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Abstract
Real-time magnetic resonance imaging (RT-MRI) is a safe

and powerful tool for studying vocal tract dynamics during
speech production. Emerging low- and mid-field MRI plat-
forms bring new capability including higher frame rates, im-
proved tissue contrast, and reduced blurring compared to con-
ventional 1.5T and 3T MRI. Here, we present a state-of-the-art
speech production MRI protocol tailored to the 0.55T platform.
This includes 2D mid-sagittal vocal tract RT-MRI, simultaneous
multislice RT-MRI with 3 parallel slices, tagged RT-MRI for
functional evaluation of internal tongue deformation, biofeed-
back that allows participants to see their scan in real-time, and
3D static imaging. Imaging performance is comparable and, in
several cases, superior to 1.5T and 3T MRI, making 0.55T an
exciting new platform for speech research.
Index Terms: magnetic resonance imaging, biofeedback, real-
time imaging

1. Introduction
Speech production research has benefitted tremendously from
non-invasive dynamic imaging. This has allowed scientists
to observe and investigate the kinematics of vocal tract artic-
ulators, including the tongue, velum, and lips during human
speech production. Many imaging modalities have been used
for speech including x-ray, ultrasound, and magnetic resonance
imaging (MRI) [1]. Among these, MRI offers specific advan-
tages due to the lack of ionizing radiation and the ability to im-
age in arbitrary scan planes that other modalities cannot achieve
[2]. Its primary limitation has been cost and access. While
conventional MRI scans are too slow to capture the move-
ment of articulators, real-time (RT-MRI) techniques have been
able to resolve speech at high temporal and spatial resolutions
(e.g., 83 frames/second, 2.4 mm2 spatial resolution), which
are adequate to capture speech events including tongue and
velum movements, consonant and vowel constrictions, pharyn-
geal shaping, and laryngeal height [3]. RT-MRI capability has
been enabled by imaging technology including non-Cartesian
sampling, off-line constrained reconstruction, and deep learn-
ing [4].

Speech production RT-MRI has been extensively studied at
1.5T and 3T. Established methods include 2D RT-MRI [5], 3D
imaging of sustained sounds (continuants), tagged RT-MRI for
imaging of internal tongue deformation [6], and 3D RT-MRI
[7]. Data from speech production MRI have been published in
open datasets [8, 9], and MRI images have been used to exam-
ine the complexity of vocal tract shaping in healthy speakers
[10], cross-sectional studies, longitudinal studies, and in clini-
cal populations such as glossectomy [11] and apraxia [12].

A speech production imaging protocol has recently been

developed and refined that leverages the strengths of 0.55T and
mitigates the challenges [13], achieving superior image sharp-
ness compared to established protocols at 1.5T [14]. At higher
field strengths, magnetic susceptibility at air-tissue interfaces
causes blurring at articulator-air boundaries, which requires ad-
ditional corrections to image reconstruction or short-readout se-
quences and limits the capabilities of image acquisition [15]. At
lower field strengths, this susceptibility is reduced and enables
longer spiral readouts without inducing blurring. Furthermore,
the balanced steady-state free precession (bSSFP) contrast be-
comes feasible, which has superior signal-to-noise ratio effi-
ciency compared to the gradient recalled echo sequence used
at 1.5T [16].

Other advantages to mid-field systems include reduced spe-
cific absorption rate (SAR) constraints and reduced acoustic
noise levels. Low SAR requirements allow for radiofrequency
pulse designs that have higher energy, including higher flip an-
gles and simultaneous multislice (SMS) encoding [17, 18, 19].
It has been shown that 0.55T systems also have reduced acous-
tic noise by 20dB [20] and are more comfortable and amenable
to real-time interaction at the scanner, where participants can
have conversations with members in the operator room or hear
their own speech.

