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ABSTRACT. This project investigates the articulatory properties of German vowels on the 
basis of ultrasound and tagged Cine-MRI. German has 15 monophthongs, which are 
classified into seven tense-lax vowel pairs. However, understanding the phonetic 
correlate of vowel tenseness has proven elusive, partly due to the difficulty of obtaining 
global shape information for the tongue, especially the pharyngeal portion. Rendering a 
complete midsagittal image of the tongue, imaging techniques like Ultrasound and MRI 
are uniquely suited to investigate overall tongue configuration and in particular tongue 
root positioning. Tagged Cine-MRI allows to infer expansion and contraction patterns of 
the muscles of the tongue. The current project uses both of these techniques to compare 
tense and lax vowels midsagitally, coronally and in terms of muscular compression and 
expansion patterns. Results indicate that high vowels seem to behave differently from 
mid vowels. Also for the pharyngeal vowel pair /a: - a/, which has been previously 
claimed to differ in duration only, consistent differences in tongue shape were found, 
particularly in the cross-sectional ultrasound recordings. Overall a lot of variability was 
observed within and between subjects in how the two classes of vowels are realized. 
 
 
INTRODUCTION 

German vowels contrast along the height, backness and so-called tenseness 
dimension, which together with the rounding opposition for front vowels renders a 
relatively complex front vowel system (cf. Fig.1). 

 

 
Figure 1. German vowel system (from Kohler, 1995).  
 
Exceptions to the tense-lax pairing within the vowel system can be found in the front mid 
region and for the pharyngeal vowel /a/. The front mid vowel /E:/ is a long lax vowel that 
does not have a tense counterpart (and in the Northern regions is generally not 
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distinguished from the tense vowel /e/). The pharyngeal vowel pair /a: - a/ is assumed to 
exhibit a pure durational contrast (Kohler, 1995). 
 

The tense-lax contrast and its phonetic correlates have been surrounded by 
controversy for many years (for an excellent overview cf. Mooshammer, 1998). Differing 
views exits as to whether this contrast is primarily one of vowel length (Hall, 1992; Lass, 
1984; Wiese, 1996) or of quality. In stressed position, quantity and quality are robustly 
correlated, with tense vowel being longer than lax vowels. While the qualitative 
difference is independent of stress, in unstressed position, the length difference between 
tense and lax vowels is neutralized. That is, tense vowels undergo shortening while lax 
vowels are durationally stable across stress differences. 

 
Qualitatively, tense vowels have been reported to have a tighter constriction and 

(with exceptions) a more advanced tongue root. Wood (1975) reports on the basis of x-
ray data that lax vowels have a flattened tongue, and regularly a lesser constriction than 
their tense counterparts, with the exception of /o - O/. He further found that lax vowels 
have less lip activity and indeed less pharyngeal space. Yet it has long been clear that 
tongue root movement in connection with vowel tenseness is fundamentally distinct from 
the feature advanced tongue root ([+/-ATR]), which can be found in various African 
languages such as Akan or Igbo (cf. e.g. Fischer-Jørgensen, 1985; Ladefoged & 
Maddieson, 1996; Lindau, 1978; Tiede, 1993). All these authors have shown how tongue 
root movement should be considered an independent feature for true ATR languages, as 
opposed to a language like English, where it is not consistent and is closely related to 
tongue-height differences. Tiede (1993; reported in Ladefoged & Maddieson, 1996) has 
investigated Akan and English by collecting three-dimensional MRI data. He focused his 
investigation on the area below the epiglottis and found that transverse volume for this 
region and tongue root advancement are positively correlated in Akan, yet negatively 
correlated for English. While tenseness and height are closely correlated in the Germanic 
languages, Fischer-Jørgensen (1985) points out that it still should be considered an 
independent parameter: "It thus seems clear that tenseness (which is often, but not always, 
combined with length) is an independent vowel dimension. Height should thus be 
indicated separately for tense and lax vowels." (p.85) 
 

Also acoustically ATR and tenseness are manifest differently: For instance, the 
robust length difference tense-lax is associated with in the Germanic languages is not 
found in the ATR languages. A further difference lies in the fact that in the acoustic 
vowel space, for the Germanic languages, lax vowels are always more centralized 
compared to their tense counterparts, yet in true ATR languages, lax vowels are more 
peripheral (raised and advanced) than tense vowels (Lindau, 1979 in Ladefoged & 
Maddieson, 1996). 
 

Yet another line of investigation of the tenseness contrast has examined this 
opposition in terms of muscular tension. EMG studies have been undertaken mostly for 
English speakers (e.g., Alfonso & Baer, 1982; Raphael & Bell-Berti, 1975); no 
comparable studies exist for German. Raphael and Bell-Berti (1975) found that 
genioglossus activity is distributed bimodally for tense vowels, but not for lax vowels. 
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Also inferior longitudinal activity differentiated the two vowel classes (styloglossus 
activity for /u - U/, however showed contradicting results). As the authors themselves 
point out, the bimodality may be caused by the fact that English tense vowels are 
diphthongized to a considerable degree. While this study thus showed a difference for 
tense and lax vowels, they could uniquely attribute those differences to the tense - lax 
opposition.  
 

