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Abstract

Purpose: To demonstrate a tagging method compatible with RT-MRI for the study of speech 

production.

Methods: Tagging is applied as a brief interruption to a continuous real-time spiral acquisition. 

Tagging can be initiated manually by the operator, cued to the speech stimulus, or be automatically 

applied with a fixed frequency. We use a standard 2D 1-3-3-1 binomial SPAtial Modulation of 

Magnetization (SPAMM) sequence with 1 cm spacing in both in-plane directions. Tag persistence 

in tongue muscle is simulated and validated in-vivo. The ability to capture internal tongue 

deformations is tested during speech production of American English diphthongs in native 

speakers.

Results: We achieved an imaging window of 650–800 ms at 1.5T, with imaging SNR ≥ 17 and 

tag CNR ≥ 5 in human tongue, providing 36 frames/sec temporal resolution and 2mm in-plane 

spatial resolution with real-time interactive acquisition and view-sharing reconstruction. The 

proposed method was able to capture tongue motion patterns and their relative timing with 

adequate spatiotemporal resolution during the production of American English diphthongs and 

consonants.

Conclusion: Intermittent tagging during real-time MRI of speech production is able to reveal the 

internal deformations of the tongue. This capability will allow new investigations of valuable 

spatiotemporal information on the biomechanics of the lingual subsystems during speech without 

reliance on binning speech utterance repetition.
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INTRODUCTION

The vocal tract is a complex system that consists of both movable and immovable structures. 

Speech production involves complex spatiotemporal coordination of multiple vocal organs in 

the upper (oral) and lower (pharyngeal) airways. Visualization of the movements of the 

organs can provide important information about the spatiotemporal properties of speech 

actions, or “gestures.” Several modalities have been employed to visualize speech, including 

X-ray [1], computer tomography (CT) [2], electromagnetic articulography (EMA) [3], 

ultrasound [4] and MRI [5]–[10]. MRI can uniquely provide both static images with 

excellent soft tissue contrast and dynamic images with high frame rate, without the use of 

ionizing radiation, making it a promising tool. Real-time MRI (RT-MRI) now plays an 

important role in interpreting dynamics of vocal tract shaping during speech production, 

swallowing, and other human functions such as vocal performance [5], [11]–[13].

In speech production, the upper respiratory tract forms a series of connected resonance 

cavities that can be modified in size and shape using coordinated movements of the velum, 

jaw, pharyngeal tongue root, tongue body, tongue tip, and lips [6]. Among these articulators, 

the human tongue is the most powerful enabler of the remarkably complex shaping 

occurring in speech. The tongue is a muscular hydrostat comprised of numerous intrinsic 

and extrinsic muscles [14]. The internal deformation of tongue muscles cannot be easily 

interpreted by the contours of the tongue surface, and the relationship between muscle 

activity and tongue shaping is the subject of scientific investigation as an important 

component in understanding how healthy speech is controlled and how it is disrupted in 

disease [15], [16]. However, scientists remained reliant on inverse modeling of surface 

contours heavily contingent on modeling assumptions [16]–[19].

RT-MRI techniques have been extensively used in the last decade to study speech 

production, specifically the dynamics of vocal tract shaping with a focus on tracking the air-

tissue interface at articulator and vocal tract surfaces [13]. Recent RT-MRI advances include 

improvements in spatiotemporal resolution [12], [20], [21], increasing spatial coverage [22]–

[25], reducing reconstruction latency [26]–[28], mitigating off-resonance artifacts [21], [29], 

and combinations of the above. However, these techniques all lack the ability to measure 

internal muscle activity and to image and quantify the deformations of local regions within 

the human tongue, arguably the most important articulator, during natural speech.

Tagged MRI has been used to capture internal tongue deformation since early 1990s. Static 

MRI was utilized as snap shot at designated points in a tongue movement to visualize the 

deformation [30]–[32]. Later, tagged CINE-MRI was employed to analyze the motion of the 

internal tongue during speech [33]–[35]. Recently, it has been utilized to provide images for 

measurement of 4D tongue motion and to generate an atlas of the human tongue during 

articulation [36], [37]. Such CINE methods rely on repetition with perfect synchronization, 

thus allowing tagged MRI to be used to analyze cardiac motion [38], [39], as heart beats in 

sinus rhythm are highly repeatable, independent of rate of contraction [40], and can be easily 

synchronized with ECG. However, the heart differs from the tongue in important ways, most 

notably in that speech production possesses great token and type variability due to its 

voluntary, information encoding, and highly context-sensitive nature. Real-time tagged MRI 
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with Cartesian sampling was explored for cardiac applications [41], [42]. However, these 

methods only provide 1-D deformation in real-time, as they implement fast imaging by 

either compromising resolution on phase encoding direction [41] or by only acquiring a 

small island of harmonic peak in k-space [42]. They need at least two heartbeats to resolve 

motion on both directions. Real-time Strain ENCoding (SENC) techniques [43], [44], 

although able to provide quantitative strain for cardiac applications, nevertheless measure on 

a plane that is perpendicular to the imaging plane and are not compatible with speech 

applications.

