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Abstract
Objective The slow spatial encoding of MRI has precluded its application to rapid physiologic motion in the past. The 
purpose of this study is to introduce a new fast acquisition method and to demonstrate feasibility of encoding rapid two-
dimensional motion of human vocal folds with sub-millisecond resolution.
Method In our previous work, we achieved high temporal resolution by applying a rapidly switched phase encoding gradient 
along the direction of motion. In this work, we extend phase encoding to the second image direction by using single-point 
imaging with rapid encoding (SPIRE) to image the two-dimensional vocal fold oscillation in the coronal view. Image data 
were gated using electroglottography (EGG) and motion corrected. An iterative reconstruction with a total variation (TV) 
constraint was used and the sequence was also simulated using a motion phantom.
Results Dynamic images of the vocal folds during phonation at pitches of 150 and 165 Hz were acquired in two volunteers 
and the periodic motion of the vocal folds at a temporal resolution of about 600 µs was shown. The simulations emphasize 
the necessity of SPIRE for two-dimensional motion encoding.
Discussion SPIRE is a new MRI method to image rapidly oscillating structures and for the first time provides dynamic 
images of the vocal folds oscillations in the coronal plane.

Keywords Magnetic resonance imaging · Dynamic MRI · Sub-millisecond MRI · Vocal chords · High temporal resolution 
MRI

Introduction

The vocal folds are a key component in the production of 
human voice. Driven by a subglottal pressure built up by 
expiratory forces, the vocal folds oscillate and produce 
sound (phonation) which is modulated by the vocal tract 
acoustics to allow for a range of expressions in speech and 
singing. During the latter, the vocal folds can oscillate with 
fundamental frequencies higher than 1500 Hz [1]. How-
ever, vocal fold pathologies including mass lesions [2, 3], 
Reinke’s edema [4, 5], sulcus vocalis [6] or cancer [7, 8] 
can significantly alter the mechanical properties of the 
vocal folds leading to hoarseness or even the inability to 
phonate. To determine the effect of such vocal fold mass 
lesions on the voice source production, imaging techniques 
are essential [9, 10]. In addition to static diagnostic imag-
ing, dynamic visualization techniques of vocal fold motion 
can furthermore provide a better functional understanding 
of the phonation.
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The vocal folds consist of the musculus vocalis and the 
lamina propria, a non-muscular layered structure containing 
elastin and collagen fibers, which is covered by a thin epithe-
lial layer [11]. This oscillatory system can be described by 
the biomechanical cover-body model that assumes coupled 
oscillators of different masses in each vocal fold [12–14]. 
The closure of the vocal folds during phonation is performed 
by the surface layers in an upward and later side-traveling 
mucosal wave. In male singers, at a phonation frequency of 
150 Hz, a mucosal wave velocity of 4 m/s can be expected 
[15]. To better understand the motion and the model, many 
visualization techniques have been applied.

Currently, laryngeal stroboscopy [16, 17] is the gold 
standard in dynamic vocal fold imaging—here, an endo-
scope is inserted transnasally or transorally with a view to 
the larynx including the vocal folds, and images are acquired 
in the presence of a stroboscopic illumination which is 
slightly detuned to the vibration frequency of the vocal folds 
to capture different phases of the oscillatory motion. Thus, 
laryngeal stroboscopy provides a two-dimensional top-down 
view of the oscillating vocal folds without any depth infor-
mation. The same holds for high-speed glottography, where 
the temporal resolution is much higher than with strobos-
copy [18]. Depth-kymography on the other hand allows to 
extract depth information from the vocal fold topology via 
laser triangulation [19], and optical coherence tomography 
(OCT) can differentiate individual layers within the vibrat-
ing vocal folds [20]. These imaging techniques share the 
limitation that the vocal folds can be examined only in a 
top-down view or need very close contact with the vocal 
folds. Cross-sectional measurements of the vocal fold veloci-
ties have been performed in the coronal plane using exter-
nal ultrasonic transducers [21], or in excised hemilarynges 
[22, 23]. Compared to these imaging techniques, MRI is 
less invasive, it offers different soft tissue contrasts, and it 
has the potential to visualize the complex motion pattern in 
arbitrary slice orientations. MRI is already an established 
technique for the visualization of vocal tract dynamics in 
voice production [24–26] and singing [27–29]. Recently, 
dynamic 3D reconstructions of speech production with 15 
fps have been presented [30].

