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Abstract
Purpose: To demonstrate speech-production real-time MRI (RT-MRI) using a
contemporary 0.55T system, and to identify opportunities for improved perfor-
mance compared with conventional field strengths.
Methods: Experiments were performed on healthy adult volunteers using a
0.55T MRI system with high-performance gradients and a custom 8-channel
upper airway coil. Imaging was performed using spiral-based balanced
SSFP and gradient-recalled echo (GRE) pulse sequences using a temporal
finite-difference constrained reconstruction. Speech-production RT-MRI was
performed with three spiral readout durations (8.90, 5.58, and 3.48ms) to deter-
mine trade-offs with respect to articulator contrast, blurring, banding artifacts,
and overall image quality.
Results: Both spiral GRE and bSSFP captured tongue boundary dynamics dur-
ing rapid consonant-vowel syllables. Although bSSFP provided substantially
higher SNR in all vocal tract articulators than GRE, it suffered from band-
ing artifacts at TR> 10.9ms. Spiral bSSFP with the shortest readout duration
(3.48ms, TR= 5.30ms) had the best image quality, with a 1.54-times boost in
SNR compared with an equivalent GRE sequence. Longer readout durations led
to increased SNR efficiency and blurring in both bSSFP and GRE.
Conclusion: High-performance 0.55T MRI systems can be used for
speech-production RT-MRI. Spiral bSSFP can be used without suffering from
banding artifacts in vocal tract articulators, provide better SNR efficiency, and
have better image quality than what is typically achieved at 1.5 T or 3 T.

KEYWORD S

0.55 T, real-time MRI, speech production, spiral, susceptibility artifact

1 INTRODUCTION

Real-timeMRI (RT-MRI) has deepened our understanding
of the complex spatio-temporal coordination of vocal
articulators during speech production.1,2 Applications in

speech science have included phonetic and phonological
phenomena,3–5 spoken language acquisition and speech
disorders,6–8 dynamics of vocal tract shaping during
speech and vocal performance,9 articulatory modeling,
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motor control, biometrics,10–13 and speech synthesis and
recognition technology.

Prior work has used RT-MRI at 1.5 T and 3T, typically
using spiral gradient-recalled echo (GRE) at 1.5 T14–17 and
3 T,18 or radial GRE at 3 T.19,20 The main challenge is sus-
ceptibility at air–tissue interfaces, which increases linearly
with field strength and can cause blurring and signal loss
at speech articulator boundaries.21,22 The off-resonance
by air–tissue interfaces can theoretically be up to 9.41
parts permillion, corresponding to about 600Hz and about
1.2 kHz at 1.5 T and 3T, respectively.23 For this reason,
current speech RT-MRI studies are most often conducted
using very short readouts (2.5ms) on 1.5T commercial
MRI scanners.

Spiral acquisitions are used widely at 1.5 T due to high
scan efficiency and resilience tomotion artifacts; they have
produced high spatial (1–3mm) and temporal (12–40ms)
resolution when combined with advanced image recon-
struction.2 Lower-field imaging with high-performance
gradients24 offers the advantage of reduced off-resonance,
enabling longer spiral readouts24 with less blurring arti-
facts. It also makes balanced (bSSFP) feasible, which at
higher field strengths is obscured by banding artifacts in
the regions of interest. The latter is especially important
because bSSFP provides superior SNR efficiency com-
pared with traditional GRE.25 Although earlier work24,26
demonstrates the feasibility of long readout spiral GRE
sequences for speech imaging at 0.55 T, we explore the fea-
sibility of bSSFP and compare its performance against that
of GRE.

In this work, we develop and demonstrate 2D mid-
sagittal RT-MRI of speech production at 0.55 T24 using
spiral-based pulse sequences in conjunction with a
custom-designed upper airway coil and constrained image
reconstruction. The bSSFP and GRE imaging pulse
sequences with varying readout durations are optimized
based on the relaxation parameters of tongue muscle mea-
sured at 0.55 T on 2 healthy volunteers and based on
analysis from Bloch simulations. We evaluate both bSSFP
and GRE sequences in vivo and determine the trade-offs
quantitatively and qualitatively with respect to articulator
contrast, blurring and banding artifacts, SNR, and tongue
boundary sharpness.

