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High-Resolution Three-Dimensional Hybrid MRI + Low Dose
CT Vocal Tract Modeling: A Cadaveric Pilot Study
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Summary: Objectives. MRI based vocal tract models have many applications in voice research and educa-
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tion. These models do not adequately capture bony structures (e.g. teeth, mandible), and spatial resolution is
often relatively low in order to minimize scanning time. Most MRI sequences achieve 3D vocal tract coverage at
gross resolutions of 2 mm3 within a scan time of <20 seconds. Computed tomography (CT) is well suited for vocal
tract imaging, but is infrequently used due to the risk of ionizing radiation. In this cadaveric study, a single,
extremely low-dose CT scan of the bony structures is blended with accelerated high-resolution (1 mm3) MRI
scans of the soft tissues, creating a high-resolution hybrid CT-MRI vocal tract model.
Methods. Minimum CT dosages were determined and a custom 16-channel airway receiver coil for accelerated
high (1 mm3) resolution MRI was evaluated. A rigid body landmark based partial volume registration scheme
was then applied to the images, creating a hybrid CT-MRI model that was segmented in Slicer.
Results. Ultra-low dose CT produced images with sufficient quality to clearly visualize the bone, and exposed the
cadaver to 0.06 mSv. This is comparable to atmospheric exposures during a round trip transatlantic flight. The cus-
tom 16-channel vocal tract coil produced acceptable image quality at 1 mm3 resolution when reconstructed from
»6 fold undersampled data. High (1 mm3) resolution MR imaging of short (<10 seconds) sustained sounds was
achieved. The feasibility of hybrid CT-MRI vocal tract modeling was successfully demonstrated using the rigid
body landmark based partial volume registration scheme. Segmentations of CT and hybrid CT-MRI images pro-
vided more detailed 3D representations of the vocal tract than 2 mm3 MRI based segmentations.
Conclusions. The method described in this study indicates that high-resolution CT and MR image sets can be
combined so that structures such as teeth and bone are accurately represented in vocal tract reconstructions. Such
scans will aid learning and deepen understanding of anatomical features that relate to voice production, as well as
furthering knowledge of the static and dynamic functioning of individual structures relating to voice production.
Keywords: Vocal tract−Airway−Modeling−Computed Tomography(CT)−Magnetic Resonance Imaging
(MRI)−Segmentation.
INTRODUCTION
Magnetic Resonance Imaging (MRI) and Computed Tomog-
raphy (CT) have been used for 3D visualization of various
anatomical structures in the head and neck1,2 including the
larynx.3 In particular, vocal tract models derived from ana-
tomical imagery have become important tools in voice
research and education. They have been used to explore vocal
tract area functions and voice quality,4−8 physiological
changes during vowel production,9−11 and the effects of low-
ering fundamental frequency.12 3D printed models derived
from MRI have also been shown to have similar acoustic
properties as those found in vivo,13 and freely downloadable
model datasets have been shared online.14
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In singing voice studies, MRI volumetric imaging and 3D
printed models have been used to examine physiological
changes when singers vary pitch and loudness,15−17 vocal regis-
ters,18−20 and to quantify the acoustic contribution of vallecu-
lae21 and piriform fossae.22 They are a powerful educational
tool for teaching the principles of vocal tract resonance and
source/filter theory,23 and have even been used to create a novel
musical instrument, the Vocal Tract Organ.24−26
Problem
In comparison to many other techniques, MRI is an attrac-
tive modality for 3D vocal tract imaging because it poses lit-
tle to no risk for participants. But because it is based on
using the magnetic properties of hydrogen nuclei (which are
abundant in tissues containing water and fat) to construct
images of anatomical structures, it does not adequately cap-
ture the presence of the bony structures (e.g. teeth, mandi-
ble), thus compromising the accuracy of MRI modeled
oropharyngeal spaces.27 In addition, the duration of image
acquisition is quite slow relative to the duration of most
human sound production, and so the spatial resolution is
often relatively low in order to minimize scanning time.

