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Abstract
Objective  Speech production MRI benefits from lower magnetic fields due to reduced off-resonance effects at air-tissue 
interfaces and from the use of dedicated receiver coils due to higher SNR and parallel imaging capability. Here we present a 
custom designed upper airway coil for 1H imaging at 0.55 Tesla and evaluate its performance in comparison with a vendor-
provided prototype 16-channel head/neck coil.
Materials and methods  Four adult volunteers were scanned with both custom speech and prototype head–neck coils. We 
evaluated SNR gains of each of the coils over eleven upper airway volumes-of-interest measured relative to the integrated 
body coil. We evaluated parallel imaging performance of both coils by computing g-factors for SENSE reconstruction of 
uniform and variable density Cartesian sampling schemes with R = 2, 3, and 4.
Results  The dedicated coil shows approximately 3.5-fold SNR efficiency compared to the head–neck coil. For R = 2 and 3, 
both uniform and variable density samplings have g-factor values below 1.1 in the upper airway region. For R = 4, g-factor 
values are higher for both trajectories.
Discussion  The dedicated coil configuration allows for a significant SNR gain over the head–neck coil in the articulators. 
This, along with favorable g values, makes the coil useful in speech production MRI.
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Introduction

Speech production involves the complex coordination of 
different vocal organs in the upper and lower respiratory 
airways. There are numerous benefits to the study of speech 
production dynamics. These include aiding in understanding 
what articulatory mechanism explain the inter and intrasu-
bject variability of speech as well as in understanding lan-
guage disorders [1], aiding in clinical assessment of various 
diseases, such as tongue cancer, clefts of the lips, and vocal 

cord polyps [2–4]. Another benefit includes capturing artic-
ulatory motion for use in articulation-to-speech synthesis 
to help patients regain their ability to communicate after a 
laryngectomy [5].

There are different modalities used to study speech pro-
duction, including real-time MRI (RT-MRI), electromag-
netic articulography [6], ultrasound [7], and X-ray video 
fluoroscopy [8, 9]. In comparison to these modalities, RT-
MRI provides several advantages in terms of (a) lack of ion-
izing radiation as opposed to X-ray fluoroscopy, (b) the abil-
ity to image arbitrary planes as opposed to ultrasound, and 
(c) the ability to visualize deep structures (e.g., velum, epi-
glottis) which is not possible with ultrasound or electromag-
netic articulography. The performance of speech production 
RT-MRI at conventional field strengths (1.5 T and 3 T) is 
limited by susceptibility artifacts at the air-tissue interfaces 
[10]. These artifacts often appear as spatial blur, and are both 
dynamic and precisely at the features of interest, the articu-
lator boundaries [11, 12]. RT-MRI at lower field strengths, 
such as 0.55  T, will have lower susceptibility-related 
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off-resonance, and the potential for improved performance 
[13, 14].

The use of dedicated upper airway coils provides a boost 
in SNR over standard head coils, because they experience 
higher loading from the region of interest as the coils can 
be placed closer to the articulators. They also experience 
lower noise and better parallel imaging performance due to 
highly localized elements with diverse coil sensitivity over 
the region of interest. This is particularly important at low 
field because SNR is lower than at higher field strengths. 
Dedicated coils also allow for imaging with targeted field-of-
view (FOV), which reduces the minimum amount of encod-
ing needed to make images. Improved SNR is extremely 
valuable for high-resolution structural imaging [15, 16]. 
Improved SNR and the reduced FOV is extremely valuable 
for dynamic and real-time imaging [17]. MRI systems oper-
ating at lower field strengths (e.g., 0.55 T) with high-perfor-
mance gradients have numerous advantages for dynamic and 
real-time imaging [17, 18], which is our primary motivation. 
We provide an example of fast dynamic imaging of human 
speech production using the dedicated upper airway coil pre-
sented in this work in Online Resource 1.