2 METHODS

2.1 Experimental methods

Experiments were performed using a whole-body
0.55T system (prototype MAGNETOM Aera; Siemens
Healthineers, Erlangen, Germany) equipped with stock
“AeraXQ”high-performance shielded gradients (45mT/m

amplitude, 200 T/m/s slew rate). We used a custom
8-channel upper airway coil27 that has four elements
on each side of the jaw. This provides SNR 1.71-fold
to 2.35-fold superior to a 16-channel head/neck coil
over the vocal tract articulators of interest including the
lips, tongue, and velum.27 The imaging protocol was
approved by the institutional review board of the Univer-
sity of Southern California. Four healthy adult volunteers
(1 female and 3 males; age 25–34 years) were scanned,
after providing written informed consent.

All volunteers conducted two stimuli. The English
stimulus “/loo/−/lee/−/la/−/za/−/na/−/za/” was read
repeatedly at a fast speaking rate to produce alternating
consonant and vowel sounds.28 These consonant-vowel
syllables involve constrictions of the tongue tip (e.g., [l],
[z], [n]) and relatively extreme postures at the tongue body
and back (e.g., “ee” [i], “ah” [a], “oo” [u]). The second stim-
uluswas to count “1” through “5” in English at natural and
fast speaking rates.

2.2 Imaging methods

We measured T1, T2, and T∗
2 in vivo in the tongue muscle

at 0.55 T (1 female and 1 male; age 25–26 years) using pro-
tocols listed in Supporting Information Table S1, similar to
those described by Campbell-Washburn et al.24 With the
relaxation parameters, we conducted a Bloch simulation
for bSSFP and GRE pulse sequences. This allowed us to
estimate the signal of the tonguemuscle at 0.55 T and opti-
mize the imaging parameters. Specifically, the steady-state
signal of bSSFP and GRE were simulated as a function of
TR, flip angle (FA), and off-resonance (𝚫f) and used to
get in the best range of the imaging parameters. Experi-
ments used a GRE FA of 15 and bSSFP FA of 35 , which
are slightly higher than the theoretical optimum values, to
provide robustness to RF transmit imperfections. Note that
delivering a lower-than-optimal FA incurs a stronger SNR
penalty compared with delivering a higher-than-optimal
FA for both sequences.

Two-dimensional spiral-out bSSFP and GRE pulse
sequences were implemented within the RTHawk
real-time imaging platform (HeartVista, Inc., Los Altos,
CA, USA).29 Both pulse sequences used the same read-
out gradients: a uniform density spiral trajectory with
the zeroth-order gradient moments nulled. We tested
sequenceswithN-shot spiral trajectories (N = 5, 8, and 13),
with corresponding imaging parameters listed in
Table 1. The rotation angle between consecutive spi-
ral interleaves was determined by bit-reversed orders to
improve temporal incoherence. For bSSFP, through-slice
equilibration compensation30,31 was used to mitigate
eddy current–induced signal oscillations by inducing
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TABLE 1 Imaging parameters for spiral gradient-recalled echo (GRE) and spiral balanced SSFP (bSSFP) speech production real-time
MRI (RT-MRI) at 0.55 T. Common parameters for all acquisitions are FOV= 28× 28 cm2, in-plane resolution= 2.3× 2.3mm2,
matrix= 121× 121, slice thickness= 6mm, and sampling interval= 2 μs.

Sequence Spiral GRE Spiral bSSFP

TR (ms) 11.59 8.29 6.16 10.95 7.40 5.30

Readout duration (ms) 8.90 5.58 3.48 8.90 5.58 3.48

Flip angle (◦) 15◦ 35◦

No. of interleaves for Nyquist sampling 5 8 13 5 8 13

No. of interleaves per frame for reconstruction 1 2 2 1 2 2

Temporal resolution (ms/frame) 11.59 16.58 12.32 10.95 14.80 10.60

a dephasing of ±18◦ along the slice direction with
unbalanced slice-selection rephasing gradients.

