t/ in mid-sagittal MR images. Assuming no coartic-
ulation, both /t/ and /l/ should be articulated with a closure at the
alveolar ridge. Secondly, we wish to establish a starting point
for a more intensive study of the articulation of “darkness” in
laterals.

We will address these two concerns by conducting a pre-
cursory analysis of a readily available dataset of real-time MR
images which were obtained from a single male native speaker
of Tigrinya (Ethio-Semitic; Eritrea) [13, 14, 15] for a differ-
ent experiment. The phonological system of Tigrinya is well-
documented [16, 17]. In addition, there is a good deal of litera-
ture on the obstruent system [18, 19, 20, 21]. However, it is not
readily apparent whether the lateral /l/ in Tigrinya has “light”
and “dark” allophones. Furthermore, we leave the effects of
syllable position to future study, since all instances of /t/ and
/l/ in the dataset used here happen to be syllable-initial (as the
originally-intended experiment was not designed to study lat-
erals at all). Therefore, this study will not directly address the
perception of “darkness” in Tigrinya, but the extent to which
coarticulation of /l/ is observable using rt-MRI.

rt-MRI allows us to safely obtain detailed and accurate im-
ages of the vocal tract, particularly the post-velar region [9].
While static MRI has been shown to successfully capture ef-
fects of syllable position in laterals [9, 6], this method requires
sustained production and the results are thus most likely repre-
sentative of hyper-articulated speech [22]. As such, rt-MRI is
particularly well-suited to studying post-velar coarticulation in
running speech. Additionally, improvements in the spatial and
temporal resolution of rt-MRI are advancing rapidly.

2. Methods
rt-MR images of the vocal tract of a single male native speaker
of Tigrinya were acquired using a MAGNETOM Trio 3T
system. A Partial Separability model-based imaging method
[23, 24] was used to achieve high frame-rate, single-slice im-
ages of the moving vocal tract. A single slice in the mid-sagittal
region of the vocal tract was acquired at 102.25 frames per sec-
ond with voxel size 2.2 mm× 2.2 mm× 8 mm (through-plane).
The subject, in a supine position, produced nine test words em-
bedded in the carrier phrase /t@mali Pilu/ ‘Yesterday he
said’ [20]. The carrier phrase contained the relevant sequences
/t@/, /ali/, and /Pilu/. The nine test words were recorded with
another experiment in mind (cf. [20]); material from the carrier
phrase and one test word, which happened to contain a lateral,
will be considered in this paper. Each test word was three syl-
lables long. Stress in Tigrinya generally falls word-finally. The
subject repeated each carrier phrase as many times as possible
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in an approximately 75-second window, during which MR data
and audio were acquired. This resulted in around 18 repetitions
of the phrase in each recording.

The participant’s speech was simultaneously audio
recorded at 8 kHz using a noise-cancelling microphone during
the imaging procedure and was later synchronized with the
MR signal. Segmentation of /t/ and /l/ was conducted manually
using Praat [25] with visual guidance provided by spectrograms
of the recorded audio; the boundaries of /t/ were determined by
measuring from the start of the burst to the end of the aspiration,
while the boundaries of /l/ were determined by measuring
from the beginning to the end of the sudden drop in amplitude
that characterizes laterals [26]. Since the closure of /t/ was
not measurable due to its word initial position, an additional
0.045 s was subtracted from the start of the burst to estimate
the closure duration [27]. Despite the use of a noise-cancelling
microphone, the resulting acoustic signal still contained enough
noise to obscure formant frequencies. It was therefore not
possible to analyze the formants of the segmented laterals. The
segmented time intervals for /t/ contained approximately 10
MR images per interval, while the segmented time intervals
for /l/ contained approximately 6-9 MR images per interval.
Using MATLAB R2011a, the MR images were then averaged
pixel-by-pixel into a single image within each segmented time
interval, such that one averaged MR image represented each
uttered phone. In total, this elicitation procedure resulted in
160 instances of /t@/, 140 of /ali/, and 160 of /ilu/ (including 18
instances of /ilu/ from the test word /b@xw’ilu/ ‘it germinated’).

