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Abstract

Real-time magnetic resonance imaging (RT-MRI) is being increasingly used for speech and vocal
production research studies. Several imaging protocols have emerged based on advances in RT-
MRI acquisition, reconstruction, and audio-processing methods. This review summarizes the state-
of-the-art, discusses technical considerations, and provides specific guidance for new groups
entering this field. We provide recommendations for performing RT-MRI of the upper airway. This
is a consensus statement stemming from the ISMRM-endorsed Speech MRI summit held in Los
Angeles, February 2014. A major unmet need identified at the summit was the need for consensus
on protocols that can be easily adapted by researchers equipped with conventional MRI systems.
To this end, we provide a discussion of tradeoffs in RT-MRI in terms of acquisition requirements,
a priori assumptions, artifacts, computational load, and performance for different speech tasks. We
provide four recommended protocols and identify appropriate acquisition and reconstruction tools.
We list pointers to open-source software that facilitate implementation. We conclude by discussing
current open challenges in the methodological aspects of RT-MRI of speech.

The upper airway consists of several soft-tissue structures and muscles that are intricately
coordinated to perform essential human functions such as speech, swallowing, and

breathing. Magnetic resonance imaging (MRI) of the upper airway offers a noninvasive way
to visualize the morphological and functional aspects of these upper airway structures.=8 It
has several compelling advantages over competing modalities such as x-ray fluoroscopy and
ultrasound. MRI provides noninvasive, safe imaging of arbitrary image planes and can
visualize deep soft-tissue structures such as the velum, pharyngeal wall, and the larynx.

Real-time MRI (RT-MRI) involves the continuous acquisition of MRI images of a
dynamically evolving process. This has emerged as a powerful tool to visualize the complex
spatiotemporal coordination of upper airway structures during physiological functions such
as speech production. As several definitions of “real-time” imaging may exist, for this work
we indicate real-time as producing a series of images capturing the motions during the MRI
scan which can be aligned with corecorded audio.8 This is in contrast to gated acquisitions,
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which produce average motions during scanning, and for which recorded audio cannot be
exactly realigned with any specific instance of the motion. Due to a large variability in
repetition of even simple speech tasks,® RT-MRI is necessary to understand the relationship
between particular articulations and speech sounds.

RT-MRI is continuing to provide new insights into biomechanics of vocal articulators such
as the tongue, velum, and pharyngeal wall during speech production.6-12 It is emerging as a
powerful tool in speech research, which has the potential to address several open questions
in the areas of phonetics, phonology, language acquisition, and language disorders.

In addition to applications in speech science, RT-MRI has the potential to impact several
clinical applications. Conditions such as velopharyngeal insufficiency (VPI) involve
incomplete closure of the velopharyngeal port, which occur either due to structural defects
of the velum or pharyngeal walls at the level of the nasopharynx, or due to functional
(neurological) conditions that manifest as oral motor difficulties. \VPI is particularly
prevalent in cleft palate patients. Assessing VPI is of significant interest to manage speech,
and subsequently inform treatment plans, such as speech therapy and surgical intervention.
RT-MRI has been demonstrated to be a promising alternative to current functional tests,
which are either invasive (nasoendoscopy), or involve radiation (x-ray video fluoroscopy),
and has been adapted in several clinical VPI studies.23-1° The clinical role of RT-MRI for
VPI assessment has not yet been fully established, and notable hurdles include the cost and
complexity of scanning.20:21

RT-MRI and structural MRI have also been explored for assessment of functional restoration
for postsurgical assessment of cleft-palate repair. Although structural MRI has seen
increasing use in this population, RT-MRI provides potential for examining the functional
implications of the repair by examining movement and VP1.22-24 RT-MRI in the fetus has
been shown to be effective in early diagnosis of cleft palate compared to structural MRI and
ultrasound, providing excellent visualization of midline structures.?®

Several studies have demonstrated the feasibility of novel clinical applications of RT-MRI of
the upper airway. For instance, three studies have demonstrated the feasibility of RT-MRI in
providing sufficient spatiotemporal resolution to characterize swallowing in real time.26-28
A few clinical studies of swallowing have been carried out using RT-MRI, for example
comparisons to existing invasive modalities on dysphagia patients,2? assessment of
swallowing disorders in normal and brainstem lesion patients,3? and evaluation of
swallowing in postglossectomy patients have been demonstrated.3!

RT-MRI has been utilized to analyze and compare speech in normal subjects and
postglossectomy patients, where portions of the infected tongue are treated with surgical
resection (with or without reconstruction), and radiation therapy.3233 Such analyses may
provide patients and their speech therapists with useful information in managing speech
posttreatment. Other RT-MRI feasibility studies include characterization of speech in
apraxia3* and evaluation of the obstructions in the upper airway during sleep apnea.35-38

In several research and clinical studies, RT-MRI has presented a challenging trade-off
between spatial resolution, temporal resolution, signal-to-noise ratio (SNR), and artifact
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suppression. Several of these factors can be traded differently based on the upper airway task
of interest. Over the past decade, a number of technical advancements in acquisition
strategies, coil geometry design, reconstruction and artifact correction schemes have
emerged, thereby providing a wide range of solutions to RT-MRI tradeoffs.1:6:39-47 This
article focuses on the technical considerations relevant to implementing an RT-MRI protocol
for upper airway imaging.

