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Obijective: To develop a novel technique for localizing and reconstructing the greater palatine
artery (GPA) using three-dimensional (3D) technology.

Methods: A miniaturized intraoral ultrasound transducer was used to imaging landmarks
including the GPA, gingival margin (GM), and palatal masticatory mucosa (PMM). A
5-mm-thick solid hydrogel couplant was integrated to replace traditional ultrasound gel and
avoid bubbles when moving the transducer.

Results: A panorama image provided the relative localization of landmarks including the
GPA, PMM, and hard palate. Short- and long-axis imaging of GPA was performed in five
subjects including 3D mapping of GPA branches and surrounding tissues in a volume of 10
mm X 8 mm X 10mm. Full-mouth Doppler imaging was also demonstrated on both the dorsal
and ventral tongue as well as buccal mucosa and sublingual region on two subjects.
Conclusions: This study can measure the vertical distance from the GM to the GPA and
depth from PMM to GPA and visualize the GPA localization in a 3D manner, which is critical
to evaluate the available volume of palatal donor tissues and avoid sectioning of GPA during
surgical harvesting of the tissues. Finally, the transducer’s small size facilitates full-mouth
Doppler imaging with the potential to improve the assessment, diagnosis, and management
of oral mucosa.
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Introduction

The PMM is the most common donor site in free soft-
tissue graft for gingival recession treatment! including
free gingival grafts*® and subepithelial connective
tissue graft.*> Despite the high success rate of PMM
grafting surgeries, several cases have shown that the
GPA and its major branches can be dissected due
to an inability to accurately locate the GPA. This in
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turn leads to excessive bleeding.®® Therefore, several
studies have examined the position of the GPA relative
to other landmarks to provide guidance for harvesting
PMM soft tissues.!*!

In 2006, Monnet-Corti et al assumed the distance
from the GPA to the GM of the canine and the second
molar to be 12.07 + 2.9 mm and 14.7 = 2.9 mm, respec-
tively, based on measurements done on cast impres-
sions.’® In 2019, Tavelli et al summarized a series of
cadaveric studies that investigated further anatom-
ical details of the GPA in a systematic review.'® The
distance between the GPA to the teeth gradually
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reduces from the second molar region (13.9 + 1 mm)
toward the canine region (9.9 * 2.9 mm).

While these works analyzed the average position of
GPA, the distribution of GPA branches in each indi-
vidual varies."?® Reiser et al suggested that the shape
of palatal vault could influence the location of the
GPA." Fu et al also reported that the PMM thick-
ness and the large palatal vault curvature could make
it difficult for clinicians to precisely estimate the loca-
tion of GPA."

Therefore, non-invasive methods to locate the
GPA and measure the PMM thickness of individual
subjects are required to minimize the risk of GPA
injury associated with graft procedures. In 2008, Song
et al measured the thickness of posterior PMM by
computed tomography (CT) in 100 adults.'® In 2018,
Hilgenfeld et al detected the GPA via magnetic reso-
nance imaging (MRI).!"” However, the limitations of
these techniques include the ionizing radiation seen
in CT, and the expense and long turnaround times of
MRI.

One promising alternative to these techniques is
ultrasound imaging. Acoustic imaging offers real-time
and non-ionizing imaging of soft tissue as well as the
surfaces of hard tissue. We and others have used ultra-
sound to estimate clinical attachment loss* and peri-
odontal probing depth,?* diagnose maxillary fractures,
perform guided nerve blocks,? evaluate intraosseous
lesions,” and many other applications.?*?

More recently, Sampietro-Martinez et al*® and Lee et
al?” used ultrasound imaging to determine the position
and course of the GPA and then evaluate the thick-
ness of the PMM. These results collectively underscore
the value of ultrasonography in GPA measurement.
However, both of these works are limited to two-
dimensional (2D) imaging, and the direction of imaging
is perpendicular to the direction of PMM harvesting.
The distance from the GPA to the teeth and the depth
located in the PMM varies from anterior region to
posterior region,'” and thus 3D imaging of the PMM
and GPA will provide complete distribution informa-
tion on the GPA and its branches. Such imaging data
will ultimately minimize or remove the risk of GPA
damage and help determine the volume of the available
PMM donor tissue.