Thus, commercially available MRI sequences (e.g. those
based on fast gradient echo) can typically achieve 3D vocal
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tract coverage at gross resolutions of 2 mm3 within a scan
time of <20 seconds, which restricts voice tasks to a single
exhalation.28−30 At this resolution, modeling fine structures
such as the epiglottis and vocal folds are compromised.
While higher resolutions (e.g. < 1 mm3) are desired, they
require scan times of 75 seconds to 136 minutes,31,32 which
is, of course, far too long for sustained vocalization. Fur-
thermore, commercially available receiver coils such as
head only coil, head and neck coil, or neurovascular coils
do not provide sufficient SNR over the entire vocal tract.33

They show significant drop in sensitivity in the inferior
regions of vocal tract (e.g. base of the tongue, glottis, and
larynx). Accelerated MRI methods such as those based on
parallel imaging with custom airway coils or constrained
reconstruction can address the above tradeoffs,34,35 and in
this work we explore such methods to improve vocal tract
reconstruction based on 3 Tesla MRI.

In contrast to MRI, computed tomography (CT) is well
suited for acquisition of bony structures and air-tissue
boundaries36−39 in images, but is infrequently used for vocal
tract studies due to the risk of ionizing radiation. Advances
in medical imaging have led to substantially reduced CT
dosages.40−43 However, even with ultra-low dose CT, when
sequential imaging is sought, the risk of ionizing radiation
inherent in CT remains and must be mitigated. Determining
minimum CT dosages for blended CT-MRI vocal tract
model generation is a logical first step.

With the risk of ionizing radiation successfully mitigated,
a single, extremely low-dose CT scan of the bony structures
(which do not significantly change over time) could be
blended with high-resolution MRI scans of the soft tissues,
a hybrid CT-MRI vocal tract model may be constructed.
Such a model would more accurately represent the struc-
tures used in speech and singing.
METHODS
This exploratory study used a recently deceased (<24 hours)
unembalmed donor cadaver from the University of Iowa
Deeded Body Program to explore the following:

1. The minimum CT dosage in milliSieverts (mSv) needed
to maintain clear bone contours and air-tissue bound-
aries.

2. The evaluation of a custom 16-channel airway receiver
coil for accelerated high (1 mm3) resolution imaging of
the vocal tract within a scan time of <10 seconds, and

3. The feasibility of blending CT and MR scans to con-
struct a high-resolution hybrid model of the vocal
tract.

1) CT dosage determination: The donor cadaver was
scanned in the Advanced Pulmonary Physiologic Imaging
Laboratory at the University of Iowa with a Siemens
SOMATOM Force. Dose modulation was enabled, and
various quality reference mAs’s (QRM) were compared.
QRM allows the mAs to fluctuate slice-by-slice based on
the thickness of the structure being imaged. As QRM
decreases, so does effective radiation exposure, measured in
milliSieverts (mSv). All images were reconstructed using a
Qr40 kernel, an ADMIRE (advanced model based iterative
reconstruction44) strength of 5, Slice thickness and spacing
of 1 mm (matching MR resolution), a pitch of 1.0, scan
rotation time of 0.25 second, kVp of 120.