To overcome the depth limitations of conventional imag-
ing, we recently applied MRI to dynamically visualize the 
rapid oscillation of the vocal folds in the transverse plane 
[31]. Dynamic vocal fold MRI is challenging as the oscilla-
tion frequencies are on the order of or higher than the typical 
switching frequencies of the MRI gradients. Using fast gra-
dient switching in phase-encoding (PE) direction and simul-
taneous electrophysiologic measurements [32], we could 
resolve the 1D motion of the vocal folds in left–right (LR) 
direction with sub-millisecond temporal resolution. Dynamic 
images in transverse orientation provide similar information 
than conventional imaging techniques—clinically, a coronal 

cross-sectional view would be desirable as it could demon-
strate both the LR closure and the propagating mucosal wave 
in inferior–superior direction.

In this work, we propose a 2D single-point imaging with 
rapid encoding (SPIRE) technique for dynamic imaging, 
where the temporal resolution does not depend on TR but 
on the much shorter duration of time-optimized PE gradients 
applied in both in-plane directions.

The pulse sequence is based on the single-point imaging 
(SPI) technique [33], which uses only PE gradients for spa-
tial encoding. Thus, only a single k-space point is acquired 
per RF excitation which makes the acquisition time propor-
tional to the number of k-space points. SPI ensures a con-
stant echo time (TE) for all points in k-space which avoids 
k-space filtering from  T2* decay for materials with ultrashort 
 T2* [34], so that SPI is the preferred imaging method for 
applications in porous media [35, 36] and solid materials 
[37, 38]. The long acquisition times of SPI can be shortened 
by applying the excitation pulse already in the presence of 
ramped up encoding gradients [39]. SPI is also applied in 
hybrid zero echo time sequences to acquire data close to 
k-space center [40, 41].

Methods

SPIRE pulse sequence

The SPIRE sequence is an extension of our 1D-motion 
encoding method [31]. Here, time-optimized PE was per-
formed along the LR direction in which the fast vocal fold 
motion occurs. The duration of the PE gradients is shorter 
than the oscillatory motion displacement of the vocal folds, 
so that quasi-static images of the vocal folds can be recon-
structed for different phases of the oscillation. In ante-
rior–posterior direction, conventional longer frequency 
encoding gradients were used, making this technique unsuit-
able for rapid 2D motion encoding. Thus, in SPIRE short 
PE gradients are applied in both in-plane directions and no 
frequency-encoding gradient is used during data acquisition 
(Fig. 1a).

The sequence was implemented on a clinical 3 T MRI 
system (PrismaFit, Siemens, Germany) with a maximum 
gradient amplitude of Gmax = 80 mT/m and a maximum slew 
rate of smax = 200 mT/m/ms. PE durations, tPE, were mini-
mized by using triangular gradient shapes with high slew 
rates. The duration of the n-th PE gradient is given by

N is the total number of PE steps in one image dimension, 
Δx is the in-plane resolution, and � = 42,577 MHz∕T is the 

(1)tPE(n) = 2 ⋅

√
n

N ⋅ � ⋅ Δx ⋅ smax

.
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gyromagnetic ratio. With this gradient system and a spatial 
resolution of Δx = 1 mm, the outermost k-space point can 
be encoded with a PE gradient of tPE max = 485 µs duration 
(Fig. 1b). When the gradient amplitude GPE(n) reaches the 
maximum realizable gradient strength Gmax , i.e., for

trapezoidal PE gradients are applied, and tPE increases lin-
early with n. Data from a single k-space point are acquired 
for about 100 µs at a constant TE which is determined by 
tPE max . After the acquisition block, remaining transverse 
magnetization is spoiled along slice direction and PE gradi-
ents are rewound.