In this work, we demonstrate a tagging method compatible with RT-MRI for the study of 

natural human speech production. We apply tagging as a brief interruption of continuous RT-

MRI data acquisition. We explore the selection of imaging parameters for such speech 

studies to optimize image quality and tag persistence. We evaluate this method using 

simulations and in-vivo studies of American English diphthong and consonant production. 

We show that the proposed method can capture tongue motion patterns and their relative 

timing through internal tongue deformation, and therefore provide a potential tool for 

studying muscle function in speech production and similar scientific and clinical 

applications.

METHODS

Tagged RT-MRI Implementation

Experiments were performed on a Signa Excite HD 1.5 T scanner with a custom eight-

channel upper-airway coil [12]. The pulse sequence was implemented within a real-time 

imaging platform (RTHawk Research v2.3.4, HeartVista, Inc., Los Altos, CA, USA) [45].

Figure 1 illustrates the acquisition timing and the pulse sequence diagrams for tagging and 

imaging. As shown in Figure 1a, tagging is applied as a brief interruption to continuous real-

time spiral acquisition. A button was added to the RTHawk graphical user interface to allow 

operator control of intermittent tagging. Manually pushing the button initiates the tagging 

module to be applied right after the current imaging TR and before the next imaging TR. 

Real-time spiral data acquisition experiences only a brief interruption of less than 6 msec 

(comparable to one imaging TR). The persistence of the tag grid depends on longitudinal 

relaxation (T1) of the tongue muscle and the effect of imaging RF excitations [46].

Figure 1(b) illustrates the tagging sequence, which is a standard 2D 1-3-3-1 binomial 

SPAtial Modulation of Magnetization (SPAMM) sequence [47], [48], with a 1 cm spacing in 

both in-plane directions. Two SPAMM pulses were sequentially applied along the x and y 

axes, followed by crushers to eliminate any remaining transverse magnetization [49]. The 

second composite SPAMM sequence had its phase shifted by 90° relative to the first one 

[48] and used a different crusher area to avoid stimulated echoes. The overall duration was 

5.66 msec.

Figure 1(c) illustrates the imaging sequence, which is a standard spiral spoiled gradient 

echo, and is designed to make the maximum use of the gradients (40 mT/m amplitude and 

150 mT/m/ms slew rate). The imaging parameters were: FOV 20 cm, slice thickness 7 mm, 
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readout duration 2.49 ms, TE/TR 0.71 ms/5.58 ms, 13-interleaves bit reversed view-

ordering.

Coil-by-coil gridding reconstruction with view-sharing was performed on-the-fly during 

data acquisition. The Walsh method was used to estimate the sensitivity map for coil 

combining [50]. We utilized step size of 5 TRs for the sliding window, resulting in a nominal 

temporal resolution of 36 frames/sec. The approximate end-to-end reconstruction latency 

was 27 msec. This setup enables the operator to observe the tagging lines deformation in 

real-time to monitor the subject completion of the designed articulation task, and to 

determine if the timing of triggering conformed to design. Concomitant fields correction 

[51] and image unwarping that accounts for gradient nonuniformity [52] were applied with 

gridding reconstruction.

Selection of Acquisition Parameters

Tag persistence was quantitatively evaluated by analyzing the temporal evolution of contrast-

to-noise ratio CNRtag as a function of time [46]. We assume that the steady state signal Mss 

is reached prior to tagging. Immediately after tagging sequence, at time t0, the longitudinal 

magnetization can be expressed as:

Mz t0 = MssQ x, y , (1)

where Q(x, y) represents the modulation function due to the SPAMM sequence. The 

longitudinal magnetization immediately before the first RF at time t1, considering T1 

recovery, is:

Mz t1 = MssQ x, y e
−

t1
T1 + M0 1 − e

−
t1
T1 = MT + MR . (2)

The first term, denoted MT, contains the fading tag information; the second term, denoted 

MR, contains the recovery toward equilibrium magnetization M0. We calculate the temporal 

evolution of tag contrast by considering n consecutive spiral GRE TRs, each with flip angle 

α. Each of such imaging RF will scale the magnetization with a factor of cos α. The MT 

component immediately before the nth RF excitation (at time tn) can be expressed as:

MT
n = MssQ x, y e

−
tn
T1 ∏ j = 1

n − 1 cos α = MssQ x, y e
−

tn
T1 cos α n − 1, (3)

and the MR component can be recursively expressed as:
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MR
n = MR

n − 1 cos α −M0 e
−

tn − tn − 1
T1 + M0 . (4)

Applications of RFs during imaging contributes to reducing the tag information, as it 

consumes part of the longitudinal magnetization. An optimal flip angle can be determined as 

described below.