This article is motivated by an outcome of the Speech MRI Summit meeting (Los Angeles,
February 2014, endorsed by the ISMRM), where the speech MRI research community
convened and agreed that there was an unmet need for a recommendations document for RT-
MRI of speech. The purpose of this article is to provide a set of recommended protocols that
could be easily adapted by new research groups entering the field. We highlight the choices
of sequences, sampling, and reconstruction schemes that are appropriate during various
speech tasks. We also highlight several open-source software packages that could facilitate
implementation of the recommended protocols. We conclude by discussing the current open
challenges in the methodological aspects of RT-MRI for speech.

Speech Tasks: Imaging Requirements

The spatiotemporal coordination of upper airway articulators varies in accordance with the
speech task at hand. For instance, in a task that involves the production of sustained sounds,
the spatial position of the articulators changes on the order of a few seconds (eg, posture of
velum in contact with the pharyngeal wall during sustained production of the vowel “\a”).
On the other hand, in a task that involves producing consonant clusters movements of the
articulators occur on an order of a few milliseconds. Owing to the speech questions being
asked, the requirements of spatial and temporal resolution in RT-MRI vary. Based on our
experience, evidence from the literature, and a consensus amongst the audience of the 2014
speech MRI summit involving RT-MRI imaging researchers and linguists, we provide RT-
MRI spatiotemporal resolution requirements for various speech tasks in Fig. 1, and provide
explanations below.

For studying velopharyngeal closure, previous studies have reported time resolutions
ranging from 40-200 msec. Since time resolutions >150 msec may carry a risk of missing
closure events, we provide a recommendation of 40-150 msec.*8-52 We further prescribe
resolutions less than 100 msec to be a target zone, as velic closure events can be captured
over many time frames for normal-paced speakers.#° Previous studies reported in-plane
spatial resolutions ranging from 1 mm? to 5.2 mm?2.41.50-53 Although there was still a good
correlation between closure events visualized by video-fluoroscopy and MRI using a low in-
plane resolution (4.8 mm?)%0, since the velum is a small structure and can vary in size for
different subjects (adults vs. children), we recommend spatial resolutions ranging between 1
to 4 mm?, and prescribe the mid-sagittal orientation to view velic closure events. Groups
particularly interested in quantifying gaps between the velum and the postpharyngeal wall in
V/PI patients should aim for the higher in-plane resolutions. With the mid-sagittal
orientation, slice thicknesses of 6-8 mm are adequate to observe closure events and maintain
a high SNR throughout the image series.
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A speech task involving consonant to vowel sound transitions has the articulators move on
the order of a few tens of milliseconds. These transitions involve movements such as bulk
tongue movements, subtle tongue tip movements such as tongue tip hitting the back of teeth,
tongue touching the palate, the velum touching the pharyngeal wall, and the airway
narrowing. To visualize the tongue movements, we recommend a time resolution of 50-100
msec in the mid-sagittal plane. An in-plane spatial resolution of no more than 3.5 mm? is
recommended. High time resolutions of below 70 msec are required to study very fast
articulatory movements such as those during consonant constrictions and coarticulation
events.*8 Finer spatial resolutions are required for better definition of the border of the
tongue, which is important for image segmentation tasks for subsequent quantitative
analysis. For movements involving tongue grooving, and airway narrowing, the coronal and
axial planes can be used to add complementary information in addition to the mid-sagittal
plane.3946:47.54 Multiple planes can be acquired by utilizing time-interleaving sampling of
planes or 3D acquisitions.

Acquisition Considerations

Choice of Receiver Coil

Standard clinical 1.5T and 3T scanners are equipped with many receiver coils designed for
brain imaging, neurovascular imaging, or combined head and neck imaging. These include
single-channel birdcage head coils, multichannel head coils, multichannel head and neck
coils, and multichannel neurovascular coils. These coils are not optimized for performance
over the upper airway vocal tract, but are adequate for some speech experiments. In general,
it is favorable for MRI receiver coils 1) to be as close as possible to the tissues of interest
(higher signal), and 2) contain highly localized elements (lower noise). These two factors
together provide favorable SNR. As depicted in Fig. 2, custom upper-airway coils offer
improved SNR in several regions of interest containing the vocal tract articulators (also
see®®). Due to the advantages of high SNR and potential for parallel imaging, we
recommend the use of custom coils when available, followed by commercial head and neck
coils, and commercial neurovascular coils. Note that superior SNR can be traded off for
improved spatial and/or temporal resolution via parallel imaging.

Choice of Field Strength and Pulse Sequences

Imaging at higher field strengths has the benefit of providing high SNR. However, upper
airway imaging presents challenges due to the magnetic susceptibility differences between
air and tissue (roughly 9.41 ppm>6). At higher field strengths, this results in a large degree of
off-resonance around air-tissue interfaces. Consider the main imaging targets of RT-MRI:
the tongue, velum, and palate. These structures are in contact at rest and they separate during
speech, thus creating large areas of air-tissue interfaces that are prone to magnetic
susceptibility artifacts.