The gain in SNR with these dedicated coils has been 
investigated at various field strengths. At 1.5 T, an 8-chan-
nel upper airway coil was observed to yield an SNR gain of 
3–5 over a standard head and neck coil in the articulators 
[19]. At 3 T, a 16-channel upper airway coil provided an 
eightfold gain in SNR over an 8-channel head and neck coil 
in the articulators [18]. In this work, we present a custom 
designed upper airway (UA) coil for 1H imaging at 0.55 
Tesla (23.6 MHz) and evaluate its performance in compari-
son with a vendor-provided prototype head/neck (HN) coil 
over 11 upper airway volumes-of-interest (VOIs). We also 
evaluate the parallel imaging performance of both coils 
using Cartesian SENSE with uniform and variable density 
undersampling.

Materials and methods

Upper airway coil design

Two separate coil phased arrays were constructed with four 
copper elements each. For each of the two arrays, a polyvinyl 
chloride (PVC) cover was heated and shaped to conform to 
the anatomy of the jaw, and the elements were attached to 
the cover. Electronics for matching, decoupling, and detun-
ing were then incorporated. This setup along with a sche-
matic is illustrated in Fig. 1. Finally, a flexible holder was set 
up to fix the assembly to different patient shapes.

The elements are made out of thick (200 μ m) copper 
bands to minimize coil losses. Each element contains both 
active and passive detuning circuits to detune the coils 

during RF transmission. As an added safety feature during 
RF transmission, an RF fuse is added to each element. In 
each array, the four elements overlap in such a way as to 
minimize the coupling of the neighboring elements. This 
process is referred to as geometric decoupling. To decouple 
diagonal elements, a common capacitor is used to cancel 
out the reactance of the mutual inductance. This process is 
referred to as capacitive decoupling [20]. Additionally, pre-
amplifier decoupling was used to decouple non-neighboring 
elements. Geometric and capacitive decoupling were deter-
mined iteratively while loaded with a subject until desired 
decoupling coefficients were achieved. Q-factors were 
determined using a network analyzer, with both loaded and 
unloaded conditions. The typical decoupling coefficients and 
Q factors, along with the noise correlation matrix, are shown 
in Fig. 2.

Experimental methods

Experiments were performed using a contemporary whole 
body 0.55 T system (prototype MAGNETOM Aera, Siemens 
Healthineers, Erlangen, Germany) equipped with high-per-
formance shielded gradients (45 mT/m amplitude, 200 T/m/s 
slew rate) [21]. RF transmission was performed with the 
integrated body coil, and signal reception was performed 
with the integrated body coil or with a dedicated 8-channel 
UA coil or the 16-channel HN coil, both shown in Fig. 3. 
Note that in the UA coil, there is plastic holder that allows 
the arrays to be adjusted and fixed to the patient’s anatomy 
(Fig. 3, center). This allows the elements of the UA coil to 
be placed closer to the articulators than those of the HN coil.

Volumetric data of the upper airway were acquired 
using a 3D spoiled gradient echo sequence. Imaging 
parameters were: flip angle = 10°, TE = 5 ms, TR = 10 ms, 
FOV = 32 × 32x16 cm3, resolution = 2.5 × 2.5 × 5 mm3, 
receiver bandwidth = 150 Hz/pixel, and ky and kz phase 
encodings along A–P and R–L directions, respectively. Four 
subjects were scanned in a supine position under a protocol 
approved by our Institutional Review Board. Figure 4 illus-
trates the eleven VOIs used for SNR evaluation. The VOIS 
are: 1. Upper lip, 2. Lower lip, 3. Anterior tongue, 4. Middle 
tongue, 5. Posterior tongue, 6. Velum, 7. Pharyngeal wall, 
8. Pons, 9. Frontal lobe, 10. Cerebellum, 11. Occipital lobe. 
The VOIs were chosen as they comprise the majority of the 
main articulators. Each VOI was generated using the 3D 
manual segmentation tools of ITK-SNAP (www.​itk-​snap.​
org) [22].

