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ABSTRACT: Magnetic Resonance Imaging (MRI) is well suited to study the three-dimensional shape
of the vocal tract and tongue during sustained articulations. However, due to the very long acquisition
times, the subject often has to sustain the articulation artificially for 30 seconds or more. Another
drawback of MRI in speech production research is that the subjects have to be positioned in supine
position lying on their back, due to the construction of the MRI scanner and antenna. This paper
presents an evaluation of the effects of the supine position and the artificial sustaining based on MRI
itself, as technical advances makes it possbile to collect full 3D data in 5 seconds and of the midsagittal
plane at 9 images per second. The subject was further positioned facing downwards during one part
of the acquisition in order to evaluate the gravitational effect. The paper also investigates if the
coarticulation due to different vowel contexts found in artificially sustained consonants is equivalent to
the coarticulatory effects obeserved in real time images.

INTRODUCTION

Ever since Baer et al. (1987) proposed to apply Magnetic Resonance Imaging (MRI) to analyze speech produc-
tion, MRI has been used widely, e.g. by Story et al. (1996), Apostol et al. (1999) and Badin et al. (2002), to
study the three-dimensional shape of the vocal tract or the tongue during speech – or rather during artificially
sustained articulations. MRI is a tremendous tool in speech research as it is the only measurement method that
can provide detailed 3D data of the entire vocal tract and tongue without radiation hazards for the subject.

MRI has however great restrictions as well, mainly the – up till now – very long acquisition times, requiring the
subject to sustain the articulation for over 30 seconds, e.g. 3.4 minutes for each image in Baer et al. (1991),
or 43 seconds for the entire set of 54 images in Engwall (2002). The fact that the articulations were artificially
sustained is often stated as a limit in papers on MRI acquisition of speech productions, but the authors have
nevertheless always assumed that the measured articulations are more or less representative.

Several studies have registered static consonants in different vowel contexts, and in Engwall (2002) it was
shown that coarticulation could be found in the artificially sustained articulations. However, when the static
MRI data was compared to real time EMA and EPG measurements, it was concluded that the artificially
sustained articulations seemed to be hyperarticulated.

Further, due to the construction of the MRI scanners, the subjects are positioned in supine position, without
exception lying on their back, assuming that gravitational effects are neglible. However, several MRI studies,
notably Badin et al. (2002) and Engwall (2002), have noted a backward displacement of the tongue and Tiede
et al. (2000) also found postural effects between sitting and lying position using X-ray microbeam.

The effects of the artificial sustaining and the supine position have thus been partially investigated already using
other techniques (EMA, EPG, X-ray microbeam), but as the techniques are point-wise, so are the evaluations.
This paper presents an evaluation based on MRI itself, as advances in the technique now allows us to collect
3D data in 5 seconds, i.e. during a normally sustained articulation, or images of the midsagittal plane in close
to real time, at 9 images per second. Three issues are addressed in the evaluation:

1. Is the artificially sustained 3D articulation equivalent to one normally sustained?

2. Is a static coarticulated articulation equivalent to real time coarticulation?

3. Is the gravitational effect indeed neglible?

DATA, SUBJECT AND CORPUS

The data was collected at two seperate occasions, 2.5 years appart, but using the same reference subject, a
male native speaker of Swedish, for all acquisitions. The first data set, set1, consists of a 3D set of 54 images
collected in 43 seconds for each articulation, and a midsagittal set with an acquisition time of 11 seconds. The
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second data set (set2) consists of two 3D sets of 16 sagittal and 22 coronal images collected in two seperate
acquisitions of 5 s each for each articulation and a midsagittal set, registered at 9 images/s.

In order to avoid unwanted head movements, the subject’s head was fixed with solid foam cushions in the face
upwards condition. For the face downwards acquisition in set2, the subject lay with his lower arms together
in front of the face (upper arms parallel to and lower arms vertical to the body) and positioned the forehead
against the lower arms for steady support, cf. Figs. 1(b), 1(d) & 1(e).