Both gradient echo and spin echo sequences have been used for upper airway imaging, with
the latter being used for static imaging. Rapid gradient echo sequences are widely used in
RT-MRI applications. These sequences can be split into two categories based on how the
remaining transverse magnetization is dealt with at the end of each repetition (TR).
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Radiofrequency (RF) spoiled gradient echo sequences eliminate the residual transverse
magnetization while maintaining the 7; weighting by incrementing the phase of the RF
pulse in combination with gradient spoiling, while steady-state free precession (SSFP)
sequences utilize the residual magnetization to improve the SNR leading to a 7,/ 71
contrast.®’ SSFP sequences are particularly sensitive to magnetic field inhomogeneities, and
can suffer from large areas of signal nulling or banding artifacts (eg, Fig. 3). It is possible to
minimize off-resonance artifacts through careful shimming over the regions of interest, and
tuning the choice of center frequency. However, in practice it is difficult to reliably obtain
good image quality at 3T with SSFP sequences. At 3T, we would recommend the use of
spoiled gradient echo sequences, as they have the advantage of reduced sensitivity to off-
resonance, and are simpler to implement. At 1.5T, SSFP sequences are easier to shim and,
due to their increased SNR, are the preferred option for RT-MRI.

Potential users should remain aware of the difficulty in obtaining artifact-free images across
large regions. Consequently, users have to focus their efforts on shimming the part of the
vocal tract that is specifically of interest. Figure 4a,b illustrates the region shimmed for a
velopharyngeal closure study. This will increase image quality in the region of interest but
will increase artifacts in other areas, for example the brain, as shown in Fig. 4c,d. We
recommend that users test their shim on short speech samples (eg, counting from 1 to 5) as
the shim might not be adequate for the range of movement, causing images to degrade
substantially during speech. Adjusting the position and size, both in-plane and through-
plane, of the shim volume will resolve the issue in most cases, although artifacts caused by
motion are likely to remain. Degradation of image quality is particularly prevalent in the
case of the velum, as illustrated in Fig. 4c,d.

Image quality is subject-dependent and in some cases it can be difficult to maintain image
quality throughout the speech sample. In those cases, it is recommended to use spoiled
sequences; for example, hybrid echo planar imaging (EPI) can provide a viable alternative
(Fig. 4e,f) with fewer artifacts in the velum at the expense of a lower SNR.58

It is hard to predict which subjects will have images of lower quality; even the disruptions
associated with dental work do not consistently degrade image quality. Groups planning to
study patient populations who are undergoing orthodontics treatment should be aware that
orthodontics devices can drastically alter shim and image quality and in the most extreme

cases render RT-MRI impossible.>®

Choice of k-space Sampling Strategy

Cartesian sampling is widely used in MRI due to simplicity of reconstruction and the fact
that it is robust to many artifacts (except motion). 2D Cartesian sampling (eg, 2D Fourier
Transform [2DFT]) is used by real-time interactive imaging sequences available on several
commercial platforms. It can be accelerated by 2—3-fold using half Fourier techniques in
combination with parallel imaging, using widely available coil arrays. As shown in Fig. 1,
such a setup can be used to study a wide range of speech tasks.

Non-Cartesian trajectories are employed when higher spatial and/or temporal resolution is
desired.6:42-46.60 gpiral sampling provides higher efficiency compared to Cartesian, as a
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large fraction of A-space is acquired during each TR. Spiral and radial sampling provide
reduced motion artifact because they both naturally oversample the center of 4-space.®°
Undersampled non-Cartesian imaging results in relatively incoherent aliasing (eg, radial
streaking, spiral ringing). This artifact can often be read through, and is less detrimental to
image quality compared to coherent aliasing in undersampled 2DFT. While radial sampling
is /2 less efficient than Cartesian sampling, it is common to under-sample by at least that
much because the aliasing artifacts are mild in appearance (Fig. 5). Spiral sampling typically
requires longer readout times, which increases the sensitivity to off-resonance and manifests
as spatial blurring (Fig. 6). We recommend use of <2.5 msec readouts at 1.5T in
combination with careful shimming.2® This can be done by acquiring field maps, or by
visual inspection during real-time adjustment of the center frequency (Fig. 7). When
operating at higher fields (3T), reconstruction should incorporate magnetic field
inhomogeneity correction; these schemes require acquisition of dynamic field maps.4°

Simultaneous Audio Acquisition

Simultaneous acquisition of an audio signal along with the RT-MRI data is essential for
subsequent analysis and modeling of acoustic-articulatory relationships. MR-compatible
fiberoptic microphones are popular, commercially available, and have been used
successfully in several MRI studies for audio acquisition (eg, by Opto-acoustics®61). In
addition to recording the audio, there is a need to cancel the acoustic noise caused by the

MRI gradients during imaging, which is in the audible frequency range and often over 100
dB.62.63

The Opto-acoustics commercial audio acquisition setup utilizes two microphones that are
mounted at different angles. The main transducer is positioned towards the mouth of the
subject, in a unidirectional manner to capture the subject’s audio. The second transducer is
positioned at a 908 angle from the first, and is positioned in an omnidirectional orientation to
capture only the gradient noise components. Integrated software based on adaptive noise
cancellation offers real-time noise cancellation based on the signals recorded from these two
microphones.