A standard sparse SENSE reconstruction with a tem-
poral finite difference constraint17 was implemented
in MATLAB (MathWorks, Natick, MA, USA) and per-
formed offline. The gradient impulse response function
(GIRF)32,33 was estimated fromaphantom-basedmeasure-
ment30 and used to correct B0 and linear eddy current
artifacts for spiral trajectories before reconstruction.

2.3 Analysis methods

For SNR comparisons, a fully sampled (via viewsharing)
linear gridding reconstruction of the spiral data with a
Kaiser-Bessel kernel function (kernel size= 3, oversam-
pling ratio= 2) was used, and SNR of the tongue was
compared among all acquisitions as well as a comparable
1.5T GRE acquisition downloaded from a publicly avail-
able data set.34 SNR was measured using two separate
regions of interest and accounting for scaling factors.35,36

Image sharpness along the tongue boundaries was
computed by a multistep process including (1) finding
the air–tissue boundary using an established segmentation
method37; (2) fitting a sigmoid error function to intensity
data along the grid lines perpendicular to the air–tissue
boundary locations; and 3) calculating the slope of the
fitted sigmoid function. Sharpness scores were then com-
puted by solving for the ratio between the mean slope of
the sigmoid function and the noise SD of the background
region of the reconstructions. Measurements are reported
using mean and SD across scans from all 4 subjects.

3 RESULTS

Relaxation times of vocal tract articulators at 0.55 T
were estimated as ranges from 2 subjects with T1 = 650
∼ 662ms, T2 = 42∼ 45ms, and T∗

2 = 31ms. Simulations of

steady-state tongue muscle signal at 0.55 T are shown in
Figure 1A, where bSSFP provides a relatively consistent
signal profile and optimal FA of about 29◦ for simulated
TR values of 6 to 12ms. At optimal flip angles, bSSFP
has a signal gain of 47% over GRE at TR= 6ms and
25% at TR= 12ms for the tongue muscle. In Figure 1B,
bSSFP has a passband with a relatively uniform signal
for a broad range of resonance offsets (Δf). At 0.55 T, a
TR ≤ 4.54ms is required for artifact-free imaging near
air–tissue boundaries (Δf= 220Hz), which is substantially
longer than the requirement at 1.5 T (TR ≤ 1.67ms for
Δf= 600Hz).

Figure 2 and Supporting Information Video S1 show
reconstructed images from 1 representative subject
acquired using bSSFP and GRE with varying readout
durations. Although longer GRE readouts provide higher
tongue SNR, they suffer from increased blurring (green
arrows). Shorter readouts have lower but adequate tongue
SNR and sharper visualization of dynamic articulator
boundaries.

For bSSFP, one can readily observe the same blurring
increasewith readout length as inGRE; however, themore
dominant artifact is banding due to off-resonance. Longer
readouts result in a longer TR and a narrower bSSFP pass-
band, causing obvious banding artifacts (yellow arrows).
In extreme cases of long TR, this can affect visualization of
some articulator boundaries (red arrows).

Figure 3 and Supporting Information Video S2 show
images and intensity versus time plots from 1 representa-
tive subject acquired using GRE and bSSFP. These were
reconstructed using 2 interleaves out of 13 (R= 6.5) per
frame at temporal resolutions of 11.4ms and 10.1ms,
respectively. Notice the short-duration (50–60ms) con-
strictions between the tongue tip and the alveolar ridge
illustrated by red arrows that span only for 5–6 frames.
Both sequences were able to capture the rapid tongue
motion, which indicates that the effective temporal res-
olution is on the order of 10ms. bSSFP exhibited a
slightly clearer delineation of the tongue boundary than
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F IGURE 1 Simulation results of steady-state balanced SSFP (bSSFP) and gradient-recalled echo (GRE) signal from human tongue
muscle at 0.55 T (T1/T2 = 660/43ms) as a function of flip angle (A) and dephasing (TR×Δf) (B). (A) bSSFP offers a consistent signal intensity
profile (and optimal flip angle [FA] of ∼29◦) independent of TR simulated (6–12ms) and offers the highest possible SNR efficiency. GRE
provides a signal intensity profile that increases with TR but has lower peak SNR efficiency when compared with bSSFP. (B) bSSFP signal
exhibits a dependence on resonance offset and TR (TR×Δf), resulting in well-known banding artifacts.