Three slightly different corpora were used in the evaluation. The consequences of the artificial sustaining were
tested with the vowels [� � � �� � ��] in isolation and the voiceless fricatives [� � � � � � � � 	
 in three symmetric
contexts with the short vowels �� �  � �
. Real time and sustained coarticulation was compared based on the
voiceless fricatives [� � � � � � � � 	
 in three symmetric contexts with the short vowels �� �  � �
. The differences
between when the subject was facing upwards and downwards were investigated on the vowels [� � � �� � �� � � � �
� � � � �] in isolation and the real time production of the vowel sequence �� ��
.
IMAGE ACQUISITION, ANALYSIS AND 3D RECONSTRUCTION

The image analysis and the 3D reconstruction of the artificially sustined data set1 is described in detail in
Engwall (2002). In brief, the 3D set consisted of three 18-slice series of parallel slices: a coronal stack, an
oblique stack tilted at 45

◦ and an axial stack. The 3.6 mm thick images were collected at 4 mm inter-slice
interval between centers, with a final resolution of 1 mm/pixel.

The new data, set2, was collected using a 1.5 T MRI system with fast gradients (CompactPlus, PowerTrak
6000, 20 mT m

−1 and 100 mT m
−1

ms
−1 maximum amplitude and slew rate, Philips Medical Systems, Best,

The Netherlands). 11 parallel TSE proton density-weighted images were collected simultaneously during a
5 s continuous phonation. The images were 128x128 pixels each, with a slice thickness of 4 mm, an image
resolution of 2.1875 mm/pixel and a 4 mm interslice center-to-center distance. For all acquisitions in which
the subject was facing upwards a quadrature neck coil was used as receiver coil, whereas a syn-body coil was
used when the subject was facing downwards.

The real-time images were collected with a TSE Zoom sequence in which a single 6 mm thick midsagittal
T1-weighted image, cf. Fig. 1(c)-1(d), was acquired. The images are 128x128 pixels with a pixel spacing of
2.34375 mm in both directions.

The new 3D data set was reconstructed from the sagittal images, in which the contours of the upper and
lower lip, the velum, the back and front pharyngeal walls and the tongue were traced. The coronal images
served as reference for the contour extraction. The 3D reconstructions of the palate and jaw created from
dental casts were roto-translated to fit the midsagittal image. In all the below comparisons, the two different
sets were aligned based on the midsagittal palate contour.

(a) Static, face up (b) Static, face down (c) Real time,
face up

(d) Real time,
face down

(e) Face down posi-
tion

Figure 1: Image of ��
 (sagittal in a-b, midsagittal in c-d, coronal in e) under different conditions, with the
subject facing either upwards or downwards, producing ��
 either sustained or in real time. The arms appear
in the upper left corner in (b) and (d).
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ARTIFICIAL SUSTAINING

Midsagittal images and 3D data from the two acquisitions were compared. From the midsagittal contours in
Fig. 2, three differences are clear. Firstly that the supralaryngeal part and lower pharynx are much narrower
in the sustained articulation. Secondly that the difference between vowels is much smaller in the sustained
condition regarding the advancing of the tongue. Thirdly that the tongue contour in the oral part is substantially
more varied in the real time condition. Whereas the sustained articulations mostly differ in the height of the
tongue body and blade, the real time articulations use more divers tongue shapes to achieve the different
vowels. The midsagittal tracings further suggest that this difference in tongue contour result from different
articulation strategies, where the jaw opening is an important factor in the sustained condition, whereas it
is small when the vowels are produced in sequence, its contribution being taken over by alterations in the
tongue shape. When the articulation was sustained even further for the 3D acquisition, Fig. 3, the effects
of the artificial sustaining is again a significantly narrower pharynx for �� � ��, whereas ��� is unaffected, as it
should have a constriction at this point. It should be noted however that the pharynx in set1 is narrower than
reported in other studies using artificial sustaining, e.g. Baer et al. (1991) and Apostol et al. (1999). The
much larger areas in Baer et al. (1991) is partly due to the fact that they included the sinuses in their area
functions, whereas they were excluded in the present study. The effect may to some extent have been caused
by the acquisition protocol, in which the subject stopped phonating during the acquisition, in order to be able
to hold the articulation for 43 s. This mute articulation may have induced a backward movement of the tongue
root, thus decreasing the pharyngeal cross-sectional area. As Apostol et al. (1999) used the same acquisition
protocol it can however not be the only explanation, and the fricatives in Engwall (2002), cf. Fig. 3(d)-3(f),
were further produced with a weak, but steady airflow during the acquisition, and they show the same type of
decrease in the pharynx section (i.e. the thick line, representing an artificially sustained fricative in ���-context,
shows a smaller area in the pharynx than the three lines based on the normally sustained articulation).