2) MR imaging was performed on a GE 3 Tesla Premier
scanner equipped with high performance gradients
(80 mT/m - maximum gradient strength, 200 mT/m/sec -
slew rate). A gradient echo 3D sequence was used to scan
the cadaver’s upper-airway with a custom 16-channel
upper-airway receiver coil using the following parameters:
field of view: 24 cm £ 24 cm £ 12 cm; resolution: 1 mm £
1 mm £ 1 mm; TR = 5.5 ms/TE = 2.5 ms; flip angle = 5
degrees, receiver bandwidth = 244.14 Hz/pixel; scan
time = 77.4 secs. The scan was repeated with the same
parameters but for a lower resolution: 2 mm £ 2 mm £
2 mm, and shorter scan time of 19.44 seconds. The raw
multi coil k-space data was saved and exported for offline
processing. Coil sensitivity maps were estimated from the
central 5% of k-space measurements using the sum of
squares approach. Next, multiple coil volumes were recon-
structed by applying two dimensional inverse Fourier
Transforms (2D-IFT) on the acquired multi-coil k-space
measurements. A single ground truth volume was formed
by multiplying the complex conjugate of the coil maps to
the multi coil volumes, followed by addition along the coil
dimension. To evaluate acceleration capabilities of the air-
way coil, retrospective under-sampling was performed, in
which the multi coil k-space data was sub-sampled by a var-
iable density random order sampling scheme in the sagittal
(ky-kz) plane. The acceleration factor (R) is defined as the
total number of k-space samples in the ky-kz plane in the
fully sampled data divided by the number of k-space sam-
ples in the sub-sampled dataset. The under sampled k-space
data was then passed through an image domain based
sparse sensitivity encoding (sparse-SENSE) parallel imaging
constrained reconstruction algorithm to reconstruct the
underlying volume from limited k-space samples. The algo-
rithm exploits the diversity of receiver coil sensitivity pro-
files across the vocal tract, and sparse spatial finite
differences of the images using a total variation constraint.
We evaluated image quality using the Peak Signal to Noise
ratio (PSNR) metric that captures the pixel-by-pixel error
between the reconstructed images and the fully sampled ref-
erence image.

3) A rigid body landmark based partial volume registra-
tion scheme was used to match the MRI and CT volumes
using corresponding manually identified anatomical land-
marks in the MRI and CT modalities. These landmarks
were: tip of the epiglottis, posterior boundary of inferior
nasal concha, hyoid bone body midline, apex (tip) of the
tongue, buccal portion of the bony ridge between left first
and second premolars, and base of the mandible. The esti-
mated transformation was used to transform the MR image
into the coordinate system of the CT image. The bones and



FIGURE 2. MR image at two resolutions.

ARTICLE IN PRESS

David MEYER, et al 3-D Hybrid MRI + CT Vocal Tract Modeling: A Cadaveric Pilot Study 3
the teeth were segmented from the CT image using intensity-
based thresholding. These segmentations were then inserted
into the registered MR image to create a hybrid image that
had soft tissue imaged by MR, and the bones and teeth
imaged by CT.

Vocal tract data from 2 mm3 MR, 1 mm3 CT, and the
blended 1 mm3 CT-MR images were imported into Slicer
5.1.0 r31082 / 115e32b as Digital Imaging and Communica-
tions in Medicine (DICOM) stacks. These were segmented
to produce 3D models that were compared and visually
evaluated by a subset of the authors (Meyer, Lingala,
Howard) for anatomical accuracy. Manual slice-by-slice
segmentation, “grow from seeds,” and “threshold paint”
methods were employed to ensure accurate reconstructions.
RESULTS
1) Image quality was evaluated to determine the minimum
dosage needed to maintain clear bone contours and air-tis-
sue boundaries. The lowest dose (QRM 5) produced images
with sufficient quality to clearly visualize the bone, and rep-
resents a substantially mitigated risk for living participants
in future studies (Figure 1) and allows for multiple scans or
higher spatial resolution (thinner slices) should that be
needed. Emerging photon counting CT technologies will
provide for further reductions in ionized radiation, and
higher spatial resolution.43

The following equation was used to calculate dose:
mSv = DLP (mGy*cm) £ k-factor, where the k-factor of
the neck is 0.0059, and the k-factor of the head/neck is
0.0031. The two QRM-5 equations are as follows:

Head/neck QRM-5: 20.6 mGy*cm £ 0.0031 = 0.06 mSv.
Neck QRM-5: 15.8 mGy*cm £ 0.0059 = 0.09 mSv