In this work, we adapt prior work on speech protocols at
0.55T [13] and introduce new imaging techniques that take ad-
vantage of mid-field hardware. We demonstrate single slice
2D RT-MRI, simultaneous multislice RT-MRI, tagged RT-MRI,
biofeedback that allows participants to see their scan in real-
time, and 3D static imaging of the vocal tract at 0.55T.

2. Methods
2.1. Experimental Methods

Experiments were conducted on a prototype 0.55T scanner
(MAGNETOM Aera; Siemens Healthineers, Erlangen, Ger-
many) equipped with “Aera XQ” high-performance shielded
gradients (45mT/m amplitude, 200T/m/s slew rate). Pulse se-
quences were designed using the Pulseq framework [21] and
the RTHawk framework (Vista.ai, Inc., Los Altos, CA, USA)
[22]. The Pulseq framework is an open-source, vendor-agnostic
framework that allows pulse sequences to be run on many com-
mercial scanners, and pulse sequences can be shared to increase
accessibility. Forty-five participants were imaged under proto-
cols approved by our Institutional Review Board, after provid-
ing written informed consent. Ten participants had undergone a
glossectomy procedure with lingual tissue reconstruction using
a flap of a different composition than tongue muscle.

Figure 1 shows an example experimental setup. In the
scanner room, an MRI-compatible TV display is connected to
an HDMI-Fiber optic converter box, which is fed through the
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Figure 1: Experimental setup for 0.55T MRI of speech production. MRI operator room (left) and volunteer positioned on the scanner
table prior to table shift (right). A custom upper airway radiofrequency (RF) coil is used to provide optimal signal-to-noise ratio from
vocal tract articulators. An MRI-compatible optical microphone is attached to the coil array and placed in front of the mouth of the
participant. A display input is connected to an HDMI to fiber optic convertor box and then fed through the waveguide to a TV inside
the scanner room. The participant inside the scanner room can see the TV inside the room using a lookout mirror that is placed in front
of their eyes and pointed at the TV.

waveguide to the operator room and connected to a laptop which
can display stimulus or biofeedback to the user. A custom 9-
channel upper-airway radiofrequency coil is used to measure
signals from the vocal articulators. Custom speech coils are able
to achieve 3.5x better performance at the imaging of speech ar-
ticulators compared to a traditional head/neck coil [23]. An op-
tical microphone (Optoacoustics Ltd., Moshav Mazor, Israel)
is also attached to the coil and fed through the waveguide to
a laptop running software to record audio from the participant.
Finally, a trigger signal is sent from the scanner to the recording
device such that when scans are activated, the audio recording
is automatically turned on and synchronized to the MR signal.

To enable biofeedback, the display signal from the RTHawk
scanning console is used as the stimulus signal. The open-
source Open Broadcasting Software (OBS)1 was used to display
the relevant portion of the scan and any additional text stimuli or
target markers on the display. These markers and text can be up-
dated in real-time by the scanner operator by typing or clicking
and dragging the mouse using the OBS software. Before being
presented with a specific stimulus, scan participants were given
a 1-minute “free-exploration” period, during which they could
speak freely, become acquainted with visualization of their vo-
cal tract in real-time, and receive education about basic vocal
tract anatomy locations (e.g., lips, tongue tip).

2.2. Acquisition Methods

Table 1 defines the MRI protocols used in this study, including
real-time spiral images and 3D static sequences.

1https://github.com/obsproject/ obs-studio

2.2.1. 2D RT-MRI (single slice, simultaneous multislice, and
tagged)

Pulse sequences were adapted from an established method that
optimized bSSFP real-time speech imaging at 0.55T [13] and
had a 2.4 mm in-plane resolution and a 6 mm slice thickness.
For simultaneous multislice imaging, a blipped-controlled alias-
ing in parallel imaging was used to achieve 3 parallel sagittal
slices with 6 mm slice thickness and a 10 mm slice gap [24].
For tagged imaging, a 180-degree tag pulse was used prior to
imaging for the operator to place grid-lines on the tissue image
[6]. Tag pulses were periodically played to the participant in the
scanner, and the participant responded to the sound of the MRI
scanner by reacting to the repetitive sound, repeating a single
word or phrase when the tag pulse was played.