The contrast in image is the part in MT
n  (the peak-to-valley difference in magnetization) that 

tipped to the transverse plane by the imaging RF. The CNRtag after the nth RF excitation is 

defined as the ratio between the contrast in image and standard deviation of the image noise:

CNRtag =
MT

n sin α
σ . (5)

The tag persistence can be defined as the time span between the grids being placed and 

CNRtag dropping below a certain threshold. Markl et al. [53] suggested a CNR threshold of 

6 for cardiac applications. Simulated σ is calculated as the simulated steady state signal 

divided by 15, as suggested by previous experiments [12]. A threshold time can be 

calculated as the time span between the tag being placed and when the CNR decrease below 

the threshold value.

Two healthy volunteers (27/M, 27/F) were scanned to verify tag persistence in the tongue 

and to identify the optimal imaging flip angle. Fifteen integer flip angles ranging from 1° to 

15° was utilized in the experiment. A wide tag spacing of 5 cm was used to mitigate partial 

volume effects in the post processing steps. The noise covariance matrix of the coils was 

measured with a separate scan with excitation RFs turned off. The measured noise 

covariance matrix was utilized to pre-whiten the multi-coil data and to calculate the standard 

deviation of the noise to normalize the result. For each flip angle, a separate scan was 

employed to measure the steady state signal to properly scale between simulation and 

measurements. The subjects were instructed to keep their mouth in a closed neutral position 

and remain still during the scan to minimize off-resonance and motion artifacts. The peak 

and valley values were calculated by taking average over the manually selected regions of 

interest (ROIs). The peak ROI was drawn in two 4-by-6-pixel squares in the bright regions in 

the tongue; the valley ROI was selected over one 3-by-16-pixel stripe at the center of the 

dark tag lines.

Triggering Mechanism

In this study, we tested three different tag-triggering schemes to assess the best utilization of 

the imaging window after the intermittent tagging sequence. Each involved a specific 

approach to coordinating the tag triggering by the operator with the speech production by a 

subject (who read linguistic stimuli projected on a screen).
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(a) Manual triggering: In the manual triggering approach, the subjects were instructed to 

speak the linguistic stimuli (described below) 10 times with a full pause between each 

production (to ensure the intermediate return to a neutral vocal tract posture). The operator 

used the first 2–3 utterances to ascertain the token-to-token rhythm or pacing of the subject 

for application of the tagging module for the rest of the trials. The operator controlled both 

the button for the tagging module and the projector showing the stimuli one utterance at a 

time.

(b) Cued triggering: In the cued triggering approach, the MRI operator and the subject 

were instructed, respectively, to push the triggering button and to read the stimulus 

immediately upon its visual appearance on the projector screen.

(c) Periodic triggering: In the periodic triggering approach, an automatic triggering was 

implemented in the sequence system. The tagging module was applied every 182 TRs with a 

period of approximately 1015 ms, which is equivalent to 14 fully sampled frames when no 

view sharing is applied. The subjects were instructed to say the stimuli for 15 sec with a 

pause between each individual speech item.

Speech Experiments

Four healthy volunteers (2M2F, 27–31yrs), all native American English speakers, were 

scanned. The experiment protocol was approved by our Institutional Review Board, and 

informed consent was obtained from all volunteers. Audio recording and stimuli 

presentation were adapted from similar protocols successfully used in previous studies [e.g., 

17].

Table 1 shows the American English diphthong vowel stimuli used in this experiment [54]–

[56]. Diphthongs are vowels in which the lingual postures, and their concomitant formant 

frequencies, require relatively large movements from one vowel target to another in the same 

syllable [54]. The diphthongs /aɪ/, /ɔɪ/ and /aʊ/ were chosen for this study because they 

involve substantial movement of tongue when gliding from initial to final vowel quality, and 

the duration of this movements (~180ms to 300ms [56]) can be thoroughly covered in the 

current imaging window. Figure 5 uses American English Vowel Charts to provide a rough 

schema for understanding the tongue positioning. The blue curve in the chart marks the 

starting and ending points for the three diphthong vowels being studied. These vowels in 

English are known to produce sweeping lingual motions that move the tongue upward from 

a depressed and/or retracted posture to a raised and fronted or raised and retracted posture as 

follows: in /ai/ from a low-back posture to a high-front posture, in /ɔɪ/ from a mid-back 

posture (with lip rounding) to a mid-high front posture, in /aʊ/ from a low posture to a high-

back (lip rounded) posture. In these vowels, as in vowels generally, the tongue is generally 

more or less arched; it is not grooved or concave.