Since articulatory correlates of vowel tenseness seem to differ considerably from 
speaker to speaker, it has been proposed that the distinction is actually a suprasegmental 
one. Several researchers at the Phonetics Institute in Munich (Mooshammer, 1998; Kroos, 
Hoole, Kühnert, & Tillmann, 1997; Hoole & Mooshammer, 2000) have undertaken an 
articulatory investigation of German vowels on the basis of EMMA data. These authors 
assume that tense and lax vowels differ from each other suprasegmentally, that is, in 
terms of how the vocalic opening (CV) and closing (VC) gestures are coupled to one 
another. They advance this argument on the basis of their finding that tense vowels are 
compressed temporally and exhibit greater variability with increased speaking rate, 
whereas lax vowels are not affected to by changes in rate. This leads to their hypothesis 
that for tense vowels, the vowel opening and closing gestures are coupled more loosely to 
one another leading to a truncation of the opening gesture by the closing gesture. For lax 
vowels, the onset and offset gesture of the vowel are coupled very tightly to one another 
and are thus resistant to changes in rate and style. 

 
Neither EMG nor ultrasound or cine-MRI data exist for German. MRI studies on 

German vowels so far have only investigated sustained tense vowels (Hoole et al., 2000). 
The current project uses ultrasound and tagged Cine-MRI to investigate the German 
vowel system on an articulatory basis. Both imaging techniques are uniquely suited to 
obtain information of overall tongue shape and especially the tongue root. Also coronal 
information can be obtained. Surface measurements were taken in terms of tongue root 
and height interaction during tense and lax vowels using ultrasound and MRI. Further, 
tagged Cine-MRI enables us to estimate tense-lax differences in terms of muscular 
compression and expansion patterns into and out of the vowel. 
 
 
ULTRASOUND DATA 
1. STIMULI AND SUBJECTS 

All 15 monophthongs (/i, , y, Y, e, E, P, {, E: u, U, o, O, a: a/) were embedded in a 
/gVm´/ nonword context. An utterance with an initial velar was chosen so that for the 
tagged Cine-MRI movement into the vowel can be observed. Subjects were instructed to 
repeat each word seven times in synchrony with a metronome. The metronome was paced 
at 60 beats per minute, which was done to ensure comparability to the MRI data.  

 
The sharpness of the tongue-surface outline in the ultrasound image will vary 

across subjects and appears to depend on the subject’s lingual tissue (e.g., amount and 
distribution of fat, oral moisture, tongue size). Subjects are thus pretested for how well 
their tongue images before they are invited to participate in the study. In this paper, we 
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report data from three subjects, all native speakers of German with one of them (S3) 
being from Switzerland. They were paid for their participation.  

 
2. Data Collection 

Real-time images of the tongue were collected via a commercially available 
ultrasound system (Acoustic Imaging Inc., Phoenix, AZ, Model AI5200S). A 2-4 MHz 
multifrequency convex curvilinear array transducer with a 96 crystal array formed a 
planer 90° wedge-shaped beam of sound with a thickness of 1.9 mm at its focal depth. 
Focal depth was set to 10cm. Image sequences are collected at a rate of 28 scans per 
second and 30 frames per second. The beam is reflected most brightly where the tongue 
surface mucosa interfaces with the air in the vocal tract. On the video screen, the tongue 
surface appears as a white curve between two black cone-shaped shadows, one anterior 
and one posterior, which are cast by the jaw and the hyoid bone.  

 
The transducer was mounted on a transducer fixture as part of the HATS setup 

(head-and-transducer support system; Stone & Davis, 1995). The HATS unit was built 
specifically to hold the transducer in constant alignment with the head, while allowing 
full motion for the jaw. As part of this system, four well-padded clamps secure the head 
at the front, back, and sides. The transducer is attached to a transducer holder and 
positioned under the subject’s chin in fixed relation to the head. The subject was seated in 
the HATS system which prevents head movement and thus enables to align ultrasound 
images across utterances, since both head and transducer are rigid. The transducer is 
placed so that it captures the tongue contour midsagittally or cornally (for a more detailed 
account of the use of ultrasound for capturing tongue motion, cf. Stone, to appear). 

 
Simultaneously with the ultrasound data, acoustic data were recorded as well as 

the lower portion of the subject's face in order to obtain lip and calibration information 
(by markings on the transducer). The lower portion of the subjects' face was recorded 
with a video camera and inserted into one corner of the ultrasound picture using a video 
mixer (Videonics MX Pro). A short-range microphone was positioned in front of the 
subject's mouth. A Digisplit splitter further inserts an oscilloscopic image of the acoustic 
signal. The ultrasound image output by the ultrasound machine (28 scans per second, 30 
frames per second), the video taped image of the head, the image of the oscilloscope and 
the output of the timer are captured simultaneously on an analogue video tape and 
simultaneously recorded digitally onto a Macintosh G5 computer using FincalCut Pro. 
Video frame rate is 30 Hz. Using a Canopus ADVC 1394 video board, audio and video 
signal can digitized perfectly synchronized. Using FinalCut Pro, the ultrasound movies 
captured during the experiment are converted into a series of jpgs at 29.97 frames per 
second. Audio was extracted at a sampling rate of 22.5 kHz. 

