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NON-INVASIVE ULTRASONIC GINGIVAL
TISSUE DIAGNOSIS

This application claims priority to U.S. provisional appli-
cation entitled, “Systems and Methods of Non-Invasive
Ultrasonic Gingival Tissue Diagnosis,” having U.S. Ser. No.
61/574,037, filed Jul. 27, 2011, which is entirely incorporated
herein by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
Grant No. R21 DE019561 awarded by the National Institute
of Health. The government has certain rights in the invention.

BACKGROUND

Gingivitis is an initial form of periodontal disease. It is the
most common gingival inflammation in the oral cavity, and
the most prevalent periodontal disease affecting 90% of the
population in all age groups. Clinically, gingivitis is charac-
terized by alteration in color, contour, surface texture, and
size in the gingival margin around the tooth and in more
advanced stages, presence of bleeding on touch or spontane-
ously.

Examination and diagnosis of gingivitis is usually a clini-
cal subjective assessment performed by dentist. Tt is based
upon clinical alterations in color, size, form, position, consis-
tency, texture, and contour. Clinical diagnosis of gingivitis is
based upon a descriptive clinical assessment of extent and
severity. The use of periodontal probing contributes to a
dichotomous assessment of presence or absence of bleeding
upon probing. Bleeding on probing after stimulation has been
the strongest evidence of gingival inflammation in clinical,
histopathologic, and bacteriologic studies. However, the evi-
dence of bleeding on probing is still dependent on clinical
interpretation related to definition of clinical probing and
pocket depth.

The importance of properly diagnosing and treating gingi-
vitis is critical for early individual preventive treatment. With-
out treatment, the persistency of this inflammatory process
progresses to irreversible destruction of the periodontal
attachment around the tooth leading to more advanced peri-
odontitis and tooth loss.

BRIEF DESCRIPTION OF THE DRAWINGS

Many aspects of the present disclosure can be better under-
stood with reference to the following drawings. The compo-
nents in the drawings are not necessarily to scale, emphasis
instead being placed upon clearly illustrating the principles of
the present disclosure. Moreover, in the drawings, like refer-
ence numerals designate corresponding parts throughout the
several views.

FIGS. 1 and 2 are graphical representations of an exem-
plary imaging system 100 in accordance with various
embodiments of the disclosure.

FIG. 3 is a diagram of a flow chart describing an embodi-
ment of an exemplary procedure of a tissue classification
technique in accordance with various embodiments of the
disclosure.

FIG. 4 is an optical image highlighting approximately the
regions where the gingival tissue samples were extracted in
subsequent in vitro imaging analysis in accordance with vari-
ous embodiments of the present disclosure.
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FIG. 5 is a diagram of an ultrasound B-mode image for
cross-sections of the tissue samples from FIG. 4 in accor-
dance with various embodiments of the present disclosure.

FIGS. 6A-6F are diagrams of ultrasound parametric
images for the same cross-section of the tissue samples from
FIG. 4 in accordance with various embodiments of the
present disclosure.

FIGS. 7A-7D are diagrams of ultrasound 3D parametric
images for the tissue samples from FIG. 4 in accordance with
various embodiments of the present disclosure.

FIGS. 8A-8B are table diagrams depicting changes that
occurred in the gingival tissue thickness of a subject over a
4-week period using clinical optical pictures and ultrasound
images acquired in vivo using an extraoral probe in accor-
dance with various embodiments of the present disclosure.

FIGS. 9A-9B are table diagrams depicting changes that
occurred in the gingival tissue echogenicity of a subject over
a4-week period using clinical optical pictures and ultrasound
images acquired in vivo using an extraoral probe in accor-
dance with various embodiments of the present disclosure.

FIG. 10 is a collection of ultrasound images obtained using
an intraoral probe during ultrasound scanning.

FIGS. 11-16 are flow chart diagrams illustrating various
operations and methods of the imaging system of FIG. 1 in
accordance with various embodiments of the disclosure

DETAILED DESCRIPTION

Embodiments of the present disclosure facilitate diagnosis
of gingival soft tissue using ultrasound technology in which
inflammatory conditions such as increased cellular infiltra-
tion and a decrease in collagen tissues and fibers, as well as
thickening of epithelial cells may be identified by ultrasound
imaging. In accordance with the present disclosure, high-
resolution ultrasound imaging can assess and quantify differ-
ences in soft tissues from healthy to diseased stages.

Therefore, embodiments of the present disclosure use
high-resolution 2D and 3D ultrasound imaging in quantifying
the gingival inflammation and other diseases in the soft tis-
sues around teeth. Exemplary methods of the present disclo-
sure, in some embodiments, are based on advanced signal
processing of ultrasound RF data in time-, frequency-, and
wavelet-domains. Such quantitative ultrasound imaging tech-
niques provide a non-invasive tool for assessing gingival
inflammation in vivo or in vitro.

Referring to FIG. 1, shown is a graphical representation of
an exemplary imaging system 100 according to various
embodiments of the disclosure. The imaging system 100 of
FIG. 1 includes an ultrasonic transducer 110, which is used
for both transmission of ultrasound signals and reception of
the reflected (or echo) signals. In some embodiments, sepa-
rate transducers may be used for ultrasound transmission and
reception. Alternatively, one-dimensional or two-dimen-
sional arrays of transducers 210 (FIG. 2) may be utilized.