Custom noise cancellation algorithms can be utilized to further improve the SNR in the
recorded audio. These algorithms operate on the raw signal from the microphones, and are
usually implemented offline. One such algorithm leverages the knowledge of periodicity of
MRI acoustic noise (eg, spiral/radial pulse sequences where the spiral interleaves/radial
spokes are repeated with a predetermined period) to create an artificial noise signal, which is
then used as a reference noise signal in standard adaptive noise cancellation algorithms.%4
Other techniques based on correlation subtraction have also been proposed; unlike adaptive
filtering, these require data from only one microphone.® Two recordings of the noise from
the same microphone are taken with and without speech. These recordings are aligned to
obtain a maximum discrete cross-correlation, and then the signal without speech is
subtracted from the signal with speech to filter the periodic acoustic noise. This method has
been recently improved by combining it with spectral domain filtering, and is available as an
open-source package.52:65 A data-driven algorithm that is blind to the acoustic properties of
noise has also been recently proposed, and is also available as open-source software.56.67
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Reconstruction Considerations

On-the-Fly Reconstruction

We refer in “on-the-fly” reconstruction to schemes that are capable of providing
reconstructed images with latency reconstruction times of less than 500 msec. On-the-fly
reconstruction is desirable in RT-MRI due to the flexibility of changing scan planes on-the-
fly along with visualization and immediate compensation of artifacts. This is particularly
beneficial during scan localization, and should be used whenever feasible. For instance,
obtaining an exact mid-sagittal slice location often requires traversing through several cuts
along the articulators in different planes. Also, localizations may be performed during short
speech tasks to visualize the articulatory movements and determine a plane that can best
capture the task. Clinical RT-MRI applications such as VPI, cleft palate, and
postglossectomy imaging all the more require the frequent updates of scan planes during
localization, as the geometry of the articulators are considerably different from normal
subjects. For instance, patient-specific oblique planes (eg, angular cuts along the
velopharyngeal port in VVPI) in addition to the mid-sagittal plane may be required.

Cartesian parallel imaging reconstructions such as sensitivity encoding (SENSE) and
generalized autocalibrating partially parallel acquisitions (GRAPPA) have minimal latency
reconstruction times, and are widely available on modern-day scanners.! By combining the
parallel imaging capabilities with the head and neck coil geometries, and Cartesian
trajectories, studies have reported high-quality reconstructions up to an acceleration factor of
2-3-fold.1

Parallel imaging acceleration leads to a spatially varying reduction of SNR, and the noise
distribution in the resulting images depends on the coil geometry and scan prescription.
Custom upper airway coils offer improved SNR, and are favorable to parallel imaging
reconstructions. Reconstruction schemes from non-Cartesian trajectories are not commonly
available on clinical scanners; however, many research sites have successfully developed on-
the-fly reconstructions for non-Cartesian radial and spiral trajectories.6:42:4547.60.68,69 Ag
described in the previous section, non-Cartesian sampling has advantages in terms of
efficient time sampling compared to Cartesian trajectories, but may have additional artifacts
due to magnetic field inhomogeneity.

Gridding in combination with a sliding window reconstruction has been implemented.® At
higher undersampling factors, the incoherent artifacts in the gridded images can often be
read-through. Although the final image series may be reconstructed offline for analysis, it is
still desirable to have on-the-fly reconstruction options to ensure the correct imaging
prescription and data acquisition.

Offline Reconstruction

In order to improve the tradeoff between spatial resolution and frame rate, recent interest has
been on methods that exploit redundancies in the dynamic MRI data. Figure 8 demonstrates
an illustration of the redundancy of dynamic data in RT-speech MRI. Imaging schemes
based on sparse sampling and regularized/constrained reconstruction have evolved that
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exploit these redundancies, and incorporate them appropriately into the reconstruction
process.

Models such as UNFOLD/k-t broad-use linear acquisition speed-up technique (BLAST)
exploit the banded spatial-spectral support of the dynamic image time series, and can be
used to accelerate the acquisition. These algorithms require modifications in the sampling
patterns. They use close-to-fully-sampled low-resolution images to learn/estimate the spatial
spectral support. In the second stage they use customized sampling patterns that minimize
alias foldover artifacts onto the spatial-spectral support.”’%-72 The reconstruction in these
schemes is linear and can be interpreted as a filtering problem.

Constrained reconstruction and compressed sensing schemes that exploit sparse
representations of the dynamic image time series in an appropriate transform domain have
gained considerable interest in recent years. Methods that exploit sparsity in the spatial—
spectral domain or temporal finite difference transform domain have been popularly used in
several cardiac MRI applications. These schemes have advantages over support-based
schemes in that they do not rely on fully sampled training data. They instead involve
acquiring the samples in an incoherent manner resulting in a highly incoherent residual
aliasing. The reconstruction is posed as a nonlinear optimization problem, which results in a
time-consuming iterative algorithm. These algorithms are usually computed offline and have
been used by several research groups.42:46.73.74 However, more recent advances in graphic
processing units have potential to enable fast reconstruction pipelines.68:69.75.76 The choice
of an appropriate constraint in speech imaging is an open area. Several research groups have
relied on different types of constraints based on the speech task at hand. For instance, a
median filter in combination with a temporal total variation constraint was used in#2 to study
production of vowel, consonant sounds, and co-articulations events.