To avoid signals from above and below the imaging FOV 
in SI direction to fold over on the vocal folds, two satura-
tion bands (width = 80 mm) were applied to minimize these 
signals (Fig. 2).

SPIRE image acquisitions cannot be performed within 
one continued phonation, as the total measurement time can 
be several minutes long. To detect and correct for breathing 
motion and involuntary laryngeal movements, 1D navigator 
measurements in both SI and LR direction were integrated 
into the SPIRE sequence and applied every 100 ms, together 
with the saturation bands (Fig. 1a).

Simulation of 1D and 2D encoding schemes

To demonstrate that the SPIRE sequence can encode 2D 
motion patterns, we simulated the signal acquisition with 

n ≥
�Gmax

2NΔx

smax

,

SPIRE and compared it to the previously presented FLASH 
sequence for fast 1D motion encoding [31]. A numerical 
motion phantom was designed consisting of two elongated 
rectangles that rotate by 90° about two pivot points at their 
ends (similar to a double-sided swing door) (Fig. 3). To 
simulate the MR signal, about 15 individual signal sources 
(isochromates) per pixel were placed within the initial 
boundaries of the rectangles, and a periodic in-plane motion 
path was defined for each isochromate. Simulations were 
performed with five different frequencies, chosen such that 
the fastest isochromate moves by Npx = 0, 1, 5, 25, or 50 
pixels during phase encoding:

With the given measurement parameters, this translates 
to vmax = 0, 1.4, 7.1, 35.5, 71.0 m∕s ; the simulation with 
vmax = 0 m∕s served as the reference. The signal evolution 
was then calculated for the SPIRE sequence with similar 
parameters as in the volunteer experiments, but a quadratic 
FOV = (60 mm)2 and  642 matrix size. For the 1D motion 
encoding sequence, the same spatial resolution and maxi-
mum phase encoding time (660 µs) were chosen, and a read-
out bandwith of 1000 Hz/pixel was used. An analytical solu-
tion of the Bloch equations [42, 43] was used to calculate 
the evolution of the magnetization, and the signals from the 
isochromates were summed and assigned to the correspond-
ing k-space positions. Gradient spoiling was simulated by 
nulling the transverse magnetisation prior to each RF excita-
tion (i.e., perfect spoiling). The simulation was carried out 

vmax = Npx

Δx

tPE max

.

Fig. 1  a Sequence diagram of the proposed SPIRE method. PE 
occurs in both in-plane directions, and PE gradients are applied for 
the shortest possible time. Dotted lines indicate the gradient shapes 
for the largest phase encoding moments. The two saturation bands are 
excited, followed by the acquisition of an SI or RL projection used 
as a navigator. Navigators are followed by 40 SPI acquisitions, where 

the ADC follows immediately after the rapidly switched phase encod-
ing gradients. b Duration of GSI depending on the encoding step n. 
In our measurements, the gradient shapes remain triangular for all 
k-space points. The steps in the gradient duration stem from the 10 µs 
raster of the gradient system. Gray lines show the achievable duration 
with a given slew rate
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for Nphs = 20 different motion phases with increasing phase 
of the motion at the peak of the PE gradient lobe

From the simulated k-space data, images were recon-
structed using a conventional 2D Fourier transform. Simu-
lations were implemented in MATLAB (The MathWorks 
Inc., Natick, MA).