Using this equation, the following dosages were
calculated:

Neck QRM-10: 0.17 mSv
Neck QRM-5: 0.09 mSv
Head/Neck QRM-5: 0.06 mSv

By comparison, a single chest x-ray is on the order of
0.1 mSv,45 and a New York to London round trip flight
exposes travelers to 0.064 mSv.46
FIGURE 1. CT image evaluation at various QRMs.
2) At full sampling (i.e. Rnet = 1), MR scans at 1 mm3

and 2 mm3 voxel resolution were compared. Scans at 1 mm3

voxel resolution displayed clearer air-tissue boundaries,
reduced blurring, and were informally assessed by a subset
of the authors (Meyer, Lingala, and Howard) to be superior
in quality to images scanned at 2 mm3 voxel resolution.
FIGURE 3. sparse SENSE reconstructions of 1 mm3 data.



FIGURE 4. Landmark registration.

FIGURE 6. CT, MRI, and hybrid image-axial view.
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1 mm3 and 2 mm3 voxel resolution images are shown in
Figure 2.

Figure 3 shows sparse SENSE reconstructions of the 1
mm3 data at reduction. We observe robust reconstructions
as a function of reduction factor (R). An example of the
sampling mask used at R = 6 is also shown. The reconstruc-
tions gracefully degrade with increasing R. At R = 8 fold,
there is still clear depiction of the various air-tissue bound-
aries, and image texture/features. The 8-fold gain in acceler-
ation means that the scanning time of 1 mm3 3D vocal
tract MRI can be reduced by a factor of 8, which equals
to »9.6 seconds. The <10 seconds scan time can allow
for high (1 mm3) resolution imaging of short sustained
sounds.

3) The rigid body landmark based partial volume regis-
tration scheme was successfully applied to match the manu-
ally identified anatomical landmarks in both the MRI and
CT modalities. Figure 4 shows the locations of the
FIGURE 5. Registration evaluation.
landmarks in axial, sagittal, and coronal views for both
MRI and CT images. The alignment of landmark registra-
tion from the MR and CT images may be seen in Figure 5,
and when deemed acceptable, the MR image was trans-
formed into the coordinate system of the CT image to create
FIGURE 7. CT, MRI, and hybrid image-sagittal view.



FIGURE 8. 2 mm3 MRI (yellow) and 1 mm3 CT (green) segmentation.

FIGURE 9. Hybrid 1 mm3 CT-MRI (blue) segmentation.
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a hybrid image that had soft tissue imaged by MR, and the
bones and teeth imaged by CT (Figures 6-7).

2 mm3 MRI, 1 mm3 CT, and 1 mm3 hybrid CT-MRI
DICOM stacks were segmented in Slicer 5.1.0 r31082 to
produce 3D models of the vocal tract (Figures 8 and 9).
These 3D models were compared and visually evaluated by
a subset of the authors (Meyer, Lingala, Howard) for ana-
tomical accuracy. Figure 8 also includes a superimposed
segmentation of the oral cavity, combining 2 mm3 MRI (in
yellow) with 1 mm3 CT (in green). As stated earlier, as
opposed to CT, MRI poorly images teeth. Therefore the
superimposed image demonstrates the MRI segmentation
(yellow) “leaking” into dental spaces that are more accu-
rately imaged in CT (green).
DISCUSSION
The aims of this proof-of-concept investigation were: 1) to
use an ultra-low dose CT protocol to establish minimum
CT radiation dosage needed to maintain clear bone con-
tours and air-tissue boundaries, 2) to evaluate a custom 16-
channel airway receiver coil for accelerated high (1 mm3)
resolution imaging of the vocal tract, and 3) to determine
the feasibility of low-dose hybrid CT-MRI vocal tract mod-
els with 1 mm3 spatial resolution.