Another approach to speech imaging is based on the partially separable (PS) model.3 The
PS model exploits the similarity of the pixel time profiles, and utilizes a set of fewer
orthogonal temporal bases functions to represent the temporal variations present in the data
to be reconstructed. This method leverages the imaging data matrix being low rank, enabling
reconstruction of the full dynamic image series by estimating a set of temporal and spatial
basis functions. This is achieved in a two-step strategy, where the first step is to acquire data
with low spatial encoding but with fine temporal resolution to estimate the temporal basis
functions. Interleaved with the temporal sampling is a slower acquisition of high-quality,
high-resolution image data, as part of the second step. These image data are acquired one
line of A-space at a time for the 3D volume, but assumed to be acquired in time with the
adjacent navigator data. Several full frames of imaging data are acquired and then fit to the
PS model and temporal basis functions to estimate the high temporal and spatial resolution
dynamic images. Often, the second step also exploits other properties of dynamic speech
data, such as sparse spatial- spectral support, and sparse spatiotemporal image gradients.

Due to the separation of the temporal sampling and the image data sampling with the PS

model, both acquisitions can be optimized for their required purpose. Previously,3° a spiral
acquisition was used for temporal sampling to sample a large extent of A-space efficiently.
However, Cartesian data are used for the imaging data to minimize sensitivity to magnetic
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field inhomogeneity effects. A high-quality image results, as seen in Fig. 11. A potential
disadvantage of the PS speech imaging approach is that for high-resolution or 3D datasets,
the total acquisition time can be on the order of 10 minutes to acquire sufficient imaging
data to fit the PS model. However, a large number of images are obtained during this time at
a rate of >100 frames per second for up to 8 slices, with the subject potentially performing
multiple speech tasks.3°

Other algorithms have been proposed in the dynamic MRI literature, which reinterpret the
PS model as a low-rank matrix recovery problem.””:”8 These do not require training data,
but directly estimate the dynamic images at hand by explicitly imposing the low rank, and
sparsity constraints in the form of regularizers.

Due to the nonlinear recovery in several of the constrained reconstruction schemes, there
exists a major challenge in quantifying the properties (such as interpreting the true SNR, true
resolution, and spatiotemporal varying artifacts) of the reconstructions. While this is an
ongoing research area, it is highly recommended to be aware of such effects introduced with
the reconstructions while interpreting the dynamic images. There also exists an open
challenge to automatically reconstruct datasets with minimal human intervention in
choosing the reconstruction parameters (such as the regularization, model parameters). The
reconstruction algorithm run time is beginning to be addressed by modern hardware support,
and also new software-based optimization tools.

Open-Source Software

We recommend the following open-source reconstruction packages that are applicable for
speech imaging: 1) Partially separable function model with spatial-spectral sparsity;39:79 2)
K-t SLR: Low rank and spatiotemporal total variation sparsity regularized
reconstruction;’’-80 3) GRASP: golden angle radial acquisition with temporal total variation
sparsity regularization;’481 4) K-t FOCUSS: spatial-spectral sparsity based
regularization;’3:82 5) gadgetron: GPU based reconstruction tools;%9:83 6) IMPATIENT:
GPU-based reconstruction tools.”6:84

Recommended RT-MRI Speech Protocols

We recommend four RT-MRI protocols for visualizing the upper airway during speech,
summarized in Table 1. Protocol 1 is based on Cartesian trajectories with the reconstruction
done on-the-fly. Protocol 2 is based on spiral trajectories with the reconstruction done on-
the-fly and/or offline. Protocol 3 is based on radial trajectories with the reconstruction done
on-the-fly and/or offline. Protocol 4 is based on combination of Cartesian and non-Cartesian
trajectories with the reconstruction done offline only.

These protocols are based on different choices of acquisition and reconstruction tools, and
are classified based on their ease of implementation, and their abilities to perform on-the-fly
reconstruction versus offline-only reconstruction. Significant differences in the properties of
the resulting time series of the images result from choices of the different protocols and even
between on-the-fly and offline reconstruction of the same protocol.
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Protocol 1 is based on sequences that are likely available on all commercial scanners. It is
based on Cartesian trajectories with the on-the-fly reconstruction options such as partial
Fourier and/or parallel imaging. As discussed earlier, on-the-fly reconstructions allow for
interactive imaging, a feature that is beneficial for frequently updating the scan planes, and
for identifying and correcting artifacts.

Protocols 2 and 3 are respectively based on non-Cartesian spiral and radial trajectories. In
comparison to Cartesian trajectories, these provide better resilience to motion artifacts, less
detrimental undersampling artifacts, and offer improved spatial and temporal resolution
capabilities. The reconstructions in Protocols 2 and 3 can be performed on-the-fly with
linear reconstruction strategies such as sliding window in combination with fast gridding
reconstruction. In addition, offline reconstructions could be performed on the same data
acquired with Protocols 2 and 3 to enable higher spatial/temporal resolution, as depicted in
Figures 9,10. These offline reconstructions involve solving iterative constrained
reconstruction algorithms, several of which can be adapted by open-source software
packages.