The stimuli were placed both in carrier phrases and presented in isolation, so as to provide 

variation for investigating the proposed tagging sequence. Diphthong stimuli in isolation 

were the words/pseudo-words: “I”, “oy” and “ow.” The stimuli in carrier phrases placed the 

diphthongs after labial consonants in the words: “buy,” “boy,” and “bow.” (for “ow”, 

subjects were instructed so as to ensure that their pronunciation rhymed with “now.”) A [b], 
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a consonant made with lip rather than lingual closure, was used preceding and following the 

diphthong to minimize any coarticulation with other nearby lingual sounds. The tagging 

module was triggered in close temporal proximity with the onset of the diphthong. Different 

motion patterns and their relative timing during the transition between the component 

postures of the diphthongs were then imaged. The carrier phrase stimuli (“a buy/boy/bow 

puppy”) are presented in this work.

Table 2 shows consonant stimuli used in the experiment. Stimuli occurred in the pseudo-

words: “ara”, “asha” and “acha,” so as to place /ɹ/, /ʃ/ and /tʃ/ between two /ə/s having a 

relative neutral vocal tract posture. All of these target consonants are produced using a 

tongue constriction in the anterior oral hard palate area immediately posterior to the alveolar 

ridge. /ɹ/ (for this speaker) places the tongue tip in a retroflex posture (though other 

American English speakers are known to make /ɹ/ with a bunched, tip-down posture), 

and /ʃ/ and /tʃ/ raise the tongue tip and blade up toward the post-alveolar area; during /ʃ/ 

retains a small airway opening allowing turbulent airflow while /tʃ/ has a brief stop of 

airflow as the tongue fully contacts the palate followed by turbulent airflow as it draws away.

RESULTS

Acquisition Parameters

Figure 2 shows CNR-based threshold time and signal intensity as functions of imaging flip 

angle. The longitudinal relaxation of the tongue muscle T1=850ms at 1.5 T was measured by 

inversion recovery fast spin echo (FSE-IR) with multiple inversion times. This value agreed 

with previous literature [6], [57]. Dashed lines in Figure 2(a) indicate CNR optimal flip 

angle that delivers the longest threshold time. The CNR optimal flip angle increases from 3° 

to 6.5° with higher threshold values providing shorter tag persistence. The Ernst angle for 

imaging tongue is αE = 6.2° as showed in Figure 2(b). The simulation shows a trade-off 

between CNR-based tag persistence and image SNR when choosing optimal excitation flip 

angle.

Figure 3 shows an in-vivo experiment on tag persistence in human tongue. Measured signal 

of tag lines (center) and peak-to-valley contrast were plotted as functions of time with 

corresponding simulated curve. The curves were normalized by the standard deviation of 

noise measured in a separate scan. Only a subset of flip angles (3°, 5°, 7° in 1–15°) are 

shown in the figure for illustrative purpose. The measured signal conformed to the 

simulation for all imaging flip angles. The tag lines of FA = 3°, 5°, 7° recovered to the 

steady signal with SNRs of 13, 17 and 20 with decreasing times, respectively. Note that FA 

= 7° had the highest imaging SNR; however, the faster decay resulted in a CNR drop to 5 in 

only 600 msec. In contrast, the CNR by FA = 3° and 5° reached the threshold level in more 

than 650 msec, with the latter having 30% higher image SNR in the tongue compared to the 

former. In our experience, imaging using a very small flip angle (α < 5°) was sensitive to B1 

inhomogeneity in the tongue, as the signal dropped dramatically when unintentionally 

decreasing the flip angle. As an overall result of the above considerations, we used flip angle 

of 5° with an imaging window of around 650–800ms, with the ending CNR of 5–6. Figure 4 

shows example images of tag fading.
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Triggering Mechanism

Manual triggers were likely to miss the beginning of the diphthong even with the operator 

and the subject synchronized into the same rhythm with practice. The reflex delay of the 

human operator and the normal speech pacing and production variability of the subjects 

aggravated the miss rate. Further, the operator’s timing accuracy largely depended on the 

speech sound that came from the scanner, which was compromised by acoustic scanner 

noise.