The transducer 110 is in communication with a pulser-
receiver unit 120. For example, the transducer 110 is con-
nected to a transmit/receive port of the ultrasound pulser-
receiver 120. The pulser-receiver 120 may be operated in a
pulse-echo mode to provide impulses for use as the excitation
signal for the transducer 110. In one embodiment, negative
impulses are provided for the excitation signal. The pulser-
receiver 120 may include pre-amplification and/or amplifica-
tion of the excitation signal. For example, the excitation sig-
nal may be generated and amplified using a general purpose
ultrasonic pulser-receiver such as, but not limited to, an
Olympus Model 5900PR pulser-receiver. An exemplary no-
load transmission output of the pulser-receiver 120 has an
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amplitude of 175 Volts with a rise time of two nanoseconds.
The pulser-receiver 120 may provide the excitation signal to
stimulate the ultrasound transducers 210 over a wide range of
frequencies. For example, frequencies in the range of about
10 MHz to about 120 MHz may be utilized.

The excitation signal is synchronized with the data acqui-
sition using a common trigger signal generated by a wave-
form generator 140. Received RF signals are preamplifier and
filtered, then fed to a high-speed waveform digitizer 130 (e.g.,
operating at 1 GHz). The waveform digitizer 130 is synchro-
nized with the transducer excitation signal to coordinate digi-
tal acquisition of the echo signal. In some embodiments, the
excitation signal from the pulser-receiver 120 is synchronized
with a data acquisition trigger input of the waveform digitizer
130 using a signal generated by the waveform generator 140.
An exemplary waveform generator 140 may be, but is not
limited to, a computer controlled function generator

In the embodiment of FIG. 1, an imaging system controller
150 provides system control and synchronization of the
pulser-receiver 120, waveform digitizer 130, and/or wave-
form generator 140 during transmission of the ultrasonic
signals and acquisition of the echo signals. In embodiments
where a transducer array 210 is utilized, the imaging system
controller 150 may also be in communication with the array
interface 220 for system control and synchronization. The
imaging system controller 150 may be a computer-based
system, processor-containing system, or other hardware sys-
tem that is configured to control and synchronize the imaging
system 100 and/or control image processing.

The imaging system controller 150 of certain embodiments
of the present disclosure can be implemented in hardware,
software, firmware, or a combination thereof. In the preferred
embodiment(s), the imaging system controller 150 is imple-
mented in software or firmware, i.e., instructions that are
stored in a memory and that is executed by a suitable instruc-
tion execution system. If implemented in hardware, as in an
alternative embodiment, the imaging system controller 150
can be implemented with any or a combination of the follow-
ing technologies, which are all well known in the art: a dis-
crete logic circuit(s) having logic gates for implementing
logic functions upon data signals, an application specific
integrated circuit (ASIC) having appropriate combinational
logic gates, a programmable gate array(s) (PGA), a field
programmable gate array (FPGA), etc.

In some embodiments, the imaging system 100 also
includes a positioning system 160 for movement and posi-
tioning of the transducer 110. For example, the positioning
system 160 may be a two-axis (providing two degrees of
translation) positioning system and/or three-axis (providing
three degrees of translation) positioning system. Also, in an
alternative embodiment, free hand scanning can be per-
formed with the transducer 110 attached to a position tracker
(6 degrees of freedom) for 3D reconstruction.

In one embodiment, the positioning system 160 is a high-
precision positioning system (such as, but not limited to,
those produced by Danaher Corp.) with a positioning resolu-
tion down to one micrometer. The positioning system 160
includes a positioning countroller for a controlling servo
amplifier or stepper motor to adjust the positioning of the
transducer 110 along each axis. Alternatively, a robotic arm
may be used in the positioning system 160. Alternatively,
transducer(s) may be positioned manually or freehand. In
other embodiments, positioning system 160 provides trans-
lation along a single axis.

The imaging system controller 150 synchronizes the posi-
tioning system 160 with the data acquisition by the waveform
digitizer 130 to collect the ultrasound signals. In some
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embodiments, the ultrasound signals are collected continu-
ously “on the fly” during the transducer 110 movement (e.g,,
down to 10 micrometers apart). Alternatively, the ultrasound
signals may be collected in a step-wise fashion. Transducer
110 position information corresponding to the echo signal
data acquisition location may also be collected. In one
embodiment, the transducer position is acquired a predeter-
mined time before collecting the echo signal. In other
embodiments, the position of the transducer 110 is obtained a
predetermined time after transmission of the ultrasonic sig-
nal. Alternatively, the transducer position may be the average
of the transmission position and acquisition position. In some
embodiments, the position is approximated based upon the
speed and direction of the transducer motion.

Both RF signals and spatial locations are collected from the
field of view (FOV) during the transducer 110 movement.
During the 3D acquisition, the positioning system 160 moves
the transducer 110 further steps in the elevation direction and
the lateral scanning process is repeated. Alternatively, the
transducer 110 may be moved manually or freehand. An
elevation step size down to 100 pm could be used; however,
the system 100 can reach smaller step size down to 10 pm
based on the FOV. The system 100 can also be programmed
with various scanning profiles, and for each profile the opera-
tor shall determine the FOV parameters in the axial, lateral,
and in the elevation. Also, the operatoris able to determine the
lateral acquisition speed (frame-rate) that affects distance
between RF signals and the elevation step size. Currently, the
whole scanning process could be completed in less than 30
seconds using a low frame-rate of | frame per second (FPS)
for an area of 15 mm (lateral)x5 mm (elevation). In this
application, this frame rate is considered adequate for such a
stationary object, and is preferred for patient comfort rather
than using high-speed. After completing the acquisition pro-
cess, the data is transferred for post processing and image
reconstruction.