Volunteer experiment

To image the vocal fold oscillations, two untrained, male vol-
unteers were instructed to sing continuously during the SPIRE 
measurement, and to interrupt singing only briefly for breath-
ing whenever necessary. To achieve a constant singing funda-
mental frequency, the volunteers were provided with visual 
feedback via an audio spectrogram shown on a screen where 
the target frequency (fsinging = 140 Hz) was highlighted. An 
electroglottogramm (EGG) [44, 45] was acquired during the 
measurement to gate the MR data during reconstruction. The 
EGG system (EGG-D400, Laryngograph Ltd., London, UK) 
has two MR-conditional electrodes, which were placed on the 
volunteers’ skin to the left and right of the larynx. The EGG 
provides an electrical signal that is proportional to the con-
tact area of the vocal folds, and from which frequency, phase 
and the relative amplitude of the oscillation can be extracted. 
To avoid sampling of the same motion phase in each TR, the 

�i = i ⋅
2�

Nphs

, with i = 0, 1,… , 18, 19.

Fig. 2  Gradient echo images acquired with a regular FLASH 
sequence during phonation. In the sagittal view, the position of the 
image slice for the SPIRE acquisition is indicated by the blue lines 
and in the coronal view the position and size of the field of view is 
shown. Yellow areas indicate the saturation bands applied during the 
SPIRE sequence. White arrows indicate the position of the oscillating 

vocal folds, which is also revealed by motion artifacts in the AP and 
RL direction. The slice position in AP direction is chosen halfway 
between the thyroid cartilage and the vocal process. In the RL direc-
tion, moderate aliasing of neck tissue is accepted to reduce measure-
ment time

Fig. 3  Schematic representation of the phantom and its motion. Two 
white bars with width 2  mm and length 10  mm rotate about their 
pivot points (red dots). The opening angle changes sinusoidally and is 
always the same on both sides



305Magnetic Resonance Materials in Physics, Biology and Medicine (2022) 35:301–310 

1 3

singing frequency was chosen such that it was different from 
integer multiples of the repetition frequency:

For MR signal reception, a loop coil (R = 3.5 cm, Siemens 
Healthcare, Erlangen, Germany) was placed at the level of 
the vocal folds on top of the electrodes. To synchronize EGG 
and MR data, an optical trigger signal from the MR systems 
electrical cabinet was converted into an electrical signal and 
sent to the EGG recorder at every excitation pulse. EGG and 
optical trigger were recorded using SPEAD (Version 4.2.2, 
Laryngograph Ltd, Walligton, UK) and exported using the 
two stereo channels in the WAV file format.

The extent of the neck in LR direction is usually much 
smaller compared to SI direction, but can vary between vol-
unteers. Here, we use a rectangular field of view by increasing 
the step-size in k-space, while accepting small aliasing of the 
surrounding tissue without compromising the signal from the 
vocal fold tissue (Fig. 2).

To achieve an image resolution below 1 mm, a rectangular 
FOV of 60 mm × 41 mm was chosen using a matrix size of 
64 × 44. With α = 10°, TE = 1.2 ms, TR = 2.45 ms and 24 rep-
etitions, the total acquisition time was 2 min 58 s for a single 
2D slice. With these parameters tPE max was not limited by the 
scanner hardware, but by peripheral nerve stimulation (PNS) 
caused by the rapid gradient switching. To avoid PNS, slew 
rates were limited to 121 mT/m/ms (Fig. 1b).

Image reconstruction

In a first step, for each measured k-space point the phase of 
the vocal fold oscillation cycle at the peak of the PE gradients 
was identified from the simultaneously acquired EGG data. 
Therefore, a sine function was fit to the EGG data to extract 
amplitude, fundamental frequency and phase of the oscillation. 
While the measured EGG signal is not sinusoidal in shape, its 
fundamental frequency still provides a suitable measure of the 
vocal fold oscillation frequency. The phase of the fitted EGG 
waveform was used to sort the acquired data into 10 different 
k-spaces to allow a fluid reconstruction of the motion without 
compromising SNR.

Prior to the image reconstruction, the shift in image space, 
δx, of each navigator Ĩn(k) with respect to a reference navigator 
Ĩref(k) was calculated. To estimate δx, we use the phase only 
cross correlation (POCC) which previously has been used to 
track passive markers during interventions [46, 47].

fTR =
1

TR
≠ m ⋅ fsinging with m ∈ ℕ.