F IGURE 2 Comparison of bSSFP
and GRE for 5-shot, 8-shot, and 13-shot
spirals. Both GRE and bSSFP images
exhibit sharper tissue boundaries when
using shorter readouts due to reduced
off-resonance blurring (green arrows).
GRE with longer readouts shows higher
image quality likely due to SNR, which
is expected based on simulations in
Figure 1A. bSSFP images offer
substantially better image quality and
tissue contrast compared with GRE.
However, bSSFP with a longer readout
and TR introduces characteristic
banding artifact (yellow arrows) that
can be especially severe around moving
air–tissue boundaries such as the one
across the velum (red arrows). The
video for this example is provided as
Supporting Information Video S1.

GRE. This is likely due to the better SNR achieved
by bSSFP.

Tongue SNR from linear reconstructions (reported
using mean± SD across subjects) was 7.67± 1.17 for the
shortest TR-GRE acquisitions, comparedwith 12.22± 1.21
for the 1.5T speech open data set.34 As we increase the
GRE TR, the SNR improves to 12.06± 1.57, albeit with
undesirable blurring due to off-resonance. In bSSFP

images, SNR was 11.84± 2.1 using the shortest TR and
13.49± 1.64 using the longest TR, with the latter matching
the SNR of the tongue achieved at 1.5 T.34 Tongue bound-
ary sharpness scores were 12.03± 1.03 for the shortest TR
bSSFP scan, and 6.82± 0.61 for the shortest TR-GRE scan.
For comparison, the tongue boundary sharpness from
a representative high-quality 1.5T sample of the speech
open data set34 is 8.5.



LIM et al. 341

F I GURE 3 Comparison of balanced
SSFP (bSSFP) and gradient-recalled echo
(GRE) images and intensity versus time plots
for a stimulus “loo-lee-laa-za-na-za” spoken
at a fast rate. Images were acquired using
13-shot spiral GRE and bSSFP sequences,
and each frame was reconstructed using the
constrained reconstruction from two spirals
per frame (R= 6.5). Three intensity profiles
are placed at the tongue boundaries: the
tongue tip, body, and back of the tongue
(blue, orange, and yellow dashed lines,
respectively). bSSFP images exhibit sharp
articulator boundary definition and the
ability to resolve rapid constrictions (red
arrows). The video for this example is
provided as Supporting Information Video S2.

4 DISCUSSION AND
CONCLUSION

We have demonstrated 2D midsagittal RT-MRI of speech
production at 0.55 T using spiral-based bSSFP and GRE
pulse sequences along with a custom upper airway coil.
We characterize image quality and artifact tradeoff across
varying readout durations for both bSSFP and GRE
sequences. Initial studies on 4 healthy volunteers show
that short-TR bSSFP with 10.1-ms temporal resolution can
offer superior SNR and tissue contrast compared with
GRE,with quality deemed to be superior to that commonly
reported at 1.5T and 3T field strengths. We attribute this
improvement to the significantly reduced off-resonance
from air–tissue boundaries, supported by the 1.6-times
improvement in tongue sharpness.

At low field using a GRE contrast, the expected SNR
loss in the tongue is about 0.5 times when combining fac-
tors due to the polarization scaling linearly with B0 (0.55 T
vs. 1.5 T) and the shorter T1 at 0.55 T (700ms vs. 950ms).
Our measured loss of 0.62 times (7.67 vs. 12.22) matched
our expectations. For bSSFP imaging, simulations pre-
dicted a 1.88-times improvement in SNR compared with
GRE for the shortest TRs, but we observed a 1.57-times
improvement (12.06 vs. 7.67). This is likely due to sig-
nal loss from on-resonance magnetization transfer, which
can cause a 30%–50% loss in short-TR bSSFP imaging.38
With bSSFP imaging, we achieved comparable SNR in

the tongue to that of 1.5 T (0.96 times for short TR, 1.12
times for long TR). The shortest TR is optimal, as it is
banding-free and still has adequate signal, unlike longer
TR bSSFP, which produces undesirable banding artifacts.