Signal‑to‑noise ratio (SNR)

Pre-scan noise used for noise pre-whitening was acquired 
with 256 × 128 samples per channel. Images were recon-
structed using IFFT and coils sensitivity maps were 

http://www.itk-snap.org
http://www.itk-snap.org
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estimated from 26 central k-space lines. Image and coil 
sensitivity data were pre-whitened prior to SNR evaluation. 
SNR maps were computed following Roemer’s formulation 
for phased array combined image reconstruction [23]:

where p is the vector of complex image values for each 
coil, and b is the vector of complex coil sensitivities. Using 
this formulation using pre-whitened data along with proper 
scaling of the signal to preserve the same effective gain as 
the noise leads to pixel intensities in SNR units [24].

To compare the SNR efficiency of both coils (UA and HN 
coils), each coil was first compared to the integrated body 
coil by performing the imaging sequence without patient 
repositioning. This allowed per-pixel calculation of SNR 

(1)SNR =

√
2
��
�
bHp

��
�

��
bHb

� ,

gains for each of UA and HN coils relative to the body coil. 
The ratio of SNR gains for each coil (rSNR) was obtained 
as follows: rSNRUA = SNRUA/SNRbody and rSNRHN = SNRHN/
SNRbody. Subsequently, the ratio of the relatives SNR (rSN-
RUA/rSNRHN) was obtained in each VOI to directly compare 
the performance of the UA coil with the HN coil.

Parallel imaging performance

G-factor maps were calculated for both, conjugate gradient 
(CG) SENSE with uniform density undersampling (UD), 
and with a variable density (VD) Cartesian trajectory using 
32 fully-sampled central lines. We synthesized 2D data by 
performing an IFFT of the 3D data in the slice-encoding 
direction and retrospectively undersampled this fully sam-
pled 2D data that was acquired using the 8-channel UA coil 
from subject 1. We tested acceleration factors (R) of 2, 3, 
and 4.

Fig. 1   Design and layout of 
the custom upper airway (UA) 
coil. a. Both phased arrays were 
attached to an anatomically 
shaped PVC cover. Electronics 
for matching, decoupling, and 
detuning were then added. Note 
the coil overlap to minimize 
decoupling. b. Schematic of the 
phased arrays. Each element 
contains a decoupling network 
(D), matching network (M), 
and an RF fuse (F) for subject 
safety during RF transmis-
sion. In addition, the diagonal 
elements share a common rung 
with a capacitor for capacitive 
decoupling (dec)
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For arbitrary sampling trajectories, the image v can 
be reconstructed from pre-whitened data by solving 
(EHE)v = EHm , where E is the encoding matrix and m is 
the sampled pre-whitened k-space data [25]. The previous 
equation can be iteratively solved using conjugate gradients 
(CG) to approximate the image asv =

(
EHE

)−1
EHm. In this 

case, the g-factor at pixel ρ is defined as [26]:

Results

The SNR gains over the body coil for both, the UA coil and 
the HN coil, can be seen in Fig. 5.

The posture was slightly different for these two scans and 
are spatially co-registered for display. Notice that the UA 
coil generally has a higher relative SNR in the upper airway 
regions of interest such as the lips, tongues, velum, and phar-
yngeal wall, and the HN coil generally has higher relative 
SNR in the brain, as expected.

The ratio of relative SNR (rSNRUA / rSNRHN) quantifies 
the performance of the UA coil relative to that of the HN 
coil. Figure 6 shows the resulting relative ratio over all the 
VOIs. Significant SNR improvement is observed in all upper 
airway VOIs in all subjects. The gain was strongest in the 
upper and lower lip areas for all subjects, with approximately 
fourfold improvement for subject 1 and was as low as 3 for 
subject 4. This inter-subject variation in the upper airway 
is likely due to head size and variations in placement of the 
left and right-side UA coil arrays (see Fig. 3). The HN coil 
outperformed the UA coil in regions closer to the brain, such 
as the frontal lobe.