2.2.2. 3D Static Imaging

Static images were adapted from product sequences at 1.5 Tesla.
A T2-weighted turbo spin echo and T1 Dixon vibe sequence
that measures two echoes to generate separate fat and water im-
ages were used. With separate fat and water images, recon-
structed lingual tissue from glossectomy surgery can be iden-
tified due to the difference in tissue composition. Static se-
quences had higher resolution than dynamic sequences, with
< 1 mm in-plane resolution, but had larger scan times (3 mins
per scan).

2.3. Reconstruction Methods

2.3.1. Online Reconstruction

Real-time low-latency reconstruction was implemented in RT-
Hawk by using a gridding algorithm that interpolates non-
Cartesian samples into a Cartesian grid before the inverse Fast-
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Figure 2: Representative examples of static and dynamic imaging from a patient with tongue cancer after glossectomy and lingual
reconstruction using a radial forearm flap. The static scan provides clear visualization of all relevant anatomic features in multiple
orientations, and includes water/fat separated images, which allow clear delineation of the reconstructed tissue from tongue tissue (red
arrows). Dynamic imaging at 100 frames per second resolves fast movement of the tongue tip as illustrated by the ability to resolve
short alveolar constriction events in the intensity vs. time profiles. See also supplemental file 2D real-time.mp4.

Fourier Transform and view-sharing to acquire an aliasing-free
image. This reconstruction enables fast scan plane switching
and biofeedback, where the scanning console is mirrored onto a
TV screen that the participant in the scanner can see and interact
with.

2.3.2. Offline Reconstruction

Raw data were reconstructed by solving a constrained sparse-
SENSE cost function with a temporal and spatial finite-
differences constraint, and a non-linear conjugate gradient de-
scent solver [25]. Spatial and temporal regularization param-
eters were chosen by doing a grid search of possible combi-
nations and qualitatively assessing the image for temporal and
spatial blurring. 2D RT-MRI images were reconstructed with 2
spiral arms per frame (100 frames per second), and SMS RT-
MRI images were reconstructed with 4 spiral arms per frame
(46 frames per second).

Table 1: MRI scan protocol parameters

Scan Resolution Time

2D Real-time Spiral 2.4 x 2.4 x 6.0 mm3 100 FPS
2D Real-time SMS 2.4 x 2.4 x 6.0 mm3 46 FPS
2D Real-time Tagging 2.4 x 2.4 x 6.0 mm3 100 FPS
T2 Static TSE sagittal 0.5 x 0.5 x 3.5 mm3 3 min scan time
T2 Static TSE coronal 0.5 x 0.5 x 3.5 mm3 3 min scan time
T1 Static Vibe Dixon 0.9 x 0.9 x 1.5 mm3 3 min scan time

Simultaneous multislice RT-MRI 
46 frames per second | 2.4 x 2.4 x 6.0 mm3

Slice 1 

-10mm

Slice 2

Mid-sagittal

Slice 3

+10 mm

Figure 3: Simultaneous multislice RT-MRI during speech pro-
duction of a “count 1-10” stimulus. Intensity line profiles show
that temporal dynamics of the tongue tip are resolved. Com-
pared to single-slice RT-MRI, the images have additional spa-
tial blurring around the airway, which may be due to imperfect
slice separation during reconstruction. See also supplemental
file SMS real-time.mp4.

