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Real time (RT) imaging of speech
• Speech production 

• Complex coordination of several articulators 

• RT imaging: several applications 

• Speech science 

• Insights into language production 

• Emotional speech / Phonetics of singing 

• Modeling speech 

• .. 

• Clinical practice 

• Movement disorders 

• Cleft palate 

• Apraxia 

• Tongue Cancer treatment, ..
E.Bresch et al, 2008 S.Narayanan et 
al, 2004
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• Speech production 

• Complex coordination of several articulators 

• RT imaging: several applications 

• Speech science 

• Insights into language production 

• Emotional speech / Phonetics of singing 

• Modeling speech 

• .. 

• Clinical practice 

• Movement disorders 

• Cleft palate 

• Apraxia 

• Tongue Cancer treatment

Real time (RT) imaging of speech

C.Hagedorn, 2014
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MRI v/s other modalities

E.Bresch et al, 08 S.Narayanan et al, 
04

Spiral RT-MRI 
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• RT-MRI 

• Non-invasive 

• Soft tissue contrast 

• Image deep structures 

• Arbitrary image planes 

• Electromagnetic Articulography 
(EMA) 

• High temporal res.  

- (upto 1 ms/frame) 

Hard palate

Image Courtesy:             UCLA 
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MRI v/s other modalities
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• RT-MRI 

• Non-invasive 

• Soft tissue contrast 

• Image deep structures 

• Arbitrary image planes 

• Electromagnetic Articulography 
(EMA) 

• High temporal res.  

- (upto 1 ms/frame) 

• Limited by speed ! 

• Tradeoffs in  

- Spatial resolution 

- Temporal resolution 

- Slice coverage

• Invasive 

• Cumbersome  

• Cannot visualize deep 
structures 

Hard palate
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• Schematic placement of speech tasks as “zones” 

• Consensus amongst Speech scientists (Linguists) 

- ISMRM endorsed Speech MRI summit held at Univ. of Southern California, February 2014
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• Cartesian imaging using parallel imaging, and Partial Fourier
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• To enable highly accelerated RT MRI of speech 

• Single slice imaging upto 12 ms/frame
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 Cartesian (R=2.4, 1 slice)
Spiral (R=6.5, 1 slice)
Spiral (R=6.5, 3 slices)

• To enable highly accelerated RT MRI of speech 

• Single slice imaging upto 12 ms/frame 

• Three slice imaging upto 36 ms/frame

Purpose of this work
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METHODS



• Highly accelerated RT MRI of speech is achieved by 

- Novel custom upper airway coil  

- Fast spiral readouts with golden angle time interleaving  

- Constrained reconstruction

Methods
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• We use custom upper-airway coils  

• Superior SNR in upper-airway regions of interest 

Custom upper airway coil
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(2 sizes: Adult and Kid)
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• We use custom upper-airway coils  

• Superior SNR in upper-airway regions of interest 

Custom upper airway coil

Relative SNR gain over a commercial 8-ch head coil

9
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• Spirals are naturally fast 

• Superior acquisition efficiency

Golden angle spirals
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• Spirals are naturally fast 

• Superior acquisition efficiency

Golden angle spirals

2. Materials and Methods 

2.1. Simulation 
A simulation study was performed to illustrate either a penalty 
or benefit of spiral golden-ratio view order. The spiral 
trajectory design was based on the imaging protocol routinely 
used in RT-MRI speech research conducted by Speech 
Production and Articulation kNowledge (SPAN) group at the 
University of Southern California. The design parameters 
were: 13-interleaf uniform density spiral (UDS), 20 × 20 cm2 
field of view (FOV), 2.4 × 2.4 mm2 in-plane spatial resolution, 
maximum gradient amplitude = 40 mT/m, maximum slew rate 
= 150 mT/m/ms, and pseudo bit-reversed temporal view order 
(see Ref. [9] for details). The pseudo bit-reversed temporal 
view order was applied in order to shorten the spiral interleaf 
angle gaps in a few adjacent interleaves at any time point and 
thus reduce motion artifacts. Spiral golden-ratio view order 
was performed by sequentially incrementing the spiral 
interleaf angle by the golden-ratio angle 360°/1.618 = 
222.4969° at every TR (see Fig. 1).  Because golden-ratio 
sampling results in non-uniform angle spacing of spiral 
interleaves in k-space, unaliased FOV was defined to be the 
reciprocal of the maximum sample spacing in k-space.   