POCC(k, n) =
Ĩref(k)

∗

‖Ĩref(k)‖
⋅

Ĩn(k)

‖Ĩn(k)‖
=

Ĩref(k)
∗

‖Ĩref(k)‖
⋅

Ĩref(k)e
−i(k⋅𝛿x)

‖Ĩref(k)e−i(k⋅𝛿x)‖
= e−i(k⋅𝛿x).

As navigator data were only measured for every 40th 
k-space point, the shift was linearly interpolated for every 
SPI acquisition, and the shifts were corrected in k-space 
using the inverse Fourier shift theorem. A navigator 
acquired during the middle of the measurement was chosen 
as reference when the volunteer was singing with stable 
phonation. SPI data were rejected for image reconstruction 
when a shift of more than 3 mm in SI or RL direction was 
detected by the POCC—typically, these large shifts were 
associated with breathing. The additional fit-parameters 
(frequency, amplitude, R2) were used to detect the absence 
of phonation (during breathing) in the EGG signal and 
such data were also rejected.

Due to the retrospective gating, some k-space points 
were acquired multiple times and some were missing. To 
avoid undersampling artifacts, an iterative reconstruction 
with a total variation constraint [48, 49] along the tempo-
ral dimension was applied using the Berkeley Advanced 
Reconstruction Toolbox (BART, version 0.6.00), an 
open-source image-reconstruction framework for MRI 
[50]. Processing of MR and EGG data was implemented 
in MATLAB.

Results

Figure 4 compares the simulated images of the numerical 
phantom at two different motion phases: at rest ( � = 0◦ ), 
and at the highest angular velocity ( � = 45◦ ). An animated 
version is provided in the supplementary material (Online 
Resource 1). In the optimized FLASH images artifacts 
and incorrect spatial encoding can be seen already for 
the lowest velocity of 1 px/tPE which are a consequence 
of the delay between phase and frequency encoding. In 
addition, distortions of the geometrical shape are seen 
that increase with the motion velocity—for the highest 
velocity of 50 px/tPE the signal is blurred over large areas 
and the geometry of the phantom cannot be recognized. 
With SPIRE, image information is always encoded at the 
correct position, only minor blurring and displacement 
artifacts become apparent at 25 px/tPE, and they are more 
pronounced around � = 0◦.

Figure 5 shows all navigators acquired in SI direction 
as well as the calculated shift w.r.t. to the empirically 
chosen reference line (here: line 471). Between the short 
breathing interruptions, the position of the vocal fold can 
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be clearly identified, and a slow upward movement can 
be observed. About 28% of the acquired data is rejected 
mainly because of a lack of phonation as detected by the 
EGG or uncorrectable larynx shifts in the navigators. For 
the accepted SPI data, the mean phonation frequency was 
165.1 ± 3.4 Hz (Online Resource 2). Due to data rejection, 
48,365 SPI acquisitions were accepted that were sorted 
into 10 dynamic 2D k-space data sets (temporal resolu-
tion: 606 µs) with 64 × 44 data points each resulting in 
17% empty k-space points. In the second volunteer, the 
mean frequency was lower (148.3 ± 4.5 Hz) and about 34% 
of the acquired MR data were rejected (24% of k-space 
remained empty). Figure 6 shows each dynamic frame and 
the averaged EGG signal from all acquisitions over one 
oscillation cycle. In frames 1 and 2, the low EGG signal 
is consistent with an open state of the vocal folds, and 
in frame 3 the closing of the vocal folds begins. This is 
reflected in the SPIRE images, as in the third frame the 
lower parts of both vocal folds move toward the center 
of the glottis (the opening between the vocal folds). In 