3. Results
Figure 2 shows data of an individual who had undergone treat-
ment for tongue cancer with lingual reconstruction using a ra-
dial forearm flap. Static imaging is able to resolve vocal tract
features with high spatial resolution, and dynamic images can
resolve tongue tip motion, as shown by intensity vs. time pro-
files.
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Figure 4: Biofeedback Example. An individual who has under-
gone glossectomy treatment for tongue cancer (Female, 68 yo)
is shown a purple star in the dental region as a visual target
for tongue tip placement to pronounce the initial dental frica-
tive in “theme”. An orthographic stimulus is shown at the top
of the screen, and the participant’s live scan is shown at the
bottom of the screen. The biofeedback scan display is updated
in real-time with < 100 ms latency. See also supplemental file
biofeedback.mp4.

Figure 3 presents real-time simultaneous multislice imag-
ing of three parallel slices along with intensity line profiles.
SMS images are able to resolve real-time kinematic features of
the tongue tip. It was found that SMS image reconstruction re-
quired additional temporal and spatial regularization to remove
aliasing in the image; this was not required in single-slice re-
constructions, and introduced spatial blurring and an increased
background noise.

Figure 4 shows an example of biofeedback in the scanner.
In this example, the user’s scan is being reconstructed in real-
time using online reconstruction and is displayed to the user via
HDMI cable (see Figure 1). The overall latency of the image
reconstruction was measured to be < 100 ms, which is fast
enough for there to be no noticeable delay. In this study, text is
displayed to the user and a purple star is placed on the screen as
a “target” to reach with their tongue tip.

Figure 5 shows tagging images using 1cm and 2cm of tag
spacing. After placement of the tagging grid, image acquisition
is done using the standard 2D spiral real-time acquisition. Be-
cause of T1 recovery, the tag lines disappear quickly (< 0.5 s),
but tongue-internal motion indicative of strain, for example can
still be discerned.

4. Discussion
We demonstrate a speech imaging protocol optimized for 0.55T.
It includes 3D static, 2D real-time, and tagged 2D real-time
imaging, as well as two new techniques in simultaneous mul-
tislice imaging and interactive biofeedback. RT-MRI at 0.55T
presents a novel imaging contrast and signal-to-noise perfor-
mance that matches 1.5T, while also having much sharper im-

Tag Placement Tag Displacement

1cm tag

2cm tag

Figure 5: Tagged RT-MRI reveals tongue deformation. Two par-
ticipants are shown with 1cm and 2cm tag spacing. Tag lines
appear as a perfect 2D grid at the time of placement (left) and
are distorted during speech production (right). After 200 ms,
we observe that tag lines have faded due to T1 recovery (red
arrows). See also supplemental file 2D tagging.mp4.

ages due to reduced inhomogeneities at mid-field [13]. The in-
troduction of SMS RT-MRI provides insights into vocal tract
dynamics at planes other than mid-sagittal, while retaining high
frame-rates to capture fast speech events. Furthermore, biofeed-
back with RT-MRI can play a role in speech training and re-
mediation. For glossectomy patients, biofeedback improves
substantially upon traditional therapy techniques by providing
both the clinician and patient with information about vocal tract
movements that are not otherwise observable.

There currently remain limitations with the present proto-
col. In SMS images, we observed additional blurring, which
could be removed by including additional regularization in the
constrained reconstruction. The short T1 recovery at 0.55T
made the tagged imaging lines fade quickly. Further work may
introduce ramping radiofrequency pulses, following previously
published cardiac tagging [26], which will improve tag persis-
tence. A limitation of the biofeedback imaging setup is that
the stimulus preparation, scanning console, and image recon-
struction all used the same computer. This made it difficult
to operate simultaneously with one operator and introduced la-
tency for the image reconstruction. This could be avoided by
off-loading the image reconstruction to a separate server, us-
ing open-source data streaming [27]. In sum, ongoing devel-
opment of RT-MRI at 0.55T holds enormous potential for im-
proved quality and translational utility of real-time vocal tract
imaging for both typically speaking and clinical populations.

Pulse sequences developed in the open source Pulseq
format, as well as image reconstruction code for these
experiments, are available at https://github.com/
usc-mrel/interspeech-rtmri.
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