In one embodiment, in order to obtain a high-resolution
B-mode ultrasound images, several signal and image process-
ing algorithms areapplied to the high-frequency echo signals.
The imaging system 100 provides access to ultrasound data at
all processing stages including synthetic aperture focusing
(SAF), envelope detection, and the final B-mode processed
images. The exemplary values of the axial and lateral resolu-
tions are approximately measured to be 24 um and 123 pm,
respectively, using a 55 MHz ultrasound transducer 110, in
one embodiment.

Note that the system design can be altered in other embodi-
ments to include using an array 210 of ultrasound transducers
of different shapes and geometries, scanning from inside or
outside a subject’s mouth with proper ultrasound coupling,
adopting freehand scanning with various position tracking.

Referring now to FIG. 2, one-dimensional or two-dimen-
sional transducer arrays 210 may be used for transmission of
the ultrasound signals and reception of the echo signals. A
transducer array 210 may be a linear, curvilinear, or phased
array. An array interface 220 may be included between the
transducer array 210 and the pulser-receiver 120. The array
interface 220 is configured to coordinate application of exci-
tation signals to the transducers of the array 210 and submis-
sion of the echo signal received by the transducers of the array
210 to the pulser-receiver 120. The array interface 220 may
include a switching matrix that controls the transmit/receive
operation and the number of active transducer elements that
are working in unison (the group thereby determining the
aperture size) and an analog beamforming circuit that con-
trols transmit and receive delays. In one embodiment, the
array interface 220 is included in the pulser-receiver 120. In
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an alternate embodiment, each of a plurality of pulser-receiv-
ers 120 may supply a corresponding transducer in the array
120. The plurality of pulser-receivers 120 would then be
controlled to coordinate transmission and reception by each
transducer.

FIG. 3 is a diagram of a flow chart describing an embodi-
ment of an exemplary procedure of a tissue classification
technique, in one embodiment. First, a region of interest
(ROI) is segmented and extracted from the raw ultrasound
data after focusing. Then, the ROI is divided into 2D kernels
of small size, such as 0.15 mmx0.15 mm with approximately
90% overlapping, in block 310. To reconstruct parametric
images, a vector S, | is generated for each spatial location (i,j)
within the ultrasound image, in block 320. This vector is
reconstructed from the neighborhood pixels P, ; within the
kernel K, , and defined as:

1,77

where n+1 and m+1 are the kernel length and width in pixels,
respectively. Several S, ; vectors are reconstructed from raw
ultrasound data after focusing for each spatial location within
the ROI. Each vectoris considered as a 1D signal that contains
embedded information about the neighborhood characteris-
tics used to extract different parameters in time-, frequency-,
and wavelet-domains, in block 330. Inthe following, S is used
as a general notation for signals correspond to any spatial
location.

In time-domain, ultrasound data is first normalized using
reference echo, and then several parameters are calculated.
These time parameters include the time-domain integrated
backscattering (T,3), time variance (T,,,), and time entropy
(Tg). The time-domain integrated backscatter (T;;) param-
eter is evaluated as the average power of ultrasound backscat-
tered signals and is described in decibel (dB) as:

T
Stdi
Tjp = 2logp| “——r|:
fs3dr
o

where S is the signal voltage within the kernel, S, is the
smallest voltage the system could detect, and T is the integral
interval. The second parameter is the time variance (T,,,),
which measures the dispersion of signal samples around their
mean value evaluated as:

1 (n+1)(m+1) 3)

Toar = (Sc— M)

n+Dm+1)-1 fo

where x is the sample number and M is the mean value of S.
In addition to these parameters, Shannon entropy of S is
adopted as a parameter sensitive to the RF energy distribution
within a ROI in ultrasound imaging. Non-normalized Shan-
non entropy (Tz) of S is used and calculated as:

Tx(S)=-2,57 log(5,2), *

where S is the envelop signal and S_ are the coefficients of S
in an orthonormal basis. Note that T, and T, are evaluated
using the envelop signals after normalization.

The next parameter is extracted from the frequency
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backscatter (F,;). Additionally, other parameters such as the
variance (P, ) and the maximum amplitude (P, ) of the
power spectral density (PSD) of signal S can be used for
characterization in addition to Fj; in accordance with the
present disclosure. Here, similar procedures are followed
where Burg algorithm is used to estimate the PSD of signal S
for each spatial location (PSD, ;). The PSD is estimated using
Burg autoregressive (AR) prediction model for the signal S.
In accordance with the present disclosure, the AR spectrum is
calculated using a fast Fourier transform (FFT) of 1024
length, determined based onthe signal length, and a 12 order
AR model after applying hamming window on the time sig-
nal. In one embodiment, F; is evaluated as the normalized
average power calculated as the integral of PSD over the
transducer frequency bandwidth with respect to the PSD of a
perfect reflector (PSDy, ), which is described as:

PSDAf

[ PSDresd f

Fip = IOIOgIO[

In various embodiments, after estimating the PSDin dB, it
is subtracted from PSDy,.in dB. Then, a set of frequency
parameters are extracted including the maximum power
(P,...), variance (P, ), etc. The last set of parameters is
calculated from the approximation coefficients of wavelet
Daubechies 3 (db3). This kind of wavelet decomposition is
widely used and has been previously utilized in ultrasound
image decomposition. Wavelet parameters such as the root
mean square value (RMS) of the approximation signal (W_, )
and the integrated backscatter (W ;) may be used in accor-
dance with the present disclosure. Generally, RMS is a sta-
tistical measure of the magnitude of varying quantity. The
RMS of the approximation signal (W, ) is evaluated as:

FImS.

v ©)

where W, is the wavelet approximation coefficient number n
in W reconstructed from the ROI, and N is the total number of
coefficients in W. The parameter W is evaluated using wave-
let decomposition and is defined as:

sz dk @
0

I Why dk

>

ng = 2010g1 0

where W, is the wavelet coefficients of the reference echo.
Since the first wavelet approximation has been used in this
disclosure, K (the integral interval length) equals T/2. In other
embodiments, further levels of wavelet decomposition, i.e
2nd down to 8th, may be adopted. Also, other types of wavelet
fanctions may be used.

Parametric ultrasound images are constructed by calculat-
ing and assigning the value of each parameter in any domain
to the center pixel(s) of the kernel, in block 340. These pro-
cedures are repeated for all kernels within the ROI selected
for parametric analysis using an overlapping of approxi-
mately 90% to form parametric images for the parameters. In
block 350, the parametric images are smoothed and displayed
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by the imaging system 100. Note, in various embodiments,
these quantitative ultrasound techniques could adopt param-
eters other than the abovementioned ones in all domains; one
or more parameter could be fused or combined to improve the
diagnosis process, and the overlapping ratio range could
range 0-99%.

For embodiments of the imaging system 100, representa-
tive parameters from each domain are used to reconstruct
high-resolution parametric images including: time integrated
backscatter (T;;), time variance (T,,,), time entropy (Tx),
frequency integrated backscatter (Fz), wavelet RMS (W, ),
and wavelet integrated backscatter (W) with dynamic
ranges up to 60 dB. These ranges are selected based on the
parameters’ values for optimum visualization.

For in vitro testing purposes, two gingival tissue samples
(samples “a” and “b”) were extracted from a subject diag-
nosed with chronic generalized severe periodontitits and dif-
ferent degrees of gingival inflammation. The optical image in
FIG. 4 shows the approximate regions from where samples
“a” and “b” were extracted as from the free gingival surface
and down towards the connective tissue beneath the two tri-
angles superimposed.

Sample “a” is gingival tissues between tooth #’s 7 and 8
with severe gingival inflammation characterized by redness,
edematous appearance, loss of papilla, bleeding on clinical
probing, and probing depth >5 mm with clinical attachment
loss ranging from 7 to 8 mm. While, sample “b” is from
interproximal gingiva between tooth #’s 5 and 6 presenting
pink color with minor change in the margin closer to the tooth
surface, pointed papilla, some stippling, reduced edema, and
probing depth ranging from 2-4 mm with clinical attachment
loss ranging from 1-2 mm.

Samples “a” and “b” were placed in degassed water near
the ultrasound transducer focus for scanning with the free
gingival surface facing the ultrasound transducer 110.
Sequential 2D ultrasound scans were performed parallel to
the base of the two samples to render cross-sectional ultra-
sound images in the occlusal plane. In an exemplary test,
more than 150 ultrasound scans were acquired 100 pm apart
with an average distance between adjacent RF signals of 13.5
pm. A sampling rate of 400 MHz was used during this exem-
plary test to acquire received RF signals from a transducer
110 of frequency range (25 MHz-75 MHz). Accordingly,
FIG. 5 shows an ultrasound B-mode image for two cross-
sections near the base for samples “a” and “b”, as labeled. The
B-mode reconstruction procedures were similar to those
described in U.S. Patent Application Publication 2010/
0210943 which is incorporated by reference in its entirety.
Note that the optical image (FIG. 4) is for the upper jaw and
is inverted to match the sections shown in (FIG. 5). Please
further note that the quality of these images and/or other
depicted images may not be capable of being accurately
reproduced within the pages of the present document. For
example, actual images provide color representations that are
not capable of being represented in the black and white
images/drawings of the present document.

In acquired B-mode images, sample “a” generally shows
less homogenous echo patterns than sample “b” in the outer
regions. Based on a histological study of the gingival tissue
samples, these echo patterns in the outer regions of both
samples correspond to the oral epithelial layer with the hyper-
echoic response compared to the connective tissue layer
beneath. Also, it is observed that sample “a” shows larger
hyper-echoic lesion (white spots) on the top part than the
corresponding lesion in sample “b”. Additionally, sample “a”
shows an anechoic lesion where the arrow indicates in FIG. 5
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in the middle oftissue patterns. Based on a histological study,
this anechoic response may correspond to a cyst.

As shown in the images, it is notable that the in the areas
having hypo-echoic effect and appearing as dark regions in
the images, correspond to inflammation vicinity. Moreover,
hyper-echoic regions that are displayed as bright regions in
the image correspond to the dense epithelium exhibiting infil-
trating inflammatory cells into the inner connective tissue.