 
A midsagittal and five coronal tissue slices were collected, with coronal 1 

denoting the most anterior and coronal 5 denoting the most posterior slice. Between 
collection of the midsagittal and coronal slices, subjects were taken out of the headholder 
so that they could get up and walk around. 
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3. Extraction and Tracking of Tongue and Palate Contours 
Tongue contours are extracted using EdgeTrak (Li, Kambhamettu, & Stone, to 

appear; Li, Kambhemettu, & Stone, 2003), a program based on snakes that automatically 
extracts and tracks tongue contours. Also the palate, visible during swallows, can be 
extracted and traced this way (Epstein, Stone, Pouplier, & Parthasarathy, 2004). Within 
EdgeTrak, the experimenter defines a region of interest within which the image gradient 
is then optimized. A snake is initiated manually by selecting a few points on the image 
which EdgeTrak uses to determine the tongue edge. Tracking quality is evaluated 
visually and corrected manually if needed. Manual corrections are then optimized again 
algorithmically. Tongue contours are exported in an ASCII-file as x-y coordinates with 
the left upper edge of the ultrasound image as origin. These files are then further 
processed and analyzed in Matlab. 

 
For the present paper, a single tongue contour at the maximum constriction 

location for the vowel was tracked and exported for measurement from each word 
(midsagittal, coronal 1-5). The maximum constriction location was defined acoustically 
in terms of the midpoint of the acoustic duration of the vowel. Due to mismatches in 
sampling rate between the ultrasound and acoustic recordings, the maximum frame 
selection was corrected by +/- 1 frame if necessary. 
 
4. Results 
4.1. Sagittal Slices 

A palate trace was obtained by having the subject swallow (dry and water) during 
the experiment. During a swallow, the tongue glides along the palate; thus the ultrasound 
beam gets reflected by the palatine mucosa or bone (Epstein et al., 2004). The palate trace 
was then used to calculate the distance from the palate for a constriction region for each 
vowel (except for the pharyngeal vowels /a: - a/). 

 
For S1 and S3, the vowel space could be captured adequately by partitioning the 

palate into two equally sized regions, front and back (22mm for S1, 25mm for S3; cf. 
Figure 1). For S2, the mid vowels were more centralized to the palate and thus a separate 
constriction region was defined (22mm for all regions). 
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Figure1 Palate and tongue contours for S3.  
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For the appropriate regions, for each curve an RMS was calculated using SURFACES 
(Parthasarathy, Stone, & Prince, to appear). Image quality for the /o-ç/ pair for S1 was 
too poor for analysis. The results are displayed in Table 1. 
 
vowel    S1   S2   S3   

pair   tense lax Δ tense lax Δ tense lax Δ 
mean 9.3 10.1 -0.7 5.2 4.9 0.2 4.5 4.9 -0.4

i-I SD 0.6 0.5   0.3 0.2   0.2 0.3  
mean 9.0 12.7 -3.7 9.1 8.9 0.2 4.6 6.7 -2.0

y-Y SD 0.7 1.8   0.6 0.4   0.2 0.4  
mean 10.9 13.2 -2.4 6.6 7.7 -1.1 4.9 7.0 -2.1

e-E SD 0.5 0.8   0.6 0.6   0.2 0.5  
mean   14.5 n/a   9.8 n/a   8.3 n/a

E: SD   0.6     1.3     0.2  
mean 11.4 14.1 -2.7 12.3 12.2 0.1 7.5 8.7 -1.2

P-{ SD 0.8 1.3   1.0 1.2   0.4 0.8  
mean 11.1 13.5 -2.5 9.7 9.5 0.2 5.4 5.4 0.0

u-U SD 0.4 1.1   0.9 0.5   0.6 0.4  
mean       10.0 12.8 -2.8 6.3 7.8 -1.5

o-ç SD       0.4 0.8   0.4 0.7  
Table 1 Average RMS and standard deviations for each tense-lax vowel pair by subject. 
Difference is calculated as tense minus lax. 
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There is considerable inter- and intrasubject variability as to the palatal distance within a 
tense and lax pair. For all cases in which the difference is more than 1mm (and thus 
presumably beyond measurement error), the tense vowel is, as expected, closer to the 
palate compared to the lax vowel. Somewhat surprisingly, for all three subjects, the high 
front unrounded vowel pair /i-"/ exhibits virtually no difference between tense and lax; 
for the high back vowel pair /u-U/ this is the case for two subjects (S2, S3). This is 
unexpected in the light of previous literature which reports that lax vowels always have a 
greater distance to the palate than their tense counterpart (with the exception /o-ç/ and /a:-
a/, cf. e.g. Wood, 1975).1 Note however that the high front rounded vowel pair /y-Y/ 
exhibits a 2 to 3mm difference for S1 and S3. 
 