The use of a dedicated multiple channel receiver coil
array is beneficial over standard head coils because it pro-
vides an SNR boost due to higher loading, as the coils can
be placed closer to the articulators as well as lower noise
due to highly localized elements. This has been demon-
strated at 3 T,39 1.5T,17 and recently at 0.55 T.27 The SNR
boost is extremely important at the low field because SNR
is lower than at higher field strengths. Also, the highly
localized elements can offer opportunities for reduced
encoding via a smaller FOV. It may be possible to repli-
cate some of the reduced encoding effects using a modern
beam-forming coil combination approach40 as well.

Shimming is crucial for speech RT-MRI, especially for
bSSFP methods, at any field strength. The bSSFP acqui-
sition requires spins to fall within −1/2TR<Δf< 1/2TR
even during dynamic movements, as the field map is
dynamic due to the constantly changing air cavity. At the
articulator boundary, Δf can theoretically go up to 220Hz
at 0.55 T, requiring TR ≤ 4.54ms. Although meeting this
banding-free condition is challenging, we have found it
feasible with proper shimming to image with TR> 4.54ms
and still have minimal banding artifacts over the vocal
articulators. We recommend conducting linear shimming
with a local shimming box placed over the mouth while in
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open postures (as opposed to a neutral closed position) to
ensure a good banding profile across the FOV. Afterward,
we adjust the shimming profile, including B0 manually,
to minimize signal loss due to off-resonance in the velum
while keeping the characteristic banding curve (Figure 2
yellow arrows) outside of the upper airway region.

bSSFP is sensitive to B0 drift, which is known to hap-
pen in some settings of gradient heating.41 Sequences like
spiral bSSFP make aggressive use of gradients, which lead
to some gradient distortions that are mitigated in this
work using GIRF-corrected trajectories. They also lead
to gradient heating, which leads to dynamic changes in
the GIRF, without any significant negative effect on spi-
ral image quality.42 This often leads to B0 drift, which can
require periodic center frequency adjustment during long
acquisitions. On our system, the maximum rate of B0 drift
observed has been 5Hz per minute.

Eddy currents are an important consideration in bSSFP
and can lead to unbalanced phase that perturbs the steady
state. In this work, partial dephasing was used, which is
a simple solution and slightly reduces the width of the
bSSFP spectral passband. GIRF-based precompensation30
is another promising option, which has added complexity
but maintains the spectral bandwidth.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Table S1. Acquisition parameters for T1, T2, and T∗
2 mea-

surement at 0.55 T.
Video S1. Comparison of balanced SSFP (bSSFP) and
gradient-recalled echo (GRE) for 5-, 8-, and 13-shot spi-
rals. Both GRE and bSSFP images exhibit sharper tissue
boundaries when using shorter readouts due to reduced
off-resonance blurring (green arrows). GRE with longer
readouts shows higher image quality likely due to SNR,
which is expected based on simulations in Figure 2A. The
bSSFP images offer substantially better image quality and
tissue contrast compared with GRE. However, bSSFP with
a longer readout and TR introduces characteristic band-
ing artifact (yellow arrows) that can be especially severe
around moving air–tissue boundaries such as the one
across the velum (red arrows).
Video S2. Comparison of balanced SSFP (bSSFP) and
gradient-recalled echo (GRE) images and intensity versus
time plots for a stimulus “loo-lee-laa-za-na-za” spoken at
a speeded rate. Images were acquired using 13-shot-spiral
GRE and bSSFP sequences, and each frame was recon-
structed using the constrained reconstruction from two
spirals per frame (R= 6.5). Three intensity profiles are
placed at the tongue boundaries—the tongue tip, body, and
back of the tongue (blue, orange, and yellow dashed lines,
respectively).
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