Since gingivitis is characterized by infiltration of particu-
larly acute inflammatory cells into the epithelium, the outside
lining of the gingival connective tissue that surrounds the
teeth, this inflammation progression cause changes in the
local acoustic impedances, which produces reflections. The
hyper-echoic behavior in the ultrasound images demarcates
healthy dense epithelium from inflamed gingiva. Moreover,
hypo-echoic regions in B-mode ultrasound images indicate
high attenuation of inflamed gingiva. If treatment is not pro-
vided, the progression can lead to further loss of integrity of
the epithelium eventually affecting the underlying connective
tissue and bone. As more inflammatory cells are noted with
increased disease, the ultrasound can quantify these changes.

As discussed previously, representative parameters from a
plurality of domain are used to construct high-resolution
parametric images. FIGS. 6A-6F show parametric images
reconstructed using Ty, T, .. Tx, Frz, W, and W param-
eters, respectively. It is observed that the use of parametric
images improves the contrast resolution and can be used to
characterize different tissue components. In these images,
sample “a” exhibits higher parameters’ values that are dis-
tributed on larger area than sample “b”, in particular within
the free gingival area (near the transducer 110). Additionally,
the abovementioned cyst in sample “a” appears in all images
as a region of lower parameters’ values than the surrounding
epithelium. Generally, it is noticed that the average param-
eters’ values per area in the case of severe inflammation
(sample “a”) are higher than those in mild inflammation case
(sample “b”).

Similar findings can be reached when using the 3D para-
metric images shown in FIGS. 7A-D reconstructed using
sample parameters including T, T, ., F;z, and W5, respec-
tively. In the four different views of the 3D parametric
images, it is observed that there is a possible correlation
between the gingival diagnosis from one side and the distri-
bution and dB values of all parameters, from the other side.

In a preliminary in vivo test, ultrasound scanning is per-
formed to image the mandible of a healthy male subject (37
years 0ld). The subject has no periodontal defect deeper than
3 mm without bleeding on probing and oral soft tissues within
normal limits. Prophylaxis is performed at baseline (week 0)
and immediately before ultrasonic evaluation and clinical
pictures. The subject was instructed to abstain of mechanical
plaque control in his upper and lower anterior teeth (#6, 7, 8
and 26, 27 and 28) by using a stent that would cover these
teeth during tooth brushing. No effort was made to eliminate
swishing water after brushing and the subject had the habit of
chewing gum during the day.

In the exemplary test, a 14-MHz linear array transducer
210 (e.g., an extraoral transducer probe) was placed outside
the mouth on the facial tissue, where ultrasound gel was used
for the coupling. Inside the mouth, the subject was instructed
to place a thin layer of commercially available sugar-free
gelatin snack as the coupling from the other side, from the
facial tissue to gingival tissue.

The table of FIGS. 8A-8B describes the changes that
occurred in the gingival tissue thickness of the subject over
4-week period starting at week 0 (w0). The first column in the
table of FIGS. 8A-8B shows the approximately measured
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gingival tissue thickness using the ultrasound images in col-
umn three. The ultrasound images show cross-sectional views
including the gingival tissue between the arrows superim-
posed near the marginal gingiva. The region between these
arrows is approximately a cross-section view in the gingival
tissue beneath the circle superimposed on the optical images
in the second column of FIGS. 8A-8B.

From the acquired images, it is observed that the gingival
thickness is 1.88 mm at w0 (in FIG. 8A), right after the
prophylaxis, and then decreases to 1.78 mm at w1 (in FIG.
8A) when the tissue was recovered as of the response of the
prophylaxis process. At w2 (FIG. 8B), the gingival thickness
started to increase due to the isolation of such area from tooth
brushing. This effect continues till w4 (FIG. 8B) when the
gingival thickness increases to 2.24 mm. These changes are
noted to be difficult to track by the optical images in column
two.

Not only are gingival thickness changes observed in the
ultrasound images acquired from the ROI described in FIGS.
8A-8B, but also changes in the tissue echogenicity are
observed in ultrasound images (FIGS. 9A-9B).

At w0 (FIG. 9A), the parametric image reveals a cross
sectional view of the soft tissue including the gingival tissue
between the two opposing arrows superimposed near the
marginal gingiva, while the single arrow represents the jaw
bone at the canine tooth. It is noted that that the interface
between the bone and soft tissue appears as a very bright
boundary (in the original acquired images), because this
interface has a high reflectivity for ultrasound waves. Also,
very little appears below the bone line, as the ultrasound
waves cannot penetrate and reflect back from the bone
because ofits high attenuation nature with respect to the soft
tissue. From the image, the gingival thickness is measured to
be 5 mm.

The B-mode images in FIG. 9B at w3 and w4, for different
gingival cross-sections within the ROI highlighted by the
circle on optical images, show higher reflections within the
gingival tissue surface than those in w0-2 (FIG. 9A and FIG.
9B). This may be an indication of changes in the gingival
tissue properties due to the early expected inflammation and
matches findings from in vitro testing. Without treatment, the
persistence of this inflammatory process may progress to
irreversible destruction of the periodontal attachment around
the tooth leading to the more advanced stage (periodontitis),
resulting in the possible loss of the tooth.

X-rays are unable to resolve such subtle soft-tissue inter-
faces and determine if the disease has spread to the underlying
bone. Ultrasound technology has the potential to provide
great help in further evaluation of the subtle differences.
Ultrasound has the advantage over manual probing in being
completely painless, and it also has the ability of providing
much better resolution than the *1 mm ascribed to the current
diagnostic gold standard. Ultrasound imaging is a very safe
modality compared to those involving ionizing radiation,
such as X-ray and nuclear medicine.