frames 4 and 5, the vocal folds are fully closed and the 
contact point between both the left and right vocal fold 
moves upward. In the following frames, the vocal folds 
open again: in frame 6, the lower parts start to move back 
to the side, and in frame 7 a kink in the EGG signal is seen 
which marks the beginning of the separation of the upper 
parts of the vocal folds [51–53] that can also be seen in 
the MR images 7–10. At the contact point between both 
the vocal folds, the SPIRE signal is low compared to the 
rest of the tissue, making it hard to define the contact area. 
A video of the vocal fold oscillation slowed down 100 
times can be found in the supplementary material (Online 
Resource 3). Minor signal oscillations at the image edges 
in LR direction stem from the EGG electrodes vibrating 
on the skin, excited by the vibration in the larynx. A com-
parison of the image reconstruction without prior shift 
correction is shown in Online Resource 4. The results for 
the second volunteer can be found in the supplementary 
material (Online Resource 5 and 6). Due to the lower sing-
ing frequency, the temporal resolution of the reconstructed 
images is 675 µs. 

Fig. 4  Reconstructed simula-
tions of the door phantom using 
the SPIRE sequence (top) and 
optimized FLASH (bottom) 
for two distinct motion phases 
and five different velocities. 
Graphs in the center row show 
the behaviour of �(t) during the 
longest phase encoding gradient 
lobe (gray). Images inside the 
blue rectangle were simulated 
with a stationary phantom and 
thus serve as a ground truth. 
The arrow in the FLASH 
images indicates the direction 
of frequency encoding. Red 
continuous line: � = 45◦ at peak 
of GPE. Red dotted line: � = 0◦ 
at peak of GPE. The dashed line 
in the SPIRE image for v = 50 
px/tPE represents the phantom 
shape of the ground truth. The 
images show a central cutout 
from the phantom in Fig. 3
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Fig. 5  Top: All 852 SI-navigators acquired during the measurement, 
of which the 471st is taken as a reference line (shown in red). Bot-
tom: blue points show the shift of each navigator with respect to the 
reference (red dot). A red background indicates those regions where 

data were rejected during reconstruction, because the shift was esti-
mated to be larger than 3 mm, most likely due to the volunteer breath-
ing

Fig. 6  Individual frames 
reconstructed from measure-
ments with volunteer one. Top: 
left: first frame of the recon-
structed motion. The red square 
indicates the position of the ROI 
in the images below. Right: the 
red line shows the mean of the 
aligned EGG signals during all 
accepted SPI acquisitions, the 
red area indicates the standard 
deviation. Numbers in the plot 
relate the phase in the EGG 
cycle to the reconstructed image 
frame. All MR data where 
the peak of the PE gradients 
occurred within the first EGG 
bin are sorted into the first 
frame, etc. Bottom: ten frames 
of the reconstructed oscilla-
tion with a temporal resolu-
tion of Δt = 606 µs per frame. 
The red line shows the shape 
of the vocal folds in frame 1 
and is copied to all frames for 
comparison
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Discussion and conclusions

In this pilot study, for the first time, dynamic 2D MR images 
of the oscillating vocal folds during phonation are presented. 
The dynamic image information correlates well with the 
oscillation phases from the EGG-signal, and the open and 
closed phase can be clearly distinguished in the SPIRE 
images.

The simulations of the SPIRE signals show that a 2D SPI 
method is needed to overcome the image artifacts caused by 
the fast 2D oscillations, and that the previously presented 
1D method cannot be applied in this case. In the simulated 
phantom images, artifacts are more pronounced in station-
ary phases of the motion ( � = 0◦) than at maximum velocity 
( � = 45◦) . This counterintuitive result is a consequence of 
the symmetry of the motion pattern: for small velocities, 
each isochromate effectively performs a linear motion over 
tPE and a mean position is encoded. For higher velocities, 
motion can no longer be linearly approximated and the 
sequence becomes motion sensitive. However, if the motion 
pattern has odd symmetry with respect to the center of the 
PE gradient, the encoded phase due to motion is rewound 
over the phase encoding gradient and only the mean posi-
tion is encoded. This is the case at � = 45◦ , where a uni-
form distortion of the object shape can be seen in the images 
simulated with v = 50 px/tPE: The two bars appear shorter, 
because the mean position of an object moving along an arc 
is not located on the same arc but on a smaller radius and the 
object appears smaller (see second row in Fig. 4).