Both cued and periodic triggering performed well. During cued triggering, the normal reflex 

delay of the subject between seeing the stimuli on the project and starting articulation was 

largely matched by the reflex delay of the MRI operator in executing the tagging button 

press, ensuring that the tag was reliably placed appropriately before the target tongue 

movement. Interestingly for the elicitation protocol of periodic tagging, the tagging module 

interrupted the acoustic sound of the readout gradient heard by the subjects and acted in 

effect as an auditory metronome for the subject, causing them to entrain to the tag triggering 

rhythm and thereby consequently aligning their productions with the tagging timing after the 

first 1–2 triggers. And, since there was no voluntary effort required by the operator on the 

triggering side, operator alignment errors were not an issue.

Visualization of Tongue Deformation

Figure 6 reveals internal tongue movement during three American English diphthong 

articulation examples. The videos can be found in Supporting Information Video S1. For 

orientation note that /aɪ/ and /aʊ/ start with similar low and retracted tongue postures (note 

the pharyngeal narrowing); /aɪ/ and /ɔɪ/ end with similar postures of the tongue bunched up 

high in the palatal vault; and the starting posture of /ɔɪ/ is similar to the ending posture 

of /aʊ/ with the tongue high and retracted toward the velum (soft palate).

Figure 6 contains representative frames, illustrating multiple deformation patterns and 

capturing their relative timing. A shear between different parts of the tongue can be 

identified as square grids changing into parallelograms. Compression can be identified as 

square grids changing into bi-concave rectangles. Stretching and curving of the tongue can 

be identified by bended grid lines. Each of these types of deformations occurred during the 

course of diphthong articulation. Color arrows mark the start of one specific type of 

deformation in the representative frames.

In the case of /aɪ/ (top row), parallelograms emerge at 315msec (cyan), indicating shear 

between the tongue body and tongue root. Also at this time, bi-concave rectangles can be 

observed at the top of the tongue body (magenta). These compressions move the tongue 

forward and somewhat higher. Compression of the tongue root happens later (frame 595 

msec), further increasing the height of the tongue into the palatal vault (yellow).

In /ɔɪ/ (middle row), the tongue tip stretching forward was identified by the vertical tag lines 

in that area starting to curve (green). Then as the tongue moves forward and higher, upper-

lower shear (cyan), compression in tongue body (magenta), and some tongue root fronting 

(yellow) is observed in the later frames.
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In /aʊ/ (bottom row), we again see early compression and curving of the tongue tip (green). 

Shear (cyan) appears as the tongue retracting and bunching toward the pharyngeal wall. 

Compression in both tongue body (magenta) and tongue root (yellow) further move the 

tongue upward toward the velum.

The representative frames were chosen specifically to show the timing relations of these 

various tongue internal deformations, documented as the four colors distributing differently 

in time from left to right. For instance, in the top row deformation of tongue body (magenta) 

and tongue base (yellow) (which can be thought of as the tongue’s ‘undercarriage’) is seen 

during /aɪ/, with the former happening earlier (~300msec) than the latter (~590msec). 

Another example is tongue tip deformation, which happened early in all diphthongs tested, 

indicated by green arrows on the left.

Figure 7 shows diphthongs in carrier phrases: (a) “a buy puppy,” (b) “a boy puppy,” and (c) 
“a bow puppy.” Supporting Information Video S2–4 shows the three diphthong stimuli in 

carrier phrases with synchronized audio recording. Intensity-time (x-t) plots are shown in the 

top rows of (a)-(c) and the moment at which the tagging module was applied is indicated at 

the very top of the figure and serves as the temporal alignment point for the figures. Six 

representative frames are zoomed out in the bottom rows with green and magenta dashed 

squares marking the start and end of the diphthong articulations. (Note that the 

representative frames in (c) have a shorter time span compared to (a) and (b).) The tag 

persisted from the beginning of the mid-central /ə/ that preceded the target word in the 

carrier phrase and successfully visualized deformation of the tongue for the entire course of 

the target diphthong.

The first frames in Figure 7(a)–(c) show the tag applied when the tongue started at a mid-

central vowel /ə/ (the initial “a” of the carrier phrase), so that all of the deformations in the 

later frames are relative to this relatively neutral vocalic schwa posture. Note that while 

(a4)/aɪ/ and (c3)/aʊ/ start with similar low and retracted tongue postures marked by 

pharyngeal narrowing, differences in the internal tongue can be immediately visualized in 

the distinct grid deformations. This confirms subtle distinction between the starting position 

of /aɪ/ and /aʊ/, echoed by the American English Vowel Chart in Figure 5. Similarly, the 

deformational difference between the ending posture of /aʊ/ (b4) and the starting posture 

of /ɔɪ/ (c5) was clearly evident; more bi-concave rectangles exist in (c5) in addition to 

parallelograms in both (b4) and (c5), indicating horizontal squeeze, which further packs the 

tongue up toward palatal vault. This is consistent with the placement in the second and third 

vowel charts in Figure 5.