Protocol 4 is an offline technique based on combination of both Cartesian and non-Cartesian
trajectories offering even higher spatiotemporal resolution capabilities. We contrast these
protocols in Table 1, followed by detailed descriptions of the acquisition, reconstruction, and
artifact reduction strategies associated with each of these protocols.

Discussion

Recent developments in RT-MRI provide unprecedented looks into the oropharyngeal
dynamics of speech. Advances in hardware, acquisition, and reconstruction methods have
enabled spatial resolutions capable of distinguishing contact of the velum and temporal
resolutions capable of seeing tongue tip movements. The new RT-MRI speech imager is
faced with many choices. We have outlined four strategies of varying complexity in
acquisition and reconstruction that can achieve adequate spatiotemporal resolution to
visualize soft-tissue dynamics with MRI.

In this article we have only provided qualitative demonstrations of the reconstructed image
quality, and artifacts with all of the four recommended protocols. Performing quantitative
comparisons among the protocols requires a controlled experimentation setting. For
instance, evaluation of the different sampling trajectories for off-resonance artifacts, alias
energies, and motion artifacts could be performed with retrospective undersampling of a
ground truth phantom. In such experiments, it is desirable to evaluate quality using several
choices of quantitative metrics that characterize different features in the reconstructed
images. Metrics such as region-based root mean square error, structural similarity, point
spread function specifications (main lobe width, side lobe energies) have been previously
adapted.

Characterizations of parallel MRI linear reconstruction schemes are feasible using g-factor
measures as described previously.>® However, the quantitative assessments of images
obtained from nonlinear iterative constrained reconstruction schemes are nontrivial.
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Methods that derive local point spread functions for compressed sensing reconstruction
characterization have been proposed, but are not fully established.8% Few groups have
proposed regional metrics that characterize SNR in upper airway regions of interest at
several undersampling factors.#1:60.86 A controlled task-specific based RT-MRI
experimentation was proposed to evaluate the temporal finite difference constraint along
with median filtering;87 the spatiotemporal fidelity of the reconstructions were evaluated on
a mechanical motion phantom that consisted of water filled tubes rotating at predefined
angular velocities. However, such a rotating phantom may not be optimal for other
regularizers such as those involving low rank constraints. Akin to advances in using
numerical, or mechanistic phantoms in other MRI applications such as cardiovascular first-
pass perfusion, cine MRI,88:89 realistic phantoms simulating fluent speech, repeated speech
utterances with flexibility of varying the speech rates need to be developed for a thorough
evaluation of several constrained reconstruction methods.

Apart from Protocol 1, all the other recommended protocols are based on methodologies that
are currently nonroutine, such as those involving non-Cartesian sampling, and iterative
constrained reconstruction. These methods are currently associated with shortcomings of
lack of a systematic evaluation for reproducibility across sites. However, guidelines in this
article could pave the way for future reproducibility studies, which could potentially refine
the protocols into a set of routine methods in terms of best practices.

RT-MRI of speech production or swallowing is currently done in a supine position, which is
not a natural posture for speech or for swallowing, which are almost exclusively performed
in the upright position. Upright scanners can potentially overcome these problems, and there
have been a few studies that demonstrate their utility in RT-MRI of speech research.%0-92
The use of iterative constrained reconstruction algorithms have been shown to improve the
SNR from low field simulated measurements, and these hold great potential in future use of
upright low field scanners for RT-MRI of the upper airway.?3

The clinical role of RT-MRI in the assessment of abnormal vocal tract and upper airway
dynamics has not yet been determined, and remains an exciting area for investigation. VPI,
swallowing-aspiration, and obstructive apnea are among the most compelling initial
applications due to the prevalence of these conditions, and the lack of safe nonionizing
alternatives. For each of these applications, RT-MRI has provided unique insights into the
disease process, but has been hampered by cost, complexity, and availability of RT-MRI
testing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Spatiotemporal resolution requirements for various speech tasks. The placement of these
“zones” reflects the current consensus opinion among speech imaging researchers in
attendance at the 2014 Speech MRI Summit. Boundaries are approximate due to the lack of
gold-standard imaging techniques, and are being refined through the more widespread
adoption of noninvasive techniques such as RT-MRI. The plots depict the spatiotemporal
resolutions that could be realized by the four recommended protocols in Table 1. Note that
each of the protocols have tradeoffs beyond spatial and temporal resolutions, which require
careful consideration and are discussed in detail in the text. For instance, SNR losses at high
spatial resolutions (all protocols), off-resonance artifacts (Protocol 2), long acquisition times

(Protocol 4).
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8 channel 4ch custom 8ch custom
Head coil upper airway coil upper airway coil