There are several reasons for the uneven number of tokens.
Because of the machine noise, it was occasionally difficult to
identify the presence of a lateral in both the waveform and spec-
trogram. Secondly, the subject would occasionally grow tired
midway through acquisitions and would begin to use less pre-
cise articulations when producing the carrier phrase. This cre-
ated additional difficulties when attempting to segment the lat-
eral. As a result, all ambiguous tokens were discarded, of which
the majority were laterals from the sequence /ali/. Fortunately
for the purpose of this study, most of the boundaries for /t/ and
/l/ were reasonably unambiguous to identify.

After initial examination of these images for the purpose
of determining the placement of potential regions of interest
(ROIs), two observations were made: 1) the articulatory con-
figuration of the consonants in /t@/ and /ilu/ were comparable,
with a distinct constriction at the alveolar ridge and no observ-
able coarticulation at any of the three ROIs; 2) the consonant in
/ali/ seemed to show subtle differences from both /t@/ and /ilu/:
widening of the lip aperture, a constriction at the lower pharynx,
and a slight opening of the velopharyngeal port (see Figure 1).

From these observations, two post-hoc hypotheses were de-
veloped: 1) the consonants in the sequences /t@/ and /ilu/ will
not be distinguishable mid-sagitally; 2) the lateral in /ali/ will
manifest significant differences from the consonants in both /t@/
and /ilu/. To test these hypotheses, three ROIs were identified
upon a precursory survey of the data set (see Figure 1): 1) lower
lip (LL), 2) velopharyngeal port (VP), and 3) hypopharynx (hP).
Since the subject’s head remained in a fixed position throughout
the entire MRI session, the pixel coordinates of these regions
were fixed across acquisitions. The final analysis of the average
pixel intensity (API) in a given ROI was conducted on these
images, permitting statistical analysis. In a grayscale image,
the intensity of a pixel is given by a numerical value ranging
from 0 to 1, which represents a shade of gray from white (1) to
black (0). A high pixel intensity close to 1 suggests the presence
of tissue, while lower pixel intensities suggest the presence of

bone or air, i.e., a relative absence of tissue. The API is cal-
culated by summing the intensity of each pixel in the ROI and
dividing the sum by the number of pixels in the ROI. Following
Proctor and colleagues [2], API was used as a measure to de-
termine whether articulators move in or out of a given ROI, as
deduced from the increase or decrease of the API.

3. Discussion of results
The distribution of the data was first checked for normality.
The Shapiro-Wilk test applied to each of three ROIs for the
consonants in /t@/, /ali/, and /ilu/ resulted in a rejection of the
null hypothesis (p < 0.05), suggesting that the APIs were
not normally distributed. Therefore, the non-parametric Mann-
Whitney-Wilcoxon test was applied to determine whether API
differed within each of the three ROIs across the consonants in
the sequences /t@/, /ali/, and /ilu/. Since the tests were applied
multiple times, the significance level α = 0.01 was Bonferroni-
corrected to avoid Type I error.

Table 1: p-values given for comparisons between APIs of ROIs
at the lower lip (LL), velopharyngeal port (VP), and hypophar-
ynx (hP) for the consonants in /t@/, /ali/, and /ilu/. Corrected sig-
nificance level α′ = 0.001, with significant differences starred.

ROI /t@/ × /ali/ /t@/ × /ilu/ /ali/ × /ilu/
LL 2.2e-16* 0.002 3.87e-15*
VP 9.73 e-12* 0.031 2.416e-14*
hP 2.2e-16* 0.353 2.2e-16*

Given the corrected significance level, the statistical results
suggest that the articulatory configurations of /t/ and the /l/ in
the sequence /ilu/ are not significantly different with regards to
the three ROIs (LL, VP, hP: p > 0.001), while the articulatory
configuration of /l/ in the sequence /ali/ is significantly different
from that of both the /l/ in /ilu/ (LL, VP, hP: p < 0.001) and
/t/ (LL, VP, hP: p < 0.001) at the lower lip, velopharyngeal
port, and hypopharynx. This difference suggests that the /l/ in
the sequence /ali/ may be coarticulated, possibly with the low
(pharyngeal) vowel /a/. The direction of coarticulation will be
addressed below.