In order to evaluate differences in tongue root position between tense and lax 
vowel pairs, the data were converted to polar coordinates. The vertex was calculated in 
the following way: Across all contours for a given subject, the extreme x, y coordinate 
points were averaged at the left and right edge. These two average points were then 
translated vertically by 10mm (5mm for S2) to ensure a distance to the vertex that allows 
capturing the back region of the tongue appropriately. The vertex was the midpoint 
between the two translated average points (cf. Figure 2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Palate and tongue contours for S3 in polar coordinates. 
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Tongue root position was calculated as the radius (mm) at a 160° angle with a +/-10° 
adjustment between subjects and vowels. Contours with no datapoints in a +/-2° range of 
the target angle were excluded from analysis. Image quality for the /u-U/ pair for S1 was 
not good enough for analysis. Results are given in Table 2. 

                                                 
1 While this may partly be due to a carryover effect from the preceding velar, note that this effect is not 
observed as consistently for /u-U/ and /y-Y/. Also Mooshammer (1998) for her EMMA data reports height 
differences for a /g´kVk´/ context. 
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  S1 S2 S3 
vowel 
pair   tense lax Δ tense lax Δ tense lax Δ 
i-I mean 13.1 17.8 -4.7 17.7 19.2 -1.5 22.0 29.5 -7.5
  SD 1.4 1.3   0.8 2.5   2.5 1.1   
  N 3 5   5 5   5 5   
y-Y mean 14.9 22.6 -7.7 20.0 23.8 -3.8 28.5 31.8 -3.3
  SD 0.4 2.8   0.9 1.4   0.4 1.5   
  N 3 5   5 5   5 5   
e-E mean 15.3 22.8 -7.5 19.1 23.6 -4.5 29.6 32.6 -3.0
  SD 0.8 1.4   0.9 1.5   2.1 0.5   
  N 5 5   5 5   5 5   
E: mean   21.0 n/a   28.3n/a   32.3n/a 
  SD   2.16     1.39     0.58   
  N   5     4     5   
P-{ mean 19.1 25.9 -6.8 30.1 31.2 -1.1 32.6 32.6 0.0
  SD 1.5 0.8   2.0 1.5   1.0 0.9   
  N 2 5   3 5   5 4   
u-U mean       31.2 30.0 1.1 39.8 44.0 -4.2
  SD       1.7 1.5   1.1 0.6   
  N 0 0   3 5   3 3   
o-ç mean 31.1 30.4 0.7 35.3 37.6 -2.3 36.4 37.6 -1.2
  SD 2.2 0.8   1.0 1.2   2.4 1.4   
  N 4 5   4 5   5 5   
a:-a mean 31.5 29.9 1.6 35.2 33.6 1.6 38.8 36.7 2.1
  SD 0.5 1.3   2.7 3.7   1.1 1.7   
  N 5 5   5 5   5 3   
Table 2 Radius (mm) at tongue root for all vowel pairs by subject. The difference is 
calculated as tense-lax. 
 
As for the palatal distance measure, a considerable degree of inter- and intra-subject 
variability emerges. Only two vowel pairs, /O-{/ for S3 and /o-ç/ for S1, exhibit a 
difference of less than 1mm. For all vowel pairs but /a:-a/ and /u-U/ for S2, the tense 
vowel has a shorter radius (i.e., more advanced tongue root) than the lax vowel. For the 
pharyngeal vowel pair /a:-a/, the tense vowel has a longer radius, as expected. Since for 
this vowel pair, the constriction area is in the pharynx, the tense vowel is expected to be 
closer to the pharyngeal wall in terms of a tighter constriction (cf. also Wood, 1975). For 
/e-E/ and /y-Y/, all subjects show a considerable root difference, as is the case for two out 
of three subjects (S1, S3) the /i-I/-pair. For all other pairs (/P-{, u-U, o-ç/) no consistent 
picture emerges across subjects. 

 
Overall it is noteworthy that a vowel pair that differs in tongue root does not 

necessarily differ in the palatal distance measure as well. This shows that tongue root 
position is not purely epiphenomenal to tongue height. As a next step, correlations 
between constriction degree (palatal distance RMS) and tongue root position (polar 
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radius) were computed. Previous work (e.g., Ladefoged & Maddieson, 1996; Wood, 
1975) has shown that for the Germanic languages tongue height and advancement of the 
tongue root are correlated, as opposed to 'true' ATR languages like Igbo and Akan, in 
which those two factors act independently of each other. For the current measures, we 
thus expect a positive correlation: The smaller the distance to the palate (RMS), the more 
advanced the tongue root (i.e., the shorter the polar radius). Results are displayed in Table 
3. 

 
r i-I y-Y e-E P-{ u-U o-ç 

S1 0.29 0.52 0.91 0.67    
S2 -0.34 -0.15 0.55 0.37 -0.29 0.74
S3 0.54 0.80 0.71 -0.10 0.33 0.33
Table 3 Correlation coefficient for tense-lax vowel pairs for each subject. Correlations 
greater than .7 are highlighted. 
 