FIGURE 2.
Comparison of image quality from different receiver coils in one adult subject. Images were

acquired using Protocol 2, spiral gradient echo imaging; 2.4 x 2.4 mm? spatial resolution.
Compared to (left) a standard head coil (middle, right) custom airway coils provide
improved SNR in all vocal tract articulators including the lips, velum, epiglottis, and tongue.
The SNR gain ranges from 50% to 1600%, and is greatest for articulators closest to the coil
elements (the lips in this case); also see.>® Custom array coils can also provide improved
parallel imaging performance (not shown).
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FIGURE 3.
Comparison of GRE and SSFP image quality at 3T. Note that the SSFP images have higher

SNR but are sensitive to off-resonance and its associated banding artifacts. In this example,
the banding artifacts manifested as signal voids on the velum and portions of tongue (see
arrows).
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Velum at rest Raised velum

bSSFP

bSSFP

hEPI

FIGURE 4.
Example images of velopharyngeal closure obtained at 1.5T using protocol 1. (a,b) The

placement of the shim volume (green box) centered around the velum (yellow arrow) for a
39-year-old male volunteer. Despite careful shimming images can degrade substantially in
some subjects during the speech sample acquisition as demonstrated by images (c,d) in a 28-
year-old patient with repaired cleft lip and palate. The velum (yellow arrow) almost
completely disappears in the elevated position (d). Although h-EPI sequences have a lower
SNR (ef), it is possible to track the velum (yellow arrow) throughout the speech sample.

J Magn Reson Imaging. Author manuscript; available in PMC 2016 October 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Lingala et al.

=30ms

Acgq. time

=48 ms

Acq. time

78 ms

Acq. time

Page 21

- 2. = 2
Spiral Radial Cartesian
TR=6ms TR = 2.45 ms TR =245ms

FIGURE 5.
Simulated aliasing artifacts for spiral, radial, and Cartesian acquisitions. Simulations are

based on 2.4 x 2.4 mm? resolution with 20 x 20 cm? FOV of a mid-sagittal slice, and are
realized by retrospective subsampling of a reconstructed image formed from a 34 interleave
spiral dataset, using different trajectories. All the trajectories were simulated with realistic
TRs that were obtained from a 1.5T GE scanner with modern gradient specifications (40
mT/m amplitude and 150 mT/m/ms slew rate). The left, middle, and right columns
respectively correspond to Protocols 2, 3, 1; all based on gradient echo imaging. In
comparison to Cartesian aliases, spiral, and radial aliasing artifacts are less coherent and less
visually detrimental to visualization of the vocal tract air space and articulators.
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FIGURE 6.
Effect of spiral readout duration on image quality. Each image represents a single frame

captured when the subject sustained the nasal sound /n/. The spiral readout durations were
(a) 2.520 msec, (b) 3.584 msec, (c) 4.576 msec, (d) 6.368 msec, and (€) 10.560 msec.
Identical shim values were used for (a—e). Blurring artifacts are most prominent near air-
tissue interfaces of the tongue, lips, and velum. (Figure courtesy: Y-C. Kim, Samsung
Research, Seoul, South Korea.)
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a In-correct center frequency b Adjusted center frequency

FIGURE 7.
Off-resonance blurring in spiral MRI can be mitigated by real-time adjustment of the center

frequency. Note that air-tissue interfaces (yellow arrows) are the locations of largest
variation in resonant frequency.
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FIGURE 8.
Redundancy in dynamic speech data: A reconstructed time series with spatial resolution of

2.4 mm2, and temporal resolution of 12 msec/frame, obtained from an ~6.5-fold accelerated
reconstruction is considered for demonstration. (a) A representative spatial frame of the time
series, and (b) the time profile along the arrow specified in (a). (c) The temporal finite
difference of the time series, which is obtained by taking the pixel-wise finite difference of
the dynamic data along time. The sparse representation of the temporal finite difference
transform was exploited to realize the accelerated reconstruction in (a,b). The dynamic data
also have sparse representations in the spatial-spectral domain (d); this representation is
obtained by evaluating the Fourier transform of the data along the temporal dimension. The
dynamic data can be rearranged as a Casorati matrix (vectorized and represented column-
wise). A singular value decomposition of this matrix reveals the redundancies amongst the
pixel time profiles, ie, fast decay of the singular values as depicted in the (€), which is
exploited in the low rank and partially separable models.

J Magn Reson Imaging. Author manuscript; available in PMC 2016 October 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lingala et al.

(a)

®)

(c)

Page 25

Acquired k-space trajectory Reconstructed image
for one time frame o
Kk

Reconstructed image time series

4»---3

pharyngeal wall

Gridding

Nyquist sampling
(78 msec/frame)
Reconstruction

Sub-Nyquist sampling
(12 msec/frame)
Gridding
Reconstruction

2 .three flve three five
“% 5 -." '_ two Dur tw four
(3]

FIGURE 9.