Even though the expected velocity of the mucosal wave 
is about 4 m∕s = 2.8

Δx

tPE
 , the correct representation of the 

shape of the vocal folds is important to understand the 
motion dynamics, so that the use of the more time-consum-
ing SPI method is warranted. Single-point imaging has pre-
viously been used for high-speed acquisition, where rapidly 
switched currents were measured limited only by the band-
width of the ADC [61]. A similar approach for sub-millisec-
ond temporal resolution was recently presented for dynamic 
imaging of aortic heart valves [60], where short gradient 
pulses were used in readout direction.

The use of navigators allows to compensate for posi-
tion differences between phonation cycles, and preserves 
edges in the non-oscillation tissues. In general, the applied 
POCC algorithm can correct in-plane movement, but is not 
suitable for out-of-slice motion, which might occur when 
larynx motion and slice orientation are not parallel. Future 
work will focus on reproducible positioning of the volun-
teers larynx and improvements in navigator signal to bet-
ter preclude and correct subject motion. Additionally, prior 
knowledge about the surrounding tissue might improve 
image reconstruction.

A limitation of SPIRE is that with the current contrast 
the contact area between the left and right vocal folds can-
not be clearly identified. This low signal intensity is most 
likely caused by the MRI properties of the epithelial tis-
sue—as the contact area cannot be measured precisely, 
the dynamics of the mucosal wave is hard to identify. This 
limitation might be overcome by using image contrasts the 
enhance liquid-containing tissues; for example, a balanced 
steady state free precession (bSSFP) technique might be 
suitable, which can easily be integrated into the sequence 
by rewinding the gradient moments between each RF 
excitation.

At the spatial resolution used in this work, a temporal 
resolution of 500 µs can theoretically be achieved with 
the available gradient system. However, currently PNS 
limits prohibit the use of ultrafast gradient switching, and 
thus a sub-optimal TR had to be used which comes at the 
expense of increased measurement time or fewer acquired 
data points.

In the case of patients with vocal fold pathologies, 
repeated phonation for 3  min might be strenuous and 
improvements to acquisition times are needed. In this work 
we have not explored the possibility of parallel imaging. 
Accelerated 3D image acquisitions with a 2D Poisson-
disc undersampling pattern in phase and partition encod-
ing direction have been shown to work well with regu-
larized reconstructions [54–56]. In this work, however, 
acquisitions using a twofold undersampled poisson disc 
and reconstructed using an additional l1-wavelet regu-
larization along spatial image dimensions could not reach 
the image clarity visible in the reconstructions where all 
k-space points are acquired even if acquisition time was 
kept the same (intentional). We assume that l1-wavelet 
regularization does not result in good sparsity in small 
matrix sizes.

An interesting application for SPIRE is the analysis of 
different vocal registers in the human voice. The vibratory 
motion of the vocal folds can change its quality to provide 
the wide range of frequencies. While in the modal register 
(usual register for speech and singing) oscillations involve 
body and cover of the vocal folds, in the falsetto register 
(used for higher frequencies) only the thin cover layer 
vibrates and the body remains almost motionless. SPIRE 
2D imaging of these registers could significantly improve 
our understanding of voice production as tissue motion 
below the closed vocal folds can be visualized, which can-
not be seen from a top-down perspective as in most optical 
examinations. SPIRE could also be used in phonosurgery 
[57, 58] to study the perturbation of the vibratory movement 
by vocal fold lesions in pre- and post-surgical analysis. Addi-
tionally, SPIRE enables to study the vocal fold oscillation in 
subjects where the top-down view of the oscillating vocal 
folds is blocked, e.g., by verticular fold hyperadduction or 
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oscillation. This can be the case in muscle tension dysphonia 
[59] or special vocal techniques used in contemporary musi-
cal style singing like rattle [62]. Beyond vocal fold imaging, 
SPIRE could be applied to any periodic two-dimensional in-
plane motion, as long as a gating signal with high temporal 
resolution is available.
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