Here, we report for the first time 3D maps of the
GPA course relative to the PMM surface via ultrasound
imaging with a miniaturized intraoral transducer. We
also report solid acoustic couplants integrated into the
transducer scan head to remove the need for acoustic
coupling gel. The small size of the transducer facili-
tates both short axis and long axis views of the GPA.
The GPA localization results may have value in treat-
ment planning for free soft-tissue graft as well as other
periodontal plastic surgeries in the PMM.* Finally, we
show that the miniaturized intraoral transducer can
record physiological details including pulse rate via full-
mouth Doppler imaging of the tongue, buccal mucosa,
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and sublingual regions, which may have potential in the
diagnosis of oral cancer.”

Methods and materials

Equipment

A linear array transducer was used to scan the GPA
image slices (Figure la). The transducer SS-19-128 is
a customized side-facing transducer from StyloSonic
(Lake Forest, USA) with a center frequency of 19
MHz and 128 transducer elements.®® The size of the
transducer is 10 X 18 mm to access the full oral cavity.*
Two commercial transducers L35-16vX (Verasonics,
Inc., Kirkland, USA) and CL15-7 (Philips, USAd)
were also included (Fig. S1). A data acquisition (DAQ)
system (Vantage 256, Verasonics, Inc., Kirkland, USA)
was connected to transducers to provide power supply
and signal processing by sampling the radiofrequency
data from each transducer channel. The DAQ system
supports a frequency range of 2 to 42 MHz; 14-bit A/D
converters with a programmable sample rate up to 62.5
MHz and can image up to 100,000 frames/second.

Human subjects recruitment

This study involved seven healthy human subjects (four
males and three females) with a mean age of 28.7 + 4.9
years old with good oral hygiene. The study protocol
(project 170912) was approved by the UCSD Institu-
tional Review Boards. All subjects provided informed
consent.

Resolution phantom

A tungsten wire of a 0.001-inch diameter was used to
characterize the imaging resolution of ultrasound trans-
ducers. The tungsten wire was put in water 1cm deep
from the transducer surface. The axial and lateral reso-
lutions of ultrasound transducers were characterized
using a point spread function as described.!

Periodontal ultrasonography

Subjects were seated by side of the ultrasound equip-
ment and imaged with oral transducers by an ultrasound
researcher (B.Q.) who has four-year experience in oper-
ating the ultrasound transducer and analyzing ultrasound
images. Our previous works have suggested that the peri-
odontal ultrasound imaging is reproducible for different
examiners by investigating the interexaminer bias between
a clinician without prior ultrasound experience, and ultra-
sound researchers with different years of experience.”'> A
S-mm-thick solid hydrogel pad was placed on the trans-
ducer for ultrasound coupling. The hydrogel was held in
place with a disposable sterile adhesive (Tegaderm; 3M
Minneapolis, USA) that was changed between each subject.
Real-time 2D cross-sectional B-mode and Color Doppler
imaging®** was performed by manually positioning the
transducer in the short- and long-axis along the PMM
for the GPA measurement on five subjects. For the dorsal
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Figure 1 Overview of the 3D GPA measurement. (a) Comparison between existing 2D imaging and the proposed 3D imaging of the GPA. The
GPA and its branches contribute to the blood supply of the hard and soft palate. (b) The transducer emitted and received the ultrasound signals
scattered by the red blood cells (RBC) thus leading to Doppler effects. The side-facing transducer (¢, top) was covered with a polymeric solid
couplant material (¢, bottom) that was sealed in place with a sterile plastic adhesive; the couplant was prepared from polyacrylamide (d). The
resolution of the device was evaluated in both axial and lateral dimensions by imaging a metallic wire (e) and creating line profiles (f). GPA: greater

palatine artery. FWHM: full width half maximum.

and ventral tongue, buccal mucosa, and sublingual region,
the transducer was positioned along the short axis on two
subjects. Blood flow velocity spectrum of the GPA was
decoded by the DAQ system® on subject #1. The principle
of detecting ultrasound Doppler signals was presented in
Figure 1b.