We evaluated the parallel imaging performance of both 
coils. Figure 7 contains g-factor maps, along with recon-
structed images with 15 iterations. For the UA coil with 
R = 2 and 3, both UD and VD trajectories have g-factor val-
ues below 1.1 in the upper airway region, allowing for suffi-
cient image quality. For R = 4, the g-factor values are higher 
for both trajectories, resulting in a noisier reconstruction. 
For the HN coil with R = 2, both the UD and VD g-factors 
are below 1.1 which results in low noise amplification. For 
R = 3, the g-factors are below 1.3, which can result in more 

(2)g
�
=

√
[(EHE)−1]

�,�(E
HE)

�,�

Fig. 2   Physical and noise characteristics of the upper airway coil. a. 
Element dimensions, decoupling coefficients, and Q factors. b. Noise 
correlation matrix of all eight channels. R = right, L = left

Fig. 3   Custom upper airway (UA) and prototype head–neck (HN) coil 
for 0.55 Tesla MRI. (Left) 8-channel UA coil before adjustment of 
coil elements. (Center) UA coil with coil elements placed as close 
as possible to the upper airway region without contacting the skin or 
otherwise altering speech production. A 9th element can be placed in 

between the elements for increased SNR, if the subject’s head size 
allows. (Right) 16-channel HN coil. The UA coil can be placed closer 
to the vocal tract articulators of interest and excludes signal and noise 
from the brain
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noise amplification. For R = 4, the g-factors are higher and 
the reconstruction is too noise to be of use. Overall, the UA 
coil g-factor maps are lower than those of the HN coil for all 
accelerations, resulting from the higher sensitivity difference 
in the sagittal plane of the UA coil elements.

Discussion

In this study, we demonstrated a dedicated UA coil that 
exhibited a significant increase in SNR over the HN coil in 

Fig. 4   Upper airway volumes-
of-interest (VOIs). Intersection 
of the VOIs with a mid-sagittal 
slice acquired using the (left) 
UA coil and (right) HN coil

Fig. 5   Relative SNR 
(rSNR = SNRcoil / SNRbody). In 
all four subjects, the UA coil 
provided a significant SNR gain 
in the upper airway VOIs (white 
arrows). The HN coil provided 
significantly higher SNR in the 
brain (red arrow), as expected

Fig. 6   Relative SNR of the UA 
coil compared to the HN coil 
(rSNRUA / rSNRHN). The height 
and color of the bars represent 
relative SNR. The UA coil out-
performs the HN coil in vocal 
tract VOIs (VOIs 1–7). VOIs 
with a reddish hue exhibit a 
ratio greater than 1 (UA outper-
forms HN), whereas VOIs with 
a bluish hue exhibit a ratio less 
than 1 (HN outperforms UA). 
The biggest improvement is in 
the upper and lower lip with 
4.3-fold relative SNR
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upper airway regions of interest that are relevant to speech 
production. The highest observed SNR gain was three- to 
fourfold in the upper and lower lip region.

The placement of UA coil elements close to the cheeks 
allows for a high SNR gain near the articulators, while the 
gain is negligible near the pharyngeal wall, which is the 
deepest boundary of interest. The high SNR near the articu-
lators is beneficial for upper airway imaging, as it mitigates 
g-factor noise amplification allowing for better image qual-
ity [27].

The thermal noise standard deviation in MRI is given by 
the classic relation

√
4kTΔfR , where k is the Boltzmann con-

stant, T the temperature in K, and Δf  the receiver bandwidth. 
If the coil is unloaded, the resistance R is the resistance of 
the coil Rcoil , while for loaded conditions, the total resistance 
R is Rcoil + Rsample , where Rsample is the resistance of the sam-
ple which characterizes the induced eddy current losses in 
the conductive sample [28]. We denote the quantity 
SNRintrinsic as the SNR that would be achieved with a lossless 
coil (e.g., super-conducting lossless coil), andSNRobtained , as 

the SNR that is obtained considering coil losses. From the 
noise standard deviation expression above, we see that SNR 
is proportional to 1

√
R
 . We then obtain:

The quality factor of a coil can be expressed as Q =
�L

R
 . 