With a relatively neutral schwa posture (frame 1’s) as a reference, the deformations also 

indicate regional motion within the tongue: in (b3–4) parallelograms in the middle of the 

tongue indicate shear serving to retract the tongue body back toward the pharyngeal wall; 

(a6, b6) indicate horizontal compression squeezing the tongue up toward the palate. Little or 

no deformation is observed during the maintenance of the most extreme postures such as 

(a6, b6, c3).
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Figure 8 shows different deformation patterns in three example consonant stimuli. In /ɹ/, 

curved tag lines in tongue tip (green) are evident, indicating the upward ‘bending’ 

deformation of the tongue front high into the palatal vault. Note that /ɹ/ has three 

constrictions: at the lips, in the post-alveolar region, and in the pharynx; while /ʃ/ and /tʃ/ 

only have one constriction, in the post-alveolar region. Thus in /ɹ/ vertical compression in 

the tongue body (yellow arrows in /ɹ/) is seen due to the tongue body and root is squeezed 

toward the pharyngeal wall. This vertical compression is not present in the other two 

consonant stimuli. In both /ʃ/ and /tʃ/, the x-t waveforms show there is a highly similar 

airway shape (i.e., tongue surface contour), as we would expect for the fricative portion 

(green dash). However, internal differences are visible, presumably arising from the pull-

away characteristics of the blade that remains pressed or stabilized upward more so for /tʃ/ 

(magenta) than for /ʃ/ (green). Significantly, the tagged images show the tongue internal 

deformation differences even when tongue surface contours and vocal tract constriction 

locations are comparable.

DISCUSSION

We have demonstrated intermittent tagging during RT-MRI as a potential means to visualize 

internal tongue motion during speech production. This approach eliminates the need for re-

binning data using multiple repetitions and is suitable for investigations of natural speech 

production. We demonstrated a framework to select imaging parameters in consideration of 

image quality and tag persistence and achieved an imaging window of approximately 650–

800 ms at 1.5T, with imaging SNR ≥ 17 and tag CNR ≥ 5 in human tongue. This work 

leverages mature speech RT-MRI techniques [12], [45] to provide adequate spatiotemporal 

resolution for tagged imaging. The resulting method is able to capture tongue motion 

patterns and their relative timing as exemplified by internal tongue deformation during 

American English diphthong vowels and consonants. This method can also provide images 

for further quantification of internal tongue motion [34], [58]–[61].

The proposed method may provide insight into several open questions in speech science and 

linguistics. For instance, acoustic studies have shown that the vocalic formants of the initial 

and terminal portions of a diphthong are not necessarily the same as those found for the 

simple vowels in monophthongs used to describe them [54]. Hsieh et al. [55] hypothesized 

that strong biomechanical coupling between starting and ending gestures truncates 

diphthong articulation, leading to less extreme [a] vowels (as compared to the corresponding 

monophthong). This study used constriction degree to examine diphthong articulation, by 

assuming that constrictions can be identified with higher signal intensity in a region of 

interest. The proposed tagging method here can enable testing of this and similar hypotheses 

by directly examining the biomechanical subsystems in the tongue.

The proposed method may also serve to provide insights into disease states that affect 

speech production. CINE-tagging has been used by Lee et al. [61] to assess tongue 

impairment in amyotrophic lateral sclerosis (ALS) patients and by Stone et al. [35] to 

investigate articulation variance between post-glossectomy patients and controls. For these 

applications, the requisite repeating motion required in CINE-tagging could be burdensome 

for some patients, aside from the fact that highly consistent repeatability—which is 
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challenging in impaired speech—is required for re-binning data. Such challenge is 

demonstrated in Supporting Information Video S5. The proposed RT-MRI tagging method 

can substantially simplify the data acquisition and preclude errors from a re-binning process, 

by compromising resolution and/or SNR. Lastly, tongue muscle movement patterns in 

obstructive sleep apnea (OSA) patients have been characterized in clinical studies for 

treatment evaluation [62]. The proposed method with automatic periodic tagging could 

potentially allow studies during natural sleep.

We investigated the performance of the proposed intermittent tagging with three varying 

triggering mechanisms. Cued and periodic tagging perform well for all four subject scans. 

Although there is variability in speech rate across subjects, the flexible nature of these 

intermittent-tagging protocols allows us to flexibly adjust the triggering timing.

As a feasibility effort, this work employed a fairly simple tagging module. We used a 

1-3-3-1 SPAMM tagging sequence, as established in the literature, and produced high 

quality visualization of tag grids in tongue. There exist many alternatives to SPAMM. 