Polyacrylamide ( PAM )- alginate (Al) hydrogel

The couplant was based on alginic acid sodium salt from
brown algae (medium viscosity), acrylamide (> 99%),
N, N, N’, N’-tetramethyl-ethylenediamine (TEMED, >
99%), N, N’-methylenebisacrylamide (MBAA, >99%),
ammonium persulfate (APS, 98%). All the above chemi-
cals were purchased from Sigma-Aldrich and used without
any further purification. PAM-AI hydrogels were synthe-
sized by the free radical polymerization of acrylamide and
ionic crosslinking of alginate.’*%” Typically, 600mg of algi-
nate sodium salt was dissolved in 40ml of PBS (pH 6.4)
under generous stirring at 700rpm for 1h at 40°C. Then,
4.8 g of acrylamide, 33mg of MBAA, 36uL of TEMED,
and 12mg of APS were added to the homogenous alginate
solution for 30min under the generous stirring at 700 rpm at
room temperature. The mixture was poured to a glass petri
dish followed by polymerization at 60°C for 0.5h. After the
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polymerization, PAM-AI hydrogel was removed from the
petri dish and washed with distilled water for future use
(Figure 1c and d).

Panorama image stitching

The transducer was manually moved from the center of
mouth to tooth #15 (2" molar) at a uniform speed to
collect real-time imaging video from GPA to the tooth
surface. Then, different frames were extracted from the
video and manually stitched one a panorama image by
aligning the landmarks (i.e, GPA, PMM surface, and
gingiva, etc.) between the adjacent frames. The second
frame was adapted 50% transparent to align with the front
frame.

3d mapping of GPA

For subject 1, 15 short-axis color Doppler imaging
slices along the long axis were collected to reconstruct
a 3D map of GPA branches in a volume of 10 X §mm
X 10mm. The Doppler-only 3D mapping was recon-
structed by Amira.* 3D mapping that combines Doppler
signals and B-mode was reconstructed by Imagel.’
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Figure 2 GPA imaging of healthy subjects with SS-19-128. (a and b) Schematic and panoramic image of the oral anatomy including gingival
margin (GM), palatal masticatory mucosa (PMM), hard palate, and greater palatine artery (GPA). Depth of GPA from the PMM surface was
measured to be 2.9 mm. Vertical distance from GM to GPA was 17.1 mm. (¢) Short axis and long axis views of the GPA of five healthy subjects.
The annotation in short axis imaging illustrates that the GPA depth can be quantitated via imaging. In subject 1 (long axis), the green line illus-
trates the ultrasound beam relative to the A-line; the yellow is the vessel angle relative to the A-line (these are both the same for all subjects). (d)
Representative physiological data showing Doppler velocity as a function of time.

Results

Resolution characterization using phantoms

The axial and lateral resolution of SS-19-128 (19 MHz)
was 116.5umand 101.9 um, respectively (Figure le and f).
We also compared the resolution values to other trans-
ducers used for intraoral imaging (Fig. S2). The axial
resolution of L35-16vX was 86.3um (26% higher than
SS-19-128) and the lateral resolution of L35-16vX was
85.2um (16% higher than SS-19-128. The axial resolu-
tion of CL15-7 was 202.9um (74% lower than SS-19-
128) and the lateral resolution of CL15-7 was 235.5um
(131% lower than SS-19-128).

GPA imaging

The anatomy of the mouth and a panoramic image
of a representative GPA imaging event are shown
in Figure 2a and b, along with the tooth surface of
the second molar (tooth #15). Real-time imaging of
this scan is shown as Supplementary Video 1. In the
panorama image, the features of the tooth surface, GM,
PMM, hard palate, and GPA can be visualized from left
to right. Here, the vertical distance from GPA to GM
of the second molar was measured as 17.1 mm, which
is 16% larger than the mean vertical distance from GPA

to the second molar GM (14.7 £ 2.9 mm) measured on a
total of 198 maxillary plaster models in the literature.®

Color Doppler imaging of the GPA was next done
along the short and long axis in a small cohort of five
subjects (Figure 2¢). For subject 1, the GPA depth from
the PMM was measured as 1.7mm (Figure 2c, top left);
the other subjects had similar values.