Where � is the operating angular frequency, R is the total 
resistance, and L is the coil’s inductance [29]. Denoting Qu 
and Ql as the unloaded and loaded quality factors, we can 
define their ratio Qratio = Qu

Ql

 . We can then express (Eq. 3) as:

Equation 4 allows us to express the obtained SNR as a 
fraction of the intrinsic SNR using the Qratio . A higher effec-
tive sample resistance results in larger coil loading, which 
increases the Qratio , and thus the obtained SNR is a larger 

(3)
SNRobtained

SNRintrinsic

=

√
Rsample

Rsample + Rcoil

.

(4)SNRobtained = SNRintrinsic

√

1 −
1

Qratio

.

Fig. 7   Parallel imaging performance for 2D MRI of a mid-sagittal 
slice with anterior–posterior undersampling and acceleration factor of 
2, 3, and 4. Results are shown for the a. UA coil and b. HN coil. For 
both figures, the first and third rows show UD CG and VD CG recon-
structions, respectively, and the second and fourth rows show UD CG 
and VD CG gmaps, respectively. Results from one representative sub-
ject are shown. For the UA coil with R = 2 and 3, g values average 

about 1.1 in the upper airway region for both trajectories, allowing for 
good image quality for speech imaging. At R = 4, g values are higher 
(about 1.6), resulting in a noisier reconstruction. For the HN coil, 
R = 2 and 3 g factors still allow for good image quality, but at R = 4 
the image is again too noisy to be of use. Note that the g factors of the 
UA coil are lower than that of the HN coil for all accelerations
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fraction of the intrinsic SNR. The resistance of a spherical 
sample is related to the frequency and the sample size as 
Rsample ∝ �

2d5 , where d is the radius of the sample [30]. The 
coil resistance is dominated by the skin effect: Rcoil ∝

√
�  

[31].
From the above equations, we see that at higher fields, the 

resistance of the sample dominates, and thus coil losses con-
tribute less to the overall SNR. Typical values of unloaded 
and loaded Q factors at 1.5 T are 350 and 50, respectively 
[29]. Using Eq. 4 with these typical Q factor values, we see 
that the obtained SNR is 93% of the intrinsic SNR, meaning 
that if an ideal lossless coil was used, the SNR improvement 
would be only about 7%. This improvement diminishes for 
larger fields. Due to the above-mentioned frequency depend-
encies of coil and sample resistances, it can be seen that at 
lower fields the coil resistance is comparable to that of the 
sample, thus coil losses become more important. To address 
this, the UA coil aimed to increase the Qratio utilizing thick 
copper bands to decrease the coil resistance and was placed 
closer to the subject to increase loading. This resulted in 
a Q ratio of about 1.7 (see Fig. 2a), which means that the 
obtained SNR is about 65% of the intrinsic SNR. This is a 
well-accepted value, as it is very difficult to get better perfor-
mance without using super-conducting low-loss coils.

There is also an opportunity to develop denser arrays with 
smaller elements. However, minimizing coil size amplifies 
the contribution of coil losses. In the present coil, the ele-
ment size is designed for deeper structures. For even faster 
imaging, a design with more elements may help accelera-
tion (if g-factors allow for this). This could provide even 
higher SNR near the surface. With a tradeoff for loading 
factor at this low frequency, the contribution of coil losses 
will increase significantly and SNR at depth will decrease. 
Inductive coupling between elements at low frequency will 
also increase noise, and this effect can be worse for more 
elements.

Conclusion

The novel UA coil showed a 1.3 to 4.6-fold improvement in 
SNR over the HN coil in VOIs that are relevant to speech 
production. The g-factor values for the UA coil in the upper 
airway regions were below 1.1 for R = 2 and 3, for uniform 
and variable density Cartesian undersampling schemes with 
CG SENSE reconstruction. This is favorable for high-per-
formance speech production dynamic MRI at 0.55 Tesla.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10334-​022-​01036-0.
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