Another difference between the two acquisitions is apparent in Fig. 3(d): the artificially sustained articulation
is hyperarticulated, with an exagerated cavity in front of the tongue. This is a natural consequence of the
subject trying to hold a good example of the articulation for a prolonged time, thus aiming at contrasting
different articulations as much as possible. The hyperarticulation will be further discussed in the next section.

(a) t=0.11 s

(b) t=11 s

Figure 2: Vowels in real
time and sustained pro-
duction: ��� (–), ��� (- -)
& ��� (· · · ).
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Figure 3: Area functions for the vowels �� � � � �� in the short (solid line) and
artificially sustained acquisition (dotted line) and for the fricatives �!�, �" � and
�#� in three different vowel contexts �$� (–), �%� (- -) and ��� (· · · ) during short
acquisition, compared to ���-context during the artificially sustained articulation
(thick line).

Proceedings of the 6th International Seminar on Speech Production, Sydney, December 7 to 10, 2003.

page 3



(a) &'( (b) &)( (c) &*( (d) &+( (e) &, (

Figure 4: Real-time midsagittal coarticulation due to -./ (solid), -0/ (dotted) and -1/ (dashed) context.

COARTICULATION

Fig. 4 shows the differences in the real-time midsagittal tongue contour in different vowel context for the
fricatives. There are two striking differences compared to the corresponding contours in Engwall (2002),
collected as static articulations held during 11 s, namely that the coarticulatory effects on the tongue contour
is much larger in the real time production and smaller on the jaw and lips. The area functions, Fig. 3(d)-3(f),
further show larger differences between contexts 4-7 cm from the larynx. These conclusions replicate and
extend those in Engwall (2002), where the MRI data was compared to EMA and EPG measurements. The
present result indicate that the difference is present along the entire tongue contour, and not only at the
EMA and EPG measurement points, and ensures that the difference is due to the difference in acquisition
time, rather than to the subject position (supine in MRI, upright in EMA/EPG) or the measurement method.
Consequently the coarticulatory effects on sustained articulations have to be interpreted with caution; the
coarticulation that is found in the static articulations is indeed related to the real time coarticulation, but it is
underestimated for the tongue and exagerated for the jaw and lips. This exageration is clearly illustrated by
the jaw height (vertical distance between upper and lower incisor), both the absolute value and the difference
between -0/ and -1/ contexts are smaller in the real time acquisition. For -2/ in -1/ context the jaw height is
1.6 cm in the static articulation, wheras it is 1.1 cm during the real time articulation (for the other contexts it
is more similar in the two cases). Hence, artificial sustaining resulted in hyperarticulation compared to normal
sustaining and articulations sustained for 11 s are in themselves hyperarticulated compared to the real-time
versions.

GRAVITATIONAL EFFECTS

The comparison of the face up vs. face down conditions was based firstly on midsagittal contours and secondly
on the area functions. In the real-time acquisition, three productions each of -3 4 5 4 6/ were extracted from the
image sequence in both conditions. The midsagittal contours, Fig. 5, show that the pharynx is narrower in
the face up condition, slightly for the back vowels -3 4 6/ and substantially for the front vowel -5/, as the jaw is
more advanced in the face down condition.
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Figure 5: Midsagittal contours of -3 4 5 4 6/ when the subject was facing up (solid line) and down (dotted lines)
and midsagittal distance as a function of gridline for face up (◦, · · ·=mean) and face down (+, —=mean).
The vowels were produced in sequence in real time.
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Figure 6: Area functions for the vowels ?@ A B A CD when the subject was facing up (–) and down (· · · ).