Doppler validation

The Doppler shift was converted to blood flow velocity
(Figure 2d). The relationship between Doppler angle
and Doppler shift was further studied by rotating the
transducer on top of the radial artery (Fig. S3). The
results serve as positive and negative controls to vali-
date the spectral Doppler imaging performance of this
transducer.

We next used an exercise intervention to investigate
the change in blood flow and further validate this trans-
ducer. The Doppler spectrum of radial artery at rest and
after exercise is shown in Fig. S4. At rest, the baseline
heart rate of the subject was 78 bpm. Immediately after
exercise, the heart rate was 140 bpm—79% higher than
baseline. During rest, the heart rate gradually decreased
to 122 bpm (after rest for 30sec), 118 bpm (after rest
for 1min), and 107 bpm (after rest for 2min). After two
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Figure 3 3D visualization of the GPA. (a) A series of color Doppler images were collected and the spacing between images (y-axis) were approx-
imated. (b) This series could be interpolated into a 3D volumetric dataset showing the GPA and palatal masticatory mucosa (PMM). Panel (c)
shows representative frames including the depth of the GPA at different locations. Panel (d) shows the trajectory of the GPA in three-dimensional

similar to panel b but with only Doppler data.

minutes of rest, the heart rate returned as 137% of the
baseline.

3d mapping of GPA

All 15 2D image slices and the reconstructed 3D volume
image are shown in Figure 3a and b. Three representa-
tive 2D slices out of all 15 slices are shown in Figure 3c.
The depth of GPA to PMM was measured as 1.4mm,
1.2mm, and 1.3mm/1.5mm for the two branches.
Figure 3d shows the 3D mapping of only the GPA
branches.

Full-mouth color Doppler imaging
Besides the GPA, we also imaged blood vessels in tongue
(dorsal and ventral), buccal mucosa, and sublingual
region on two subjects (Figure 4).

Discussion

Main findings

Most existing studies have investigated the vertical
distance from GPA to GM, but failed to mention the
depth of GPA from the PMM.* Kim et al and Iwanaga
et al have reported that it is critical to visualize the depth
of GPA from the mucosa to assess the available thick-
ness of palate donor and the optimal donor site for
tissue grafting.**> Here, our work has shown capability
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of measuring both the GPA-GM distance and the PMM
thickness.

The mean dimension of posterior palate is 41 mm
x36mm X 20mm; the anterior palate is even smaller.**
Thus, the operation and movement of the bulky trans-
ducers are restricted by the teeth and cheek, causing
a limited accessible imaging range of the palate. Also,
the forward-facing design requires the subject to open
their mouth wide to allow the transducer to reach the
palate surface vertically, thus resulting in difficult posi-
tioning of the transducer. The miniaturized size with
side-facing design could enable the transducer to access
a large range of the palate and scan the PMM from the
posterior region to the anterior region for 3D volume
imaging.

The aim of the phantom study was to measure the
spatial resolution of the SS-19-128 transducer and
to compare it with two commercial transducers of
different frequencies. The phantom study showed that
the miniaturized intraoral transducer SS-19-128 has
an axial resolution of 116.5um and a lateral resolution
of 101.9um. According to the literature, the average
distance between the GPA to the teeth increases grad-
ually from 9.9mm in the canine region to 13.9mm in
the second molar region,!® while the mean thickness
of the PMM is 3.8 mm.'® These distances are 85 times
and 33 times larger than the resolution of SS-19-128,
respectively. In addition, the phantom study compared
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Figure4 Imaging of the vasculature throughout the oral cavity. Yellow arrow indicates the plane represented by the color Doppler images below.
Images of the vasculature at different sites of the oral cavity illustrate the ability to correlate anatomy (skin surface) with function (blood flow).

the resolution of SS-19-128 with two available commer-
cial transducers of different frequencies in our lab. The
results provide us with guidance to further improve the
image quality by increasing transducer frequency. The
combination of large accessible range of the palatal
vault and high resolution enables the intraoral trans-
ducer to achieve high-resolution 3D imaging of the
palate, from the posterior to the anterior region.