This method exposed the cadaver to very low levels of
ionizing radiation, comparable to atmospheric exposures
during a round trip transatlantic flight. This low level of
exposure represents a substantially mitigated risk for living
participants in future studies. Further reductions in ionized
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radiation and higher spatial resolution may be possible with
emerging photon counting CT technologies. The SOMA-
TOM Force represents a current state-of-the-art CT tech-
nology with high spatial and contrast resolution along with
current generation iterative reconstruction (ADMIRE) and
a quantitative reconstruction kernel (Qr40).

As seen in Figure 3, imaging with the custom 16-channel
vocal tract coil and finite difference reconstruction con-
straints produced acceptable image quality of the 1 mm3 res-
olution data, when reconstructed from »6 fold
undersampled data. The image quality had an acceptable
PSNR throughout the entire vocal tract. High (1 mm3) reso-
lution MR imaging of short (<10 seconds) sustained sounds
was achieved.

The feasibility of hybrid CT-MRI vocal tract modeling
was successfully demonstrated using the rigid body land-
mark based partial volume registration scheme. Segmenta-
tions produced from various imaging modalities displayed
noteworthy characteristics (Figures 8 and 9). The CT and
hybrid images appeared to provide more detailed represen-
tations of the vocal structures than the 2 mm3 MR images.
This was an expected finding due to the poor visualization
of teeth in MRI,27 and the complex geometry of the vocal
tract’s small structures. Details of the piriform sinuses and
valleculae appeared to be best represented in the hybrid seg-
mentation, and CT generally produced the clearest air-tissue
boundaries.
LIMITATIONS AND FUTUREWORK
The techniques described in this study indicate that CT and
MR image sets can be combined so that structures such as
teeth and bone are accurately represented in vocal tract
reconstructions. Still unknown, however, is whether the
enhanced spatial accuracy of the airspace will translate into
acoustic characteristics that are better aligned with those
produced by an actual talker or singer than if MRI alone
were used as the imaging modality.

Future work will include applying the CT/MRI hybrid
technique to image sets collected from live talkers or singers
(as opposed to cadavers) from which simultaneous audio
recordings can also be obtained. Vocal tract reconstructions
can then be processed to allow for various modeling and
experimental approaches to be used to assess the acoustic
characteristics, particularly the frequency response func-
tions, relative to those measured from the talkers or sing-
ers.47 These can include plane wave modeling, 2D and 3D
finite-element modeling48,49 as well as 3D printing to gener-
ate a physical structure than can be excited with a sound
source to produce an output signal that can be
analyzed.14,50,22

This method will also be applied in future work to more
accurately image the mean vocal fold surface position and
surface contour in the coronal view. Capturing such images
is an ongoing challenge addressed in previous ultrasonic
imaging studies51,52 with mixed results.
CONCLUSION
The combined CT-MRI images enable segregation of a
number of features based on how these are depicted best
depending on their responses to CT or MRI scanning. This
provides flexibility in image selection for users where differ-
ent features can be explored by observing one or the other
images (CT or MRI) or the combined rendering. Individual
structures can be 3D printed to life-size to enable the vocal
tract to be studied in detail and in the context of learning. It
has been shown53 that students using 3D anatomical models
had advantages in test scores, accuracy, and student satis-
faction over students in the 2D and cadaver groups. In addi-
tion, more students in the 3D printing group were satisfied
with their learning compared with the conventional group.

Such scans will aid learning and deepen understanding of
anatomical features that relate to voice production as well
as furthering knowledge of the static and dynamic function-
ing of individual structures relating to voice production,
extending the cylindrical vocal tract models of Arai,54 rele-
vant particularly for example to ENT and speech therapists,
medical professionals, singers, orators, teachers, broadcast-
ers, actors and their voice teachers. The possibility of han-
dling and manipulating anatomical structures (in 3D
printed form or within virtual and/or augmented reality) is a
well-proven and rewarding way of gaining enhanced and
more in-depth understanding of the function of component
parts55,56 as well as raising awareness in the public and
future generations of researchers.57
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