Several cardiovascular magnetic resonance (CMR) tagging approaches can potentially be 

adapted for speech applications [39]. Particularly appealing options include HARmonic 

Phase (HARP) [63] and Displacement ENcoding with Stimulated Echoes (DENSE) [64], 

allowing faster and simpler post processing and analysis. HARP has been adapted for speech 

production in the CINE framework [33], [36], [37], [58], [61]. More rapid data acquisition 

implementation by Echo Planar Imaging (EPI) was proposed for cardiac HARP [42], in 

which only the spectral peak of interest was acquired. DENSE provides higher sensitivity 

and spatial resolution. However, the technique is derived from Stimulated Echo Acquisition 

Mode (STEAM) sequence and suffers from low SNR. Phase contrast imaging has been 

shown for the application of tissue velocity mapping in myocardial motion [65] as well as in 

skeletal muscle contraction [66]. This technique encodes information about velocity into the 

phase of the detected signal. Note that all three of these alternatives are phase-sensitive 

methods; phase errors introduced by uncounted off-resonance need to be carefully 

considered when adapting to speech applications [65], [67]–[69].

The SPAMM parameters may also be optimized. We used grid spacing of 1 cm, but this 

spacing may need adjustment based on the size of the subject. For example, we expect a 

finer grid spacing will be required in small people, such as young children. The grid spacing 

may also need modification depending on the specific muscle groups or vocal tract 

subsystems of interest such that they are fine enough to distinguish the contractions and 

internal movements of the specific lingual muscle system(s) of interest such as for the 

tongue tip.

Improvement in tag persistence is also of interest. Variable flip angle (VFA) has been 

utilized in spiral myocardial tagging to improve contrast throughout the entire cardiac cycle. 

Ryf et al. [70] applied larger flip angle in the later stage of the imaging cycle to compensate 

the faded longitudinal magnetization. This topic remains as future work.

Motion artifacts exist in some of the current results. This is not surprising as Lingala et al. 

[12] pointed out that fully sampled single slice RT-MRI cannot resolve all tongue 
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movements, especially during faster pace speaking or those involving intrinsically faster 

subsystem movement such as by the tongue tip. These artifacts can be mitigated by under-

sampling and constrained reconstruction methods, which have yet to be explored in 

combination with tagging.

Imaging at 3T is of interest because it could provide longer tag persistence and higher SNR. 

We conducted all of our experiments at 1.5 T field strength. Previous studies have compared 

imaging at 1.5 T and 3 T for cardiac applications for the SSFP sequence [53]. With the same 

imaging parameters, the tag persists approximately 25–30% longer due to slower T1 

relaxation and higher intrinsic imaging SNR in human tongue. This can be further improved 

by a smaller flip angle, considering the lower Ernst angle needed for longer T1. However, 

stronger off-resonance emerges at higher field strength, especially at air-tissue boundaries 

with an amount of approximately 9.4 ppm [71]. This could cause blurring of the grid near 

the tongue surface, or even total disappearance in subtle structure such as the tongue tip. To 

mitigate the off-resonance artifacts, dynamic off-resonance can also be incorporated into the 

reconstruction pipeline to reduce artifacts [21], [29]. Subjects with large proton density fat 

fraction at the base of the tongue (inferior-posterior) will also suffer from signal dephasing 

due to off-resonance of 3.5 ppm between fat and water [72]. This signal loss can be reduced 

by shortening the readout duration of spiral acquisition while trading-off temporal 

resolution, or by using another sampling pattern with short readout, such as radial sampling 

[26].

CONCLUSIONS

We have developed and demonstrated a method for intermittent tagging during real-time 

MRI of speech production to reveal internal deformations of the tongue. We incorporated 

1-3-3-1 SPAMM tagging with rapid spiral GRE to reveal the internal tongue motion during 

articulation. We showed that this method can capture various motion patterns in the tongue 

and their relative timing using case examples of American English diphthongs and 

consonants. The proposed method can potentially provide tools to investigate muscle 

function or other applications of internal tissue movement in future scientific and clinical 

research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Speech RT-MRI with Intermittent Tagging. (a) Overall acquisition timing. Continuous 

imaging is performed using interleaved spiral GRE imaging (c, blue block) with view-

sharing reconstruction. 13-interleaves were utilized to fully sample k-space at each time 

frame using a bit-reversed interleaf order. Tag placement is performed using two 1-3-3-1 

SPAMM pulses along x and y (b, yellow block). Note the second composite SPAMM pulse 

is shifted with a 90° relative phase and is with slightly larger crusher to avoid stimulated 

echo.
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Figure 2. 
Simulation of tag persistence and steady-state signal as a function of imaging flip angle. 