In addition to extraoral techniques, intraoral imaging tech-
niques may also be considered. For intraoral imaging tech-
niques, the transducer 110 comprises an intraoral linear
probe, where the probe is situated inside the patient’s mouth,
specifically over the gum. One embodiment of the intraoral
probe comprises a linear array side fire ultrasound probe
having an imaging head with a length of 3 cm, width of 1 cm,
and a height of 1.8 cm. The dimensions are similar to a regular
tooth brush. The overall length of the probe is 19 cm, in an
exemplary embodiment.

Also, in one embodiment, the probe has 80 piezoelectric
elements separated by 300 um pitch. Center frequency is 8
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MHz with 70% bandwidth. Probe’s acoustic lens is made
from a biocompatible mixed silicone material. A linear array
210 is used to attain the optimal beam uniformity and image
quality.

During a set of testing trials, the intraoral probe was con-
nected and configured to the same ultrasound unit used in the
previously described extraoral imaging technique. Here, the
intraoral probe can be positioned almost like a regular tooth
brush. A major difference is that the probe head is to be
located in front of the gum not the teeth, to image the gingival
soft tissue. To remove air bubbles and match the acoustic
impedance between the probe and the gingival tissue, the oral
cavity in front of the area to be imaged was filled with gelatin
dessert and then the probe was inserted into it. Other coupling
methods were also available to be used, such as water, or
deformable solid gels, for cases that could not use gelatin
based desserts for a clinical reason.

FIG. 10 is a collection of ultrasound images obtained using
the intraoral probe during ultrasound scanning. The images
show a cross sectional view of the lower jaw (top image in
FIG. 10) and upper jaw (bottom image in FIG. 10). specifi-
cally the gingival tissue and bone boundaries. An operating
frequency of 10 MHz is used to obtain high resolution
images. The gingival tissue is marked by the two opposing
arrows, and it is apparent that the tissue is intact and no
detachments appear, which suggests a healthy gingiva. Also
in the figure, the bone boundary is marked by the single arrow.
Once more, the bone boundary appears as a very bright con-
tour (in the original image), because of the high acoustic
reflectivity exhibited by the bone.

In addition, the gingival tissue is observed to be clearer in
this case than the extraoral imaging. The fact that the probe is
nearly touching the gingiva made this imaging technique give
more emphasis on the soft tissue, and it appears very clear
compared to the extraoral images. Furthermore, thickness
measurements are reported to be easier to obtain, as the mea-
surement starts directly from the top of the images. In this
example, the whole imaging procedure took 5-10 minutes for
each region of interest. It is also noted that the intraoral probe
is easier to maneuver around the imaging region of interest.
Also, some embodiments of the intraoral probe feature an
ergonomic handle to provide better control and stability for
the operator.

Due to the easy maneuverability of the intraoral probe, 3D
imaging of the gingiva can be constructed by embodiments of
the imaging system 100. By carefully rotating the linear probe
around its central axis in the elevational direction in front of
the gingival tissue, to simulate a rocking motion in a manual
manner, 3D volumes of the soft tissue can be constructed. In
one embodiment, a motor driven rocking linear array
intraoral probe is featured to provide improved measurements
and assessments.

During testing, this rocking technique was applied on the
lower jaw of a human subject. The produced frames were
stored as a three dimensional array in the memory of the
imaging system 100. The array was then post processed, scan
converged in the elevational direction, and image slices were
co-registered together to produce an approximate volume of
the soft tissue.

In one implementation, a resultant volume rendering
shows the high peaks associated with the soft tissue and bone
boundary. This imaging feature has the advantage of better
visualizing the soft tissue and giving more information about
the health of the gum. The use of 3D imaging helps more
accurate thickness measurements, by making markers that
ensure same location of measurement each time. Also the
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markers help to localize the same point of tissue in the fol-
lowing up process of the gingival tissue health and its attach-
ment status to the bone.

In assessing the extraoral and intraoral imaging techniques,
both extraoral and intraoral imaging exemplary processes
were performed at relatively shallow depths, 2.5 and 2 centi-
meters respectively. As a result, attenuation effects were
minimal and that eliminates the need for any additional image
post processing steps such as adaptive gain compensations.
The fact that intraoral imaging was performed at a shallower
depth provided higher intensity ultrasound echoes with less
attenuation effects. No shadowing effects appeared in the
regions of interest as shown in the presented images. There-
fore, with the proper use of adequate amounts of coupling
materials, shadowing effect may be eliminated. In addition,
shadowing occurs generally only below the tooth boundary in
the in vivo images, where there are no useful visible features
in the images, as soft tissues were not present.

With reference to FIG. 11, shown is a flow chart 1200
illustrating the acquisition of echo signal data using an echo-
periodontal imaging system 100 in accordance with various
embodiments of the disclosure. The transducer 110 (or trans-
ducer array 210) is initially positioned in block 1210 with
respect to the jaw. In some embodiments, the transducer 110
is positioned at a corner of the FOV where the scan begins. In
other embodiments, the transducer 110 is positioned at an
initial alignment position (e.g., the center of the FOV) and the
transducer 110 is relocated to the corner of the FOV.

Echo signal data and the corresponding position informa-
tion are obtained along an axis in block 1220. The axis may be
in the lateral or elevation direction. The echo signals may be
processed (e.g., filtering, amplification, compression, and/or
analog beamforming for arrays) before digitizing the signals.
After the information is obtained along the axis, the digitized
data is stored in memory or on a computer-readable storage
medium in block 1230. While the exemplary flow chart 1200
of FIG. 11 indicates storing the echo signal data and corre-
sponding position information after scanning is complete, in
some embodiments echo signal data is stored as it is obtained.