2.2. Experimental Methods 
MRI experiments were performed on a GE Signa Excite HD 
1.5 T scanner with gradients capable of 40 mT/m amplitudes 
and 150 mT/m/ms slew rates.  A body coil was used for radio 
frequency (RF) transmission. A 4-channel upper airway 
receive coil array was used for RF signal reception. In the 4-
channel receive coil array, two coil elements are anterior and 
the other two coil elements are posterior to the head and neck. 
A subject was screened and provided informed consent in 
accordance with institutional policy.  
     A mid-sagittal scan plane of the upper airway was imaged 
in supine position using custom real-time imaging software 
[10]. The spiral trajectory design followed those described in 
the Simulation section. The imaging protocol was: slice 
thickness = 5 mm, repetition time (TR) = 6.004 ms, receiver 
bandwidth = ±125 kHz.  The golden-ratio view order scheme 

was compared with the pseudo bit-reversed 13-interleaf UDS 
method on the same mid-sagittal scan plane. During each RT-
MRI scanning session, there were 6 stimulus slides which are 
sequentially presented as “type bow know five”, “type bone 
oh five”, “type toe node five”, “type bone know five”, “type 
tone oh five”, and “don’t carry an oily rag like that”. The 
presentation of the stimuli was controlled by Microsoft 
Powerpoint, in which there was a 1 second pause between the 
adjacent slides.  The subject was instructed to look at the 
screen through the mirror that is attached to the coil array and 
speak the words at a normal speech rate.  
     Gridding reconstructions were performed using temporal 
windows of 8TRs, 13TRs, 21TRs, and 34TRs with a frame 
update rate of 1 TR. Gridding reconstructions consisted of 
gridding the convolution of k-space data on the spiral 
trajectories with a 6 × 6 Kaiser-Bessel kernel onto 2× grids 
followed by taking 2D inverse fast Fourier transform (FFT) 
and deapodization [11].  Since the images reconstructed from 
the posterior coil elements had severe aliasing artifacts in the 
anterior portions of the mid-sagittal upper airway, sum-of-
squares reconstructions from the two anterior coil elements 
were performed to obtain final images. For comparison of 
image quality in different temporal window reconstructions, 
image frames were reconstructed from the data in which the 
centers of each temporal window were aligned.  
 

Unaliased FOV 
Temporal 
Window 

Temporal 
Resolution Conventional 

Pseudo Bit-reversed 
13-interleaf UDS 

Golden-Ratio 

8 TRs 48 ms 6.7 cm, 10.0 cm 10.6 cm 

13 TRs 78 ms 20.0 cm 17.1 cm 

21 TRs 126 ms 20.0 cm 27.6 cm 

34 TRs 204 ms 20.0 cm 44.7 cm 
 
Table 1: A relationship between temporal window (i.e., 
temporal resolution) and unaliased FOV when a temporal 
window is selected retrospectively. Listed are the unaliased 
FOVs on four different temporal windows that were 
considered in the experimental studies.  

Figure 1. Schematic diagram of real-time continuous MRI data acquisition (DAQ) using a golden-ratio spiral view order. A 
sequence of only first five TRs is shown. (Top) Pulse sequence diagram. (Bottom) Accumulation of spiral interleaves in the sampling 
of k-space as time elapses. Every spiral interleaf acquired during current DAQ period is indicated in red color. It is noted that 
temporal resolution can be controlled by the number of adjacent TRs chosen when reconstructing a frame. In the golden-ratio 
sampling scheme, next spiral interleaf never overlaps with previously acquired interleaves. Hence, sampling density (i.e., imaging 
field-of-view) increases as the number of adjacent TRs used for a frame reconstruction increases.      