To determine the source of coarticulation observed above,
further investigation was conducted on non-averaged MR im-
ages of the coarticulated lateral in /ali/. Figure 2 presents the
selected sequence /t@mali/, with a rendering of the time-varying
position of the articulators using API measures. Rising API is
interpreted as the movement of tissue into the ROI (most likely
the tongue root or lower lip for the respective ROIs at the hy-
popharynx and lower lip), while API measures of 0.1 or less
suggest a relative absence of tissue in the ROI (at the velum,
most likely the opening of the velopharyngeal port). Figure 2
is complemented by Figure 3, which displays a spectrogram of
the same sequence /t@mali/ and includes the same phone bound-
aries.

In Figure 2, the termination of the aspiration for /t/ is iden-
tified at 49.52 s, with the estimated onset of the closure [27]
for /t/ at 49.47 s. The following /@/ is not visible, even in the
spectrogram (see Figure 3). The /@/ may have been voiceless,
low-amplitude, or deleted by the speaker; in any case, its pres-
ence was difficult to identify. We use the sudden rise in API for
the lower lip ROI at 49.55 s to estimate the end of the schwa /
onset of the nasal /m/. The difficulty in segmenting the vowel
/@/ and the nasal /m/ is consistent across repetitions, however, it
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Figure 1: Averaged MR images for the duration of [t] or [l] in the sequences /t@/ (left), /ali/ (center), and /ilu/ (right). ROIs are indicated
in white.

is not problematic for the research questions in this study as it
did not affect the segmentation of /l/ and /t/. The lateral is eas-
ily identified by the drop in amplitude, while the termination of
the plosive was marked by the end of the aspiration. Difficulty
identifying the onset of the closure for word-initial voiceless
plosives is ambiguous regardless of noise. Higher amplitude
sound pressure at 49.62 s signals the onset of /a/ and the termi-
nation of /m/, while the subsequent sharp fall in amplitude at
49.77 s signifies the onset of the lateral and the termination of
/a/. The lower amplitude continues until 49.83 s, after which
we see the amplitude rise once more for the vowel /i/ until the
end of the vowel at 49.95 s. The annotation of the phones /@, m,
a, i/ proceeded based on data from multiple channels (includ-
ing API) and is intended to guide the exploration of the data
in Figure 2, with further spectrographic detail provided in Fig-
ure 3. Statistical results are reported only for the segmentation
of /t/ and /l/, which were relatively less ambiguous to identify in
comparison with the sounds /@/ and /m/ and could be identified
using the audio alone.

Illustrated in Figure 2, the direction of hypopharyngeal
coarticulation appears to be perseverative, rather than anticipa-
tory. Given the landmarks in the acoustic signal, the constriction
at the hypopharynx observed during the lateral seems to result
from the preceding central low (or pharyngeal) vowel /a/. This
can be inferred from the rising API measures for the hypopha-
ryngeal ROI. API in the hypopharynx peaks midway through
the low vowel /a/ and does not fully subside before overlap-
ping with the onset of the lateral, suggesting that the direction
of coarticulation is perseverative. This observation is perhaps
unsurprising, as the low and somewhat retracted tongue posi-
tion associated with the vowel /a/ produces an articulatory con-
figuration that is consistent with a pharyngeal constriction [1].
Similarly, the movement of the lower lip out of the ROI is due
to coarticulatory effects from the lowering of the jaw associ-
ated with the preceding low vowel. In contrast, the lateral in the
sequence /ilu/ remains “clear” throughout (not shown in Fig-
ure 2); other than the constriction between the tongue tip and
the alveolar ridge, we do not observe the presence of retraction
or arching of the tongue dorsum. There is no suggestion of in-
fluence from the following high back rounded vowel /u/, such
as tongue root retraction or movement of the lower lip.