It is then determined in block 1240 whether another scan
along the axis is to be performed. In the case of a two-
dimensional scan with a single transducer 110 or a one-
dimensional transducer array 210, the positioning system 160
relocates the transducer 110 (or 210) and returns to block
1220 to obtain the echo signal data and the corresponding
position information along the newly offset axis (next row or
column) within the FOV. If a two-dimensional transducer
array 210 is used, the next set of information along the axis
may be obtained without relocation of the transducer array.

When the ultrasonic scan has been completed for the FOV
or if only a one-dimensional scan is to be performed, the
stored echo signal data and corresponding position informa-
tion may then be processed and used for image processing in
block 1250. To this end, the imaging system controller 150 of
the imaging system 100 of FIG. 1 may provide signal pro-
cessing of the acquired echo signal data. Alternatively, a
separate computer may provide the signal processing.

Referring now to FIG. 12, shown is a flow chart 1300
illustrating the processing of ultrasound images using an
echoperiodontal imaging system 100 in accordance with vari-
ous embodiments of the disclosure. In block 1310, a series of
ultrasonic signals are transmitted by the transducer 110 (or
210) at a plurality of corresponding locations of gingival
tissue along a region of interest of a subject’s jaw. Next, the
transducer 110 (or 210) receives a plurality of echo signals,
where each echo signal corresponds to one of the plurality of
transmitted ultrasonic signals and further corresponds to one
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of the plurality of echo signal data and the one corresponding
transducer position, in block 1320. During image processing,
the imaging system 100 divides the region of interest in the
echo signals into a plurality of two-dimensional kernels com-
prising sub-regions of the region of interest, in block 1330.
Next, in block 1340, the imaging system 100 converts the
plurality of two-dimensional kernels into a plurality of one-
dimensional signal vectors from neighborhood pixels within
the kernel and extracts parameters in a time-domain, fre-
quency-domain, and wavelet-domain using the vectors, in
block 1350. Then, in block 1360, parametric ultrasound
images are constructed by calculating and assigning the value
of each parameter in any of the time, frequency, and wavelet
domains to a pixel representing the center of a kernel.

Next in FIG. 13, a diagram of a flow chart illustrating an
embodiment of a method for in vitro acquisition of ultrasound
images using an echoperiodontal imaging system 100 is pre-
sented. First, in block 1410, a sample is positioned in
degassed water near the ultrasound transducer focus for scan-
ning with the free gingival surface of the sample facing the
ultrasound transducer 110 (or 210). Sequential ultrasound
scans are performed parallel to the base of the sample to
render cross-sectional ultrasound images in the occlusal
plane, in block 1420. Then, in block 1430, hyper-echoic and
hypo-echoic regions in the ultrasound images are detected to
identify periodontal defects in the gingival tissue.

Referring now to FIG. 14, a diagram of a flow chart illus-
trating an embodiment of a method for in vivo acquisition of
ultrasound images using an echoperiodontal imaging system
100 with an extraoral probe is depicted. For an exemplary
case of extraoral imaging testing, 9.5 MHz linear array probe
with a 4 cm footprint size is used, but not limited to being
used, in imaging, in one embodiment, where the probe is an
end fire type probe. In other embodiments, a linear array 5-14
MHz ultrasound transducer, phased, and curvilinear arrays
can also be used as extraoral probes.

In block 1510 of FIG. 14, ultrasound gel is placed on a
subject’s cheeks or outer surfaces of the lips. Further, in block
1520, a gelatin based dessert is placed inside the mouth to fill
the oral cavity, and the extraoral probe is placed on the sub-
ject’s cheek or outer surface of the lips, in block 1530. The
gelatin is used to obtain an acoustic impedance match
between the probe and the inner soft tissue, and also to elimi-
nate air bubbles. An ultrasound image of a cross sectional
view of the soft tissue between the subject’s jawbone and
adjacent tooth is then acquired by the imaging system 100, in
block 1540. In one embodiment, to acquire the ultrasound
image, the probe’s operating frequency is set to 10 MHz to
obtain high resolution images. From the acquired image,
hyper-echoic and hypo-echoic regions in the ultrasound
image are detected to identify periodontal defects in the gin-
gival tissue, in block 1550.

Referring now to FIG. 15, a diagram of a flow chart illus-
trating an embodiment of a method for in vivo acquisition of
ultrasound images using an echoperiodontal imaging system
100 with an intraoral probe is depicted. In block 1610, a
gelatin based dessert is placed inside the mouth ofa subject to
fill the oral cavity, and the intraoral probe is inserted into the
gelatin in front of the gum inside the subject’s mouth, in block
1620. An ultrasound image of a cross sectional view of the
soft tissue between the subject’s jawbone and adjacent tooth
is then acquired by the imaging system 100, in block 1630.
From the acquired image, differences in soft tissues based on
ultrasound image are assessed and/or quantified, in block
1640.