• Golden angle sampling offers flexibility in retrospective choice of temporal resolution 

- Guaranteed max. efficiency for Fibonacci choice of interleaves
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• Spirals are naturally fast 

• Superior acquisition efficiency

Golden angle spirals

• Multi-slice time interleaved golden angle sampling 

- Guaranteed max. efficiency for Fibonacci choice of interleaves
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• Regularized SENSE reconstruction:

Constrained reconstruction

f(x, t) rt · f(x, t)

individual coil images from a custom coil

minf kA(f)� bk22| {z }
data consistency

+ �krt(f)k1| {z }
temporal reg.

;

A - coil sensitivity encoding + NUFFT along GA spiral

rt- temporal finite difference

- regularization parameter�
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• Regularized SENSE reconstruction: 

• Solved using iterative non-linear conjugate gradient algorithm  

• Recon. time ~ 60 min for a 24 sec. speech sample with 12 ms time resolution (Nx x Ny x Nt = 140 x 140 x 2000 )

Constrained reconstruction

f(x, t) rt · f(x, t)

minf kA(f)� bk22| {z }
data consistency

+ �krt(f)k1| {z }
temporal reg.

;

A - coil sensitivity encoding + NUFFT along GA spiral

rt- temporal finite difference

- regularization parameter�

13

individual coil images from a custom coil
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Experiments
• 1.5 T GE Signa Scanner 

• Real time (RTHawk) interactive system  

• J. Santos, IEEE-EMBC 2004 

• Simultaneous audio acquisition at 20 KHz, and noise cancellation  

• C.Vaz, Interspeech 2014

RTHawk
RTHawk

Scanner	  HardwareInterac-ve	  control	  
sta-on

Simultaneous	  audio	  acquisi-on
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Experiments
• A range of sequences implemented 

- FOV: 20cm2; Flip angle: 150; slice thickness: 5 mm; TR = 6.004 ms 

• Single slice sequences 

- 2.4 mm2; 1.76 mm2 

• Two/three slice sequences 

- 2.4 mm2 

• Reconstruction  

- Online  

• Gridding (without and with view-sharing) 

- Offline  

• Constrained reconstruction  

• 4 volunteers and 1 patient were imaged with a variety of speech stimuli 

• Counting numbers (normal and fast pace) 

• Puerto Rican Spanish stimuli 

• Sentences from the TIMIT set (standard in speech processing field) 

- S.Narayanan et al, Journal Acoustical Society of America. 2014 15
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Results: Volunteer
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• Tongue cancer patient imaged prior to treatment

Vowel and consonant sounds @ 12 ms/frame

ROI 2

ROI 1

ROI 3
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ROI 2

ROI 1

ROI 3

beat bit bait bet bat pot bought boat

\t \t \t \t \t \t \t \t

\b \ea \ai \e \a \o \ou \oa

Vowel and consonant sounds @ 12 ms/frame
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• Puerto Rican Spanish stimuli 

- Involves rapid articulatory movements 

• Simultaneous sagittal and coronal imaging @ 24 frames/sec

Fast multi-plane imaging: Spanish stimuli

tongue grooving

20



Fast multi-plane imaging
• Consonants interleaved by vowels 

- /loo/-/lee/-/laa/-/za/-/na/-/za/ 

• Simultaneous three slice imaging @ 36 frames/sec
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• Novel accelerated RT-MRI of speech framework 

• Custom upper-airway coil 

• Spiral golden angle, multi-slice acquisition 

• Constrained reconstruction

Conclusions
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• Novel accelerated RT-MRI of speech framework 

• Custom upper-airway coil 

• Spiral Golden angle, multi-slice acquisition 

• Constrained reconstruction 

• Potential to drive new Linguistic based hypothesis which require high time resolution
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