Top: Threshold time is defined as the time span between the tag being placed and the tag 

CNR falling below the threshold value (shown for CNR cutoffs of 4, 5, 6, and 7). The 

dashed line marks the flip angles that will deliver the longest threshold time for each CNR 

threshold. The longest persistence can be reached at a flip angle of 3–6.5°. Performance 

suffers quickly if the flip angle is too low, but less so if the flip angle is too high. Bottom: 

Steady state signal as a function of flip angle for the imaging TR=5.58msec and tongue 

T1=850msec at 1.5 T. The Ernst angle in this case is 6.2°. The actual imaging flip angle was 

selected based on both tag persistence and steady-state tongue SNR.
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Figure 3. 
Tag persistence in human tongue at 1.5T. Left: simulation (line) and measurement (symbol) 

of the tag line signal for the first 1.2s after the tag module was applied. Right: contrast decay 

after tag module being applied. Tongue T1=850msec was measured using an inversion 

recovery fast spin echo (IR-FSE) sequence with multiple inversion times. The signal and 

contrast were normalized by the standard deviation of noise, measured by a separate scan 

with RF excitation turned off.
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Figure 4. 
Example images of tag fading with imaging flip angle of 3°, 5° and 7°. Wide tag spacing of 

5 cm was used to mitigate partial volume effects. At around 700 msec (4th column), FA=3°, 

5° have similar CNR, while the latter has 30% higher SNR. As an overall consideration, we 

used flip angle of 5° with an imaging window of around 650–800ms, with the ending CNR 

of 5–6.
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Figure 5. 
American English Vowel Charts illustrate a rough schema for understanding tongue position 

observed in the representative frames in Figure 6.
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Figure 6. 
Tagged RT-MRI reveals internal tongue deformations and their relative timing during 

American English diphthong articulation. Each color indicates the start of a different motion 

pattern: (left to right) tongue tip deformation (green), shear (cyan), tongue body compression 

(magenta), and tongue root compression (yellow). Importantly, the relative timing of motion 

patterns is seen; for example, deformation of the tongue tip (green) was followed by shear 

(cyan) and finally compression of the tongue root (yellow).
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Figure 7. 
Tagged RT-MRI reveals deformation relative to the relatively neutral posture of the schwa /ə/ 

(“a”) of the carrier sentence. Stimuli occurred in carrier phrases: (a) “a buy puppy,” (b) “a 

boy puppy” and (c) “a bow puppy.” The intensity-time (x-t) plots in top rows of (a)-(c) 

indicate tagging timing, and six representative frames are shown across time in each bottom 

row. Green and magenta dashed square mark the start and end gestures of the diphthong 

articulation. Note the deformation differences in internal tongue among the three 

diphthongs’ starting postures and across their ending postures. (Such as start of /aɪ/ vs. /aʊ/ 

as in a4 vs. c3, start of /ɔɪ/ vs. end of /aʊ/ as in b4 vs. c5.)
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Figure 8. 
Tagged RT-MRI shows different deformation patterns (relative to preceding schwa postures) 

during the articulation of consonants /ɹ/, /ʃ/, and /tʃ/. The intensity-time (x-t) plots in top 

rows indicate tagging timing, and three representative frames are shown across time in each 

bottom row. All stimuli involve constriction with the tongue tip and/or blade (i.e. the tongue 

front) in the post-alveolar region of the vocal tract. Interestingly, the tagged images show 

tongue internal deformation differences (magenta vs. green) even when tongue surface 

contours and vocal tract constriction locations are comparable.
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Table 1.

American English diphthong stimuli. Starting/ending posture description refers to the approximate tongue 

position when tagging began (if in a carrier, during the “a”) and ended.

Stimuli Carrier phrase Target diphthong Starting posture description Ending posture description

Approximate 
diphthong 

articulation 
duration

“I”

none

/aɪ/ Low Back High Front 180ms

“oy” /ɔɪ/ Mid Back High Front 300ms

“ow” /aʊ/ Low Back Mid/High Back 180ms

“A buy puppy”

a [·] puppy

/aɪ/ Mid Central High Front 180ms

“A boy puppy” /ɔɪ/ Mid Central High Front 300ms

“A bow puppy” /aʊ/ Mid Central Mid/High Back 180ms
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Table 2.

American English consonant stimuli.

Stimuli Target consonant Articulation place and manner Constriction area

“ara” /ɹ/ Retroflex Approximant Lips, Post-alveolar ridge, Pharynx

“asha” /ʃ/ Postalveolar Fricative Post-alveolar ridge

“acha” /tʃ/ Postalveolar Affricate Post-alveolar ridge
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