Compared to 2D imaging,* 3D imaging of the GPA
from the anterior to the posterior palate is more practical
for clinical applications because 3D imaging provides
more intrinsic information on the volume of available
palate donor for soft tissue autograft surgery* ; and 3D
imaging accurately measures the trajectory of the GPA.
Monnet-Corti et al suggest that during blind cutting
of the palate soft tissue, the length of maximum avail-
able tissue donor was 31.7 £ 4.0mm to avoid dissecting
the GPA and causing risk of bleeding and infection.*
Now benefiting from the 3D visualization of the GPA,
surgeons could customize the regions and dimensions of
the soft tissue donor for each patient.

Besides the GPA, we also imaged the color flow of the
full mouth, which has been illustrated to correlate with
diseases like cancer.”” Due to high resolution imaging,
we could detect and visualize the Doppler effects of
small (~] mm) arteries and veins inside the entire oral
cavity (dorsal/ventral tongue, buccal, and sublingual
regions). Doppler imaging could thus be a viable diag-
nostic tool for the evaluation of oral cancers such as

tongue neoplasms where pre-surgical mapping of the
vasculature is needed.

Doppler can differentiate the blood flow symmetry
on various sections of the tongue to diagnose the
abnormalities such as tumors without perturbing the
tissue.* Moreover, studies showed that the evaluation
of tongue’s vascularity using intraoral Doppler imaging
has a significant role in identifying predictive factors of
various types of cancer, such as cervical lymph node
metastasis.***” Color Doppler imaging provides useful
information on blood flow in oral masses not only to
diagnose but also to monitor the treatment process. The
decrease in blood flow in a malignant tumor after treat-
ment/radio-chemotherapy is useful for predicting the
response of a tumor to the treatment.* In this study, we
suggest a potential role for intraoral Doppler imaging
in the study of the oral mucosa, giving insights into the
possibility of improving the assessment, diagnosis, and
management of the conditions involving oral mucosa.

Replacing the conventional ultrasound gel with
solid hydrogel improves the efficiency and reproduc-
ibility of the imaging system. Traditionally, as Lee et al
reported, sufficient gel should be applied between the
transducer and the PMM to obtain good-quality ultra-
sound images.”’” However, during the movement of the
transducer in the oral cavity, it is common that the gel
deforms due to compression. The robustness of solid
hydrogel makes it keep the same shape under compres-
sion, thus the good contact between the transducer and
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PMM could maintain even when the transducer moves,
which provides the basis for achieving the panoramic
imaging and 3D volume imaging (Fig. S5).

Limitation of the study

The vertical distance from GPA to GM of the second
molar was measured to be 16% larger than the mean
value measured on a total of 198 maxillary plaster
models.* The result may be due to our current imaging
process that lacks reference points, causing the scanning
trajectory from the GPA to the tooth surface to not
align vertically to the tooth, that is, we are imaging a
curved surface with a flat transducer.

Also, although the operator tried to maintain a
constant speed movement along one direction, the
lack of reference points on the surface of the palatal
mucosa limited the accuracy of the 3D reconstruction.
Future work will mark the surface of the palate with
a skin marker. By integrating the laser on the ultra-
sound transducer,** the markers could be measured
noninvasively by photoacoustic imaging, which displays
simultaneously with the ultrasound imaging, without
requiring additional clinical manipulation. The 3D
GPA reconstruction will thus be further improved with
fiducial markers. Moreover, the distance from the GPA
to teeth could be calculated by measuring the distance
from reference points to teeth, which is clinically signif-
icant for evaluating the available volume of soft tissue
autografting.*

The exercise intervention results demonstrate the
ability of our system to detect the change of heart
rate and distribution of blood flow velocity due to the
intervention. We chose the radial artery for the inter-
vention experiment because it is easier to reposition the
vessel after exercise. Future work will introduce refer-
ence points for GPA imaging to improve measuring the
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