Overall, correlations are indeed positive. Some vowel pairs exhibit negative correlations, 
yet the correlation coefficients are extremely small for those cases. While all strong 
correlations have positive values, it has to be noted that only 4 out of 16 correlations are 
above .7. That is, tongue height and position of the tongue root are not necessarily 
correlated to each other. Notably for the high vowel pairs /i-I/ and /u-U/, the correlations 
are weak, as is the case for two out of three subjects for /y-Y/. 
 
4.2. Coronal Slices 

For all subjects, at least four coronal slices were recorded (for subjects imaging 
extremely well, five slices were recorded). Here coronal data for S3 will be reported; for 
her five slices were obtained.2 When comparing the coronal slices with the midsagittal 
data, it becomes clear that the coronal slices are not collected far enough back to assess 
differences in the tongue root. Nevertheless, the coronal data are able to inform us about 
overall shape differences in the tongue, especially in terms of grooving and arching. 
Figure 3 shows the video image of the head recorded during the ultrasound sessions in 
which also the transducer postitioning can be seen. 

                                                 
2 Transducer angles were: cor1 – 4°; cor2 – 2° and backward translation, cor3 – 11°, cor4 – 20°, cor5 – 28°, 
midsagittal – 5° (0° is vertical transducer position). 
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coronal 1 (4°) coronal 2 (2°) coronal 3 (11°) 

 
 
 coronal 4 (20°) coronal 5 (28°) 

 
Figure 3 Transducer position and angle for coronal slices for S3. 

 
For each vowel the five repetitions for each coronal slice were averaged using 

SURFACES. In order to be able to average the curves, they were cut to equal length  
(30mm) and resampled at a 1mm interval. For these average curves, an RMS was 
computed (see Table 4). For the mid back vowel pair /o-ç/ the most anterior coronal slice 
(coronal 1) only captured the floor of the mouth, presumably because the tongue was so 
far retracted; this slice was thus disregarded.  
 
RMS coronal 1 coronal 2 coronal 3 coronal 4 coronal 5 
a:-a 1.9 2.6 2.7 1.8 2.3 
e-E 1.3 0.7 1.3 0.5 0.9 
i-I 0.9 6.1 0.8 0.5 1.4 
o-ç  2.4 1.7 1.1 0.4 
P-{ 0.9 1.2 1.7 1.4 2.2 
u-u 3.2 2 1.2 1.1 1.2 
y-Y 1 1 0.8 1.6 1.2 
Table 4 RMS for corresponding tense-lax vowel pairs for S3. 
 
For /i-"/ the difference in coronal 2 is striking and not really explainable when looking at 
the sagittal slices. Looking at the midline, left and right edge separately for this pair (by 
cutting the contour into three equidistant portions), midline still carries the biggest 
difference (RMS=7), but also both sides exhibit a sizable differences (RMS=5.5 and 5.6, 
respectively). Slight head movement may be the source of this error. 
 

Figure 4 displays the five coronal slices, the RMS and the sagittal slices for each 
vowel. Notably for /a:/ it can be observed that the two vowels do not just differ in 
duration, as assumed for instance by Kohler (1995). The tense vowels is more deeply 
grooved throughout the length of the tongue. As to the long lax vowel /E:/, which has no 
tense counterpart, it can be seen that it is midsagittally very similar to /E/, and also in 
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shape very close to /e/, albeit lower, yet /E:/ is more deeply grooved throughout than 
either /e/ or /E/. 

 
5. Summary 

The ultrasound data confirm a qualitative difference between tense and lax vowels, 
albeit there being consiberable variability between subjects and between vowels. The /i - 
I/ pair generally seems to exhibit a root difference that is not necessarily epiphenomenal 
to tongue height difference. The strongest correlation between tongue height and root 
advancement across subject emerged for /e - E/. For /y - Y/ and /u - U/ strong between-
subject variability was observed. The low vowel pair /a: - a/ was observed to be 
qualitatively different from each coronally in that the tense vowel exhibits deeper 
grooving than the lax vowel. 
 

 
 



Figure 4.1 coronal slices for i
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Figure 4.2 coronal slices for y
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Figure 4.3 coronal slices for e
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Figure 4.4 coronal slices for P
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Figure 4.5 coronal slices for u
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Figure 4.6 coronal slices for o
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MRI DATA 
1. Stimuli and subjects 

A subset consisting of the four vowel pairs /i-I, y-Y, u-U, o-ç/ was collected using 
magnetic resonance imaging (MRI). As for the Ultrasound part, the vowels were 
imbedded in a /gVm´/ nonword context. The utterances were repeated in synchrony with 
the MRI scanner, which emits a noise signal every 60 seconds. 