Subsampling in combination with efficient constrained reconstruction allows for improved
time resolution in comparison to Nyquist sampling; a spiral-based acquisition as depicted in
Protocol 2 is used. Images reconstructed using (a) Nyquist sampling and online gridding
reconstruction result in time resolution of 78 msec/frame, while (b) sub-Nyquist sampling
and online gridding reconstruction allows for significantly improved time resolution, at the
expense of aliasing artifacts. Offline constrained reconstruction addresses this tradeoff by
resolving the aliasing at the native time resolution of 12 msec/frame. Note the apparent
advantage of the increase in time resolution of (c) vs. (a) in terms of crispness along the time
axis. The task was to repeatedly count numbers “one-two-three-four-five” at a rapid pace
(the subject spoke ~4 times faster than his normal speech pace).
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480 ms

FIGURE 10.
Example of acquisition with Protocol 3: The raw data were acquired with a radial gradient

echo sequence with golden angle rotation. Images were reconstructed using a conjugate
gradient-SENSE method that applies regularization using a spatial total variation (TV)
operator. Twenty-five subsequent echoes were used to calculate low resolution sensitivity
maps for each coil and a complete image with a spatial resolution of 1.8 x 1.8 x 10 mm3,
leading to a native temporal resolution of 55 msec that was further accelerated to 40 msec by
applying a sliding window. (Figure courtesy: M. Burdumy, University Medical Center
Freiburg, Germany.)
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one repetition of /loo/-/lee/-/1a/-/za/-/na/-/za/ sample

Noo/ Nee/ la/  /zalinal /za/

FIGURE 11.
Strip plot through a single slice at the tip of the tongue (indicated by the dotted line) during

an acquisition with Protocol 4, using spatial-spectral regularization and the PS model for
reconstruction. The acquisition acquired eight simultaneous sagittal slices at 102 frames per
second while the subject uttered a simple speech sample.
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TABLE 1

Recommended RT-MRI Protocols for Speech Imaging
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Recommended protocols

Protocol 1

Protocol 2

Protocol 3

Protocol 4

Accessibility

Widely
available on
most
commercial
scanners

Custom implementation

Custom implementation

Custom implementation

Key advantages

Compatible with linear reconstruction schemes, which enables on-the-fly
reconstruction, a feature beneficial for frequently updating scan planes, and
diagnosis, & correction for artifacts on the fly

Motion robust spiral
readouts

Motion robust radial
readouts

High temporal resolution

Compatible with iterative offline reconstruction schemes
Enables high spatiotemporal resolutions (eg, up to 1.5-2.5mm?; 10-50 ms/frame)

TE/TR: 1.0/2.2
msec

Speech tasks Sustained Sustained sounds
On-line visualization (also sounds Velopharyngeal closure

see Fig 1 for spatiotemporal Velo- Bulk tongue and few rapid tongue movements (eg, consonant to vowel)
resolutions requirements) pharyngeal Parts of consonant constriction sounds

closure

Bulk tongue

movements
Speech tasks: Sustained sounds

Off-line visualization (also Velopharyngeal closure
see Fig 1 for spatiotemporal Most rapid tongue movements
resolutions requirements) Consonant constriction sounds
Coarticulation events
Receiver coil In order of preference (Also see Fig. 2):
Custom upper airway coil
Head and neck coil
Neurovascular coil
Head coil
FOV 20 x 20 to 30 x 30 cm (dependent on the coil geometry)
Orientation Dependent on speech task; Mid-sagittal for most tasks
Slice thickness 5-10 mm
Field strength 1.5Tor3T 15T 1.5T (preferred) 15T
3T 3T (preferred)
Sampling Cartesian Spiral Radial Specialized (Spiral +
Cartesian)

Sequence GRE or SSFP GRE GRE GRE
Example sequence parameters SSFP 3T TR = 6 msec, FA = 15°, 15T At3T

FA: 15°, spiral readout length =2.4  TE/TR: 1.44/2.2 ms, FA=  Spiral FLASH

TE/TR:1.1/2.3  msec 5° TE/TR =0.85/9.8 ms

msec, Cartesian FLASH TE/TR =

GRE3T 2.3/9.8 ms

FA: 30°,

Specifications of the sampling
pattern

Cartesian
subsampling
(2-3 fold)

Incoherent repetition of
short spiral interleaves
along time

Incoherent repetition of
radial readouts along time

Temporal navigation by
short spiral readouts.
Randomized Cartesian sub-
sampling for imaging data

On-the-fly reconstruction
Parallel Imaging, Partial
Fourier Gridding combined
with sliding window

v

v

]
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Recommended protocols Protocol 1 Protocol 2

Protocol 3 Protocol 4

Offline reconstruction lterative  (X) v
constrained reconstruction Eg,

spatial-spectral sparsity,

spatiotemporal finite difference

sparsity, low rank constraints

v v

Figures demonstrating quality Figs. 3-5 Figs. 5-9
and expected artifacts

Figs. (5 and 10) Fig. 11

The various speech tasks that can be captured by the recommended four protocols are classified based on the latency in visualization (on-the-fly
versus off-line). Protocol 1 can be enabled by Cartesian sequences, which are widely available on commercial scanners. Protocols 2, 3 are based on
non-Cartesian sampling trajectories, and provide options for both on-the-fly and off-line reconstructions. Protocol 4 relies on special sampling
schemes, and is based on offline reconstruction. On-the-fly reconstructions allow for real-time visualization of the speech events, and provide
flexibility in prescription of planes, diagnosis of artifacts. In comparison to on-the-fly reconstructions, off-line iterative constrained reconstructions
offer capabilities of imaging at high spatiotemporal resolutions. As discussed in the text, careful prescriptions of these protocols are required to

avoid some common artifacts.
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