There is a difference in the position of the tongue tip for ?ED, which is likely a compensation for the lying
position to maintain the position of the tongue body. The tongue tip is braced against the mouth floor in the
face up condition and against the incisor in the face down. This difference in articulation has no audible effect
when tested in upright position, where the tongue tip is placed somewhere between the positions in the face
up and face down conditions.

This effect is clear also in the mean midsagittal distance of the three real-time repetions (Fig. 5 b,d,f) as well
as the area functions (Fig. 6) of the sustained articulations. Appart from the tongue tip position, discussed
above, the midsagittal distances are almost identical in the oral cavity for the two conditions, whereas it is
slightly ( ?E A CD) or significantly ( ?BD) larger in the pharynx. When considering the area functions of the sustained
articulations (acquisition time of 5 s), the difference appears for ?E A BD, c.f. Fig. 6, but it is however much
smaller than the effect caused by the artificial sustaining and for ?CD, the face up areas are actually larger.

The difference between the two conditions is hence small, but observable in the real time acquisition and when
the articulations are sustained over 5 s, the difference in midsagittal tongue contour becomes more important,
but it is still smaller than the effect of the artificial sustaining.

COMBINED EFFECTS

Tiede et al. (2000) observed that ”posture effects were greatest for sustained vowels and least for running
speech” when comparing upright and supine X-ray microbeam measures. Thus, in order to investigate the
combined effects of the artificial sustaining and the posture, area functions from set1 (43 s acquisition time,
face up) were compared with face down area functions from set2 (5 s acquisition time).

As could be expected from the conclusion in the previous section that the effect of the position was observable,
but significantly smaller than the effect of the artificial sustaining, the difference between the two measurement
conditions in Fig. 7 is significant, but the difference is not qualitatively different from the differences in Fig. 3.
There is a decrese in the pharynx and especially for ?F GD the air passage is much too small at the velum,
because of the lack of control over the velum when the articulation is artificially sustained without phonation.
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Figure 7: Area functions for the vowels ?L G A F G A M GD when the subject was facing up during the 43 s acquisition
time (solid line) and down during the 6 s acquisition time (dotted line).
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CONCLUSIONS

It is certainly not possible to draw general conclusions on the use of MRI applicable to all subjects in all prior
MRI studies based on this evaluation of one measurement setup with one subject, but it can nevertheless serve
as an indicator of possible problems introduced when static MRI is used for speech production measurements
or articulatory modelling. In general, the MR images give adequate information on the three-dimensional shape
of the vocal tract and articulators, but some caution should be taken, as this evaluation suggests that: 1) the
artificial sustaining causes the articulations to be both hyperarticulated compared to a normally sustained
articulations and more difficult to hold for the subject (inducing a backward movement of the tongue and a
lack of velum control). 2) sustained productions are hyperarticulated compared to real-time production, in
general and concerning coarticulation in particular. 3) the position, supine and facing upwards, does affect the
position and shape of the tongue, often decreasing the passage in the pharynx, especially when the articulation
has to be sustained artificially.

Consequently, the acquisition time should be kept as short as possible, as differences can be observed not
only between real time and static articulations, but also depending on how long the articulation is sustained.
The static MR images thus have to be complemented with other measurements to correctly replicate not only
articulatory movements but also positions of running speech. EMA and EPG can be used as complementary
information, as proposed in Engwall (2002), but these measurements in themselves do only provide information
on the front part of the tongue, whereas the deviation in tongue contour generally occurs in the pharynx.
Correcting the possible deviation hence necessitates either real time measurements with a method that captures
the pharynx, e.g. X-rays or real time MRI (if the image acquisition frequency is high enough and the effects of
the position are taken into account), or a reliable articulatory inversion method, c.f. Beskow et al. (2003), that
is able to reconstruct the entire tongue contour/shape from e.g. EMA coil positions on the front part of the
tongue, based on an optimisation to ensure that the tongue position is in accordance with the coil measurement
points, that the tongue volume remains constant and that the resulting tongue shape is possible.
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