 
Subjects were only invited to participate after a satisfactory pre-screening for their 

rhythm, since the MRI data acquisition required four repetitions per utterance which were 
summed into a single picture (see below). The quality of the image thus crucially depends 
on the rhythmic exactness of the repetitions. Two of the ultrasound subjects were 
available for the MRI part (S1, S3). They were paid for their participation.  

 
2. Data Collection 

For each subject, three 7mm slices were collected. The MRI data acquisition 
required four repetitions per utterance recorded. In addition to cine-MRI data, tagged 
cine-MRI data were acquired in order to infer muscle activity within the tongue based on 
local patterns of compression and extension. Tagged cine-MRI can thus supply 
information about internal deformation of the tongue and enables us to study “motion” 
inside the tongue by means of spatially encoded magnetic markers that track material 
points (Stone et al., 2001).  

 
MRI is based on the chemical technique known as nuclear magnetic resonance. 

MRI images differentiate tissue within the body based on its hydrogen nuclei (proton) 
content, most abundant in water and fat. Image brightness is proportional to proton 
content; water and fat image brightly, while bone and air do not image at all. Hydrogen 
protons, having both a small positive charge and the property of nuclear spin, behave like 
little magnets. When an external magnetic field is applied the protons will align 
themselves with that field, in the lowest possible energy state. The protons precess about 
the axis of the external magnetic field at what is known as the resonance frequency. The 
protons may be excited to a higher energy state by applying a radio frequency (RF) pulse 
at the resonance frequency. The nuclear spins absorb this energy and then precess, like a 
spinning top, back to the lower energy state. As the protons move to the lower energy 
levels, they emit electromagnetic radiation at the resonance frequency, producing the 
NMR signal. Those areas with the highest hydrogen content (large amounts of water or 
fat) will emit the strongest signal. 

 
The RF pulse causes the vector sum of all spins originally aligned with the 

magnetic field (longitudinal axis – z) to be tipped into the transverse or xy plane. When 
the spins are first tilted into this xy plane, they are all in phase. The spins spread out at 
different rates according to the time constant T2, which is unique to each tissue. The 
result of T2 relaxation is a loss of phase and a fading signal. To keep the spins in phase, 
they are flipped 180 degrees, so they return to the longitudinal axis at the same time. 
Once the RF transmitter is turned off, the excited spins gradually return to their original 
longitudinal orientation, according to something called the T1 relaxation time, which 
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again, like T2, unique to each type of tissue. The larger the T1 (proportional to hydrogen 
content), the slower the spins return to the longitudinal axis, allowing differentiation of 
tissue by image contrast.  

 
Tagging is accomplished as follows: A planar slice of protons is excited by a RF 

pulse at the resonance frequency (Larmor Frequency) long enough to shift their spins by 
180 degrees. The normal MRI sequence just described is then followed, but the excited 
protons do not image because they are dephased with respect to the other nuclei. The 
areas that are tagged show as black and because the tagged planes are perpendicular to 
the image planes, we see them as black lines or grids on the images. The tags were laid 
down 16ms before actual data acquisition. 
 

Tagging is faced with several difficulties: If the subject is too variable over the 
four repetitions required to image one utterance, the tagging grid in no longer delineated 
clearly and analysis of individual tags is not possible. Utterances requiring large tongue 
motions lead to greater variability and thus imprecise tags. With a sampling rate of 15Hz 
it can also occur that for fast motions, tags are not traceable because the rate of motion is 
greater than the sampling rate. It further is also possible for tags to emerge or fade 
between frames, if tissue moves into the plane that has not been there earlier, as happens 
mainly with lateral extension of the tongue.  
 
3. Results 

Figure 5 shows the vowel highpoint frame for the non-tagged MRI data for S1 
and S3. It can be seen that the overall tongue shape differences are less pronounced for 
mid vowels than for high vowels for both subjects.  

 
Data quantification for the tagged data was done for S3 using HARP 

(Parthasarathy, NessAiver, Prince, & Stone, 2003). Data quantification was done in two 
ways, point tracking over time and Lagrangian strain calculation. Point tracking allows us 
to follow a specific piece of tagged tissue over time, while Lagrangian strain calculation 
is done in order to infer expansion and contraction patterns of tongue muscles from one 
frame to the next.



Figure 5. MRI frames of vowel maxima midsagittal slice
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3.1. Point Tracking 
Five tags were traced over each time frame: three at the tongue root, two for the 

tongue body and two in the tongue tip region (cf. Figure 6). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1 2 3 4

5 6 8

9 10 11 12

tip 
root body 

7

T I M E 

FRONT 

Figure 6 Illustration of point tracking for /i/ for S3. 
 