The bilabial nasal /m/ appears to cause persistent nasaliza-
tion: the velopharyngeal port remains open for the low central
vowel /a/, as well as the lateral in /mali/. The effects appear
subtle in Figure 2, however statistical results (see Table 1) sup-

port the hypothesis that perseverative nasalization caused sig-
nificant differences at the velopharyngeal port between the later-
als that occurred after /m/ and those that did not. In contrast, the
velopharyngeal port remains closed for both the alveolar plosive
and the lateral in /ilu/ as both sounds did not follow nasals in the
materials used for this study.

Within the three regions of interest observed here, signifi-
cant opening of the velopharyngeal port during the /l/ was par-
ticularly surprising. TheMR images (see Figure 2) revealed two
possible sources of coarticulation: the preceding vowel /a/ and
the nasal /m/. The so-called velic opening hypothesis [28] posits
that low vowels manifest increased velopharyngeal port open-
ing. Therefore, it is possible that the low central vowel /a/ may
be contributing to the degree of opening at the velopharyngeal
port and by association, contributing to potential nasalization.
However, further testing of simple /VlV/ disyllables is required
in order to support this argument, as carryover nasalization from
the nasal /m/ is more likely.

Given that the literature equates retraction of the tongue
dorsum and/or lowering of the tongue body with “darkness”
[3, 8, 9], this study finds limited evidence that syllable-initial
laterals in Tigrinya can become “dark” via perseverative pha-
ryngeal coarticulation from a preceding low central vowel. In
addition to undertaking a controlled rt-MRI experiment on the
subject, subsequent studies must include acoustic analysis of
the formant frequencies to substantiate whether the degree of
pharyngeal coarticulation found here is a sufficient cue for the
perception of “darkness”.

4. Conclusion
Through the comparison of alveolar approximant laterals and
alveolar stops, this study demonstrated that rt-MRI is capable of
capturing the direction of coarticulation and its effects, i.e. per-
severative pharyngealization from the low vowel /a/ to the im-
mediately following lateral approximant. Both concerns identi-
fied for investigation in this study are addressed: 1) mid-sagittal
MRI is not suitable for distinguishing two sounds that possess
similar articulatory configurations but lateral vs. plosive manner
of articulation; 2) this technique provides a suitable foundation
for a more extensive study of the articulation of “darkness” in
laterals.

The data here suggests that syllable-initial laterals may,
through perseverative coarticulation with preceding low vow-
els, become “dark” in articulatory terms. However, since the
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Figure 2: The sequence /t@mali/. First tier: Five evenly-spaced MR images represent 55 MR images acquired during the production
of /t@mali/. Second tier: Corresponding acoustic signal. Third tier: Time-varying API for each ROI. API measures for the ROI at
the lower lip (LL) are indicated by a solid line; velopharyngeal port (VP) by a dotted line; and hypopharynx (hP) by a dashed line.
Annotations for the sounds /@, m, a, i / are provided solely for illustrative purposes.

MR data studied here were not collected specifically for evalua-
tion of lateral allophony, it is unknown whether syllable position
and lateral allophony are associated with each other in Tigrinya
as they are in American English [3]. Further investigation of
coda laterals is necessary before we can comment on lateral al-
lophony in Tigrinya.

Due to the previously mentioned constraints of using data
collected for another experiment, effects from potential factors
such as stress and word length could not be controlled. This
is an acknowledged limitation of the study and more controlled
experiments are required. In particular, analysis of the acous-
tics and the formant frequencies of the coarticulated laterals as
well as an extended rt-MRI study of the effect of low vowels
on laterals (in other positions besides syllable-initial) is nec-
essary for confirming the presence of “dark” and “”light” /l/
allophony in Tigrinya (and other languages). More controlled
studies to measure velopharyngeal aperture and to isolate spon-
taneous nasalization resulting from low vowels [29, 30, 31, 32]
are also proposed.
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