InFIG. 16,a diagram of a flow chart illustrating an embodi-
ment of a method for in vivo acquisition of 3D ultrasound
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images using an echoperiodontal imaging system 100 with an
intraoral linear probe is depicted. In block 1710, a gelatin
based dessert is placed inside the mouth of a subject to fill the
oral cavity, and the intraoral linear probe is inserted into the
gelatin in front of the gum inside the subject’s mouth, inblock
1720. During ultrasonic scanning by the imaging system 100,
the intraoral linear probe is rotated, in block 1730. Ultrasound
images of a cross sectional view of the soft tissue between the
subject’s jawbone and adjacent tooth is acquired by the imag-
ing system 100 and used to construct a 3D volume rendering
of the soft tissue, in block 1740. Differences in soft tissues are
assessed and/or quantified based on the 3D volume rendering,
in block 1750.

Embodiments of the imaging system 100 or portions of the
imaging system 100 can be implemented in software (e.g.,
firmware), hardware, or a combination thereof. Generally, in
terms of hardware architecture, the imaging system 100
includes a processor, memory, and one or more input and/or
output (I[/O) devices (or peripherals) that are communica-
tively coupled via a local interface. The processor is a hard-
ware device for executing software, particularly that stored in
memory. The processor can be any custom made or commer-
cially available processor, a central processing unit (CPU), an
auxiliary processor among several processors associated with
the imaging system controller 150, a semiconductor based
microprocessor (in the form of a microchip or chip set), a
macroprocessor, or generally any device for executing soft-
ware instructions. The memory can include any one or com-
bination of volatile memory elements (e.g., random access
memory (RAM, such as DRAM, SRAM, SDRAM, etc.)) and
nonvolatile memory elements (e.g., ROM, hard drive, tape,
CDROM, etc.). Moreover, the memory may incorporate elec-
tronic, magnetic, optical, and/or other types of storage media.
Note, that the memory can have a distributed architecture,
where various components are situated remote from one
another, but can be accessed by the processor. The software in
memory may include one or more separate programs, each of
which comprises an ordered listing of executable instructions
for implementing logical functions. In one embodiment, the
software in the memory includes logical functions represen-
tative of block(s) shown in the flow chart(s) described above
and a suitable operating system (O/S). It should be noted that
logical functions representative of block(s) shown in the flow
chart(s) can be stored on any computer readable medium for
use by or in connection with any computer related system or
method.

In the context of this document, a computer readable
medium is an electronic, magnetic, optical, or other physical
device or means that can contain or store a computer program
for use by or in connection with a computer related system or
method. In the context of this document, a “computer-read-
able medium” can be any means that can store, communicate,
or transport the program for use by or in connection with the
instruction execution system, apparatus, or device. The com-
puter readable medium can be, for example but not limited to,
an electronic, magnetic, optical, electromagnetic, infrared, or
semiconductor system, apparatus, or device medium. More
specific examples (a nonexhaustive list) of the computer-
readable medium would include the following: an electrical
connection (electronic) having one or more wires, a portable
computer diskette (magnetic), a random access memory
(RAM) (electronic), a read-only memory (ROM) (elec-
tronic), an erasable programmable read-only memory
(EPROM, EEPROM, or Flash memory) (electronic), an opti-
cal fiber (optical), and a portable compact disc read-only
memory (CDROM) (optical).
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Tt should be emphasized that the above-described embodi-
ments of the present disclosure are merely possible examples
of implementations set forth for a clear understanding of the
principles of the disclosure. Many variations and modifica-
tions may be made to the above-described embodiment(s)
without departing substantially from the spirit and principles
of the disclosure. All such modifications and variations are
intended to be included herein within the scope of this dis-
closure and protected by the following claims.

Therefore, at least the following is claimed:

1. A system for echoperiodontal imaging of gingival tissue,
comprising:

a transducer adapted to:

be positioned along a plurality of locations of gingival
tissue for a region of interest of a jaw;

transmit a series of ultrasonic signals at the plurality of
locations of the gingival tissue for the region of inter-
est of the jaw, and

receive a plurality of echo signals, each echo signal
corresponding to one of the transmitted ultrasonic
signals at one of the plurality of locations of the gin-
gival tissue; and

imaging system computer hardware configured to:

coordinate transmission of the series of ultrasonic sig-
nals and reception of the corresponding echo signals,

obtain a plurality of echo signal data of the gingival
tissue and a plurality of transducer positions, where
each echo signal data corresponds to one of the plu-
rality of transducer positions and is derived from the
received plurality of echo signals;

dividing a region of interest in the echo signals of the
plurality of corresponding locations into a plurality of
two-dimensional kernels comprising sub-regions of
the region of interest;

convert each of the plurality of two-dimensional kernels
into a plurality of one-dimensional signal vectors
from neighborhood pixels within a two-dimensional
kernel and the one-dimensional signal vectors are
used to extract parametric values in a time-domain, a
frequency-domain, and a wavelet-domain; and

reconstruct at least a two-dimensional image of a portion
of the gingival tissue of the jaw based upon the
obtained echo signal data, the plurality of transducer
positions, and the parametric values from at least the
time-domain, the frequency-domain, and the wavelet-
domain, wherein the at least a two-dimensional image
comprises a parametric ultrasound image with pixel
values represented using the parametric values from
the time-domain, the frequency-domain, and the
wavelet-domain.

2. The system of claim 1, wherein the imaging system
computer hardware provides access to B-mode images.

3. The system of claim 1, wherein the kernels overlap in
space by approximately 90%.

4. The system of claim 1, wherein the imaging system
computer hardware is further configured to construct para-
metric ultrasound images by calculating and assigning a value
of each parameter in any of the time, frequency, and wavelet
domains to