As far as possible, the identical coordinate points were chosen within a vowel 
pair. Note though that the different utterances are not registered for the overall 
positioning of the head, thus the constancy of the chosen points across utterances may not 
be accurate, but for current purposes the positions are assumed to be comparable (Stone 
et al., 2001). Figure 7 shows the results. 
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Figure 7.1. Point tracking results for vowel pair /i-"/. 
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Figure 7.2 Point tracking results for vowel pair /y-Y/. 
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For the tense vowel /i/ (Figure 7.1) it can be observed that the tongue root 
advances for about .5mm coming out of the velar stop, before it then retracts for the final 
vowel. For the lax vowel, however, the tongue root beings its backward movement 
immediately. For the tongue blade region, however, the difference between the two 
vowels is far less pronounced. Since the lax vowel utterances is a lot shorter than the 
tense vowel one, the tongue body lowers earlier and exhibits less horizontal movement 
over the course of the utterance. The movement time series are very comparable 
however. Likewise for the tongue tip movement patterns of the points tracked are very 
comparable and seem to mainly reflect the different durational characteristics of the two 
utterances. Tongue root differences, however, reflect a different movement pattern for 
tense and lax vowels. 
 

Comparable to its unrounded counterpart /i/, for /y/ (Figure 7.2) the tongue root 
advances for about .3mm, but retracts immediately for /Y/. Only for the lowest tracked 
point is there are more extensive retraction motion for the tense vowel; the range of 
motion is otherwise very similar for the two vowels. As to the tongue body, the points 
tracked for the tense vowel do not move substantially for a length of four frames, before a 
further lowering and retraction motion begins. This can be assumed to reflect the greater 
duration of the tense vowel. Note that the retraction movement for the final vowel is more 
pronounced compared to the lax vowel. 

 
For /u-U/ (Figure 7.3), it was not always possible to trace the identical tags for 

both utterances; comparable tag locations were chosen where necessary. To the extent 
that the tracked points can be directly compared, they do not show fundamentally distinct 
motions for the tense and lax vowel. Rather, a quasi-steady state phase of the tense vowel 
becomes apparent which the lax vowel lacking. 

 
For the mid vowel pair /o-ç/ (Figure 7.4), the situation is slightly different. For the 

tongue root points, it can be observed that the tongue root for /o/ does not begin 
movement until frame 6, whereas for the lax vowel tongue root movement begins 
immediately. The same situation holds for the tongue body points. It can also be observed 
the tongue body has a further retracted position during the high point of /o/. The tongue 
tip retracts for the tense vowel, whereas the for the lax vowel it mainly lowers followed 
by an immediate fronting movement. Overall, the tense vowel has a more retracted 
tongue position than the lax vowel. Tongue root movement starts later for the tense 
compared to the lax vowel. 
 
3.2 Lagrangian Strain 

In order to investigate differences in muscular expansion and contraction, 
Genioglossus posterior (GGP) and anterior (GGA) action is estimated by calculating the 
Lagrangian strain between the extreme muscle points (Parthasarathy et al., 2003). The 
Lagrangian strain λ calculates the percent compression (or expansion) between two 
successive frames n and n+1 as the change of length in a line connecting two tissue points. 
(1)        λ= (length(n+1) – length(n))/ length(n) 
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Figure 8 shows the estimated locations for the posterior and anterior genioglossus for the 
vowel /i/. Within a vowel pair, the same coordinate points were chosen; comparable 
locations were chosen for the other vowels. Figure 9 shows the results for each vowel 
pair. 
 
 
 
 
 
 
 
 
 
 
 
 

FRONT 
FRONT

Figure 8 Estimated locations for posterior (left) and anterior (right) genioglossus for the 
vowel /i/. 
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Lagrangian strain between successive time frames
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Figure 9.1. Lagrangian strain for anterior and posterior genioglossus for the vowel pair /i-
"/. 
 

It can be observed that the genioglossus posterior for /"/ expands immediately 
upon the release of the initial velar stop, whereas the tongue root for /i/ compresses to 
around 5% between the first and second frame, and does not start expanding until the 4th 
and 5th frame. This is consistent with the point tracking results, showing an inward 
movement of the tongue root. For the genioglossus anterior, contraction and expansion 
patterns are very similar for the two vowels. For the tense vowel, compression in GGP is 
concomitant with compression in GGA, yet for the lax vowel, we observe expansion in 
GGP and compression in GGA. 

 
Figure 9.2 displays the Lagrangian strains for the high front vowel pair /y-Y/.  
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Lagrangian strain between two successive frames
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Figure 9.2. Lagrangian strain for anterior and posterior genioglossus for the vowel pair 
/y-Y/. 
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Frames 2 and 3 distinguish the two vowels clearly in that GGP compresses for /y/ yet 
expands for /Y/. For /y/, GPP does not begin to expand until frames 6-7. GGA patterns are 
very similar for the tense and lax vowel. 
 

For the high back vowel pair /u-U/ (Figure 9.3), the situation is comparable to /i-"/ 
in that for the tense vowel, GGP is compressed initially and does not expand until frames 
4-5, yet for the lax vowel we observe immediate expansion. GGA at the beginning of the 
utterance is very comparable. Note though that at the respective frames of lip closure, the 
utterance with the tense vowel exhibits substantially more compression than the lax 
vowel. 
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Figure 9.3. Lagrangian strain for anterior and posterior genioglossus for the vowel pair /u 
- U/. 

For /o-ç/ (Figure 9.4), the genioglossus posterior slightly contracts at the 
beginning of the utterance, but then does not exhibit substantial changes for the first 4-6 
frames. I. contrast to this, GGP expands immediately lax vowel. GGA is compressed for 
both vowels, albeit more so for the lax vowel. Note how for the tense vowel, compression 
during the initial frames of GGA is accompanied by slight compression or no change in 
GGP, whereas for the lax vowels, compression in GGA is accompanied by expansion in 
GGP. 

Working Papers and Technical Reports, No. 2004 (6), Vocal Tract Visualization Laboratory, 
University of Maryland Dental School, Baltimore, MD 21201 

51



Lagrangian strain between two frames
Posterior Genioglossus

-6

-4

-2

0

2

4

6

8

10

12

2 9 10 11 12

time frame

st
ra

in
 (%

)
o - ç 

3 4 5 6 7 8

lip closure 
gom´ 

lip closure 
gçm´ 

Lagrangian strain between two frames
Anterior Genioglossus

-6

-4

-2

0

2

4

6

8

10

12

2 3 4 5 6 7 8 9 10 11 12

time frame

%
 s

tr
ai

n

  

o - ç 

lip closure 
gçm´ 

lip closure 
gom´ 

Figure 9.4. Lagrangian strain for anterior and posterior genioglossus for the vowel pair /o 
- ç/. 
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Summary 
In terms of GGP, for all vowel pairs, the tense and lax vowel can be distinguished 

by the Lagrangian strain changes between first and second frame (second and third frame 
for /y-Y/). For the lax vowel, we see immediate expansion whereas the tense vowel either 
exhibits only minor changes (cf. the small compression for /o-ç/) or around 2-4% 
compression. For GGA, expansion and contraction patterns are much more similar within 
the vowel pairs compared to GGP. All vowels show little change in GGA (/u-U, i-", y-Y/) 
or compression (/o-ç/) at the beginning of the utterance.  

 
Point tracking shows that the tongue root describes a forward loop for /i/ that is 

absent for /"/. Also for /y-Y/ the forward looping motion of the tongue root can be 
observed. For the other vowels, the tongue root initiates motion later for the tense 
compared to the lax vowel. For /o-ç/ the most pronounced difference can be seen in tip 
and body, which both describe a retracting motion for the tense vowel that is absent for 
the lax vowel. The observed differences in tongue root mainly seem to reflect the 
different durational characteristics.  

 
 

CONCLUSIONS 
The current data confirm a qualitative difference for tense and lax vowels in the 

tongue root, tongue body constriction and in pattern of motion. Tongue root and tongue 
height differences can be correlated, but not necessarily so. Coronal slices show that 
tense and lax vowels can also differ in terms of how deeply they are grooved. The tagged 
MRI-data show that most vowels can be differentiated throughout the course of the 
utterance. Also the final vowel, for instance, shows a greater extent of movement for an 
utterance with a tense as opposed to a lax vowel (with the expection of /u-U/). The 
various measurements taken suggest that high vowels, in particular /i-"/ behave 
differently from mid vowels, yet due to the high inter-subject variability, more data have 
to be analysed before firm conclusions can be reached. 

 
The estimation of genioglossus activity revealed the most consistent difference 

pattern across vowels (although only a subset of vowels was collected). Genioglossus 
posterior showed a consistent difference in that for the lax vowel, there was an immediate 
expansion movement, while the tense vowel either showed no change or compression, 
notably without corresponding expansion in the tongue tip (presumably leading to either 
increased height or lateral expansion of the tongue). The consistent differences that could 
be observed for the vowels across the entire utterance are consistent with the hypothesis 
that the tenseness opposition is not so much realized at the maximum constriction but 
rather lies in the entire motion sequence into and out of the vowel. 
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	Tagging is accomplished as follows: A planar slice of protons is excited by a RF pulse at the resonance frequency (Larmor Frequency) long enough to shift their spins by 180 degrees. The normal MRI sequence just described is then followed, but the excited protons do not image because they are dephased with respect to the other nuclei. The areas that are tagged show as black and because the tagged planes are perpendicular to the image planes, we see them as black lines or grids on the images. The tags were laid down 16ms before actual data acquisition.
	Figure 5 shows the vowel highpoint frame for the non-tagged MRI data for S1 and S3. It can be seen that the overall tongue shape differences are less pronounced for mid vowels than for high vowels for both subjects. 
	Data quantification for the tagged data was done for S3 using HARP (Parthasarathy, NessAiver, Prince, & Stone, 2003). Data quantification was done in two ways, point tracking over time and Lagrangian strain calculation. Point tracking allows us to follow a specific piece of tagged tissue over time, while Lagrangian strain calculation is done in order to infer expansion and contraction patterns of tongue muscles from one frame to the next.
	3.1. Point Tracking
	Five tags were traced over each time frame: three at the tongue root, two for the tongue body and two in the tongue tip region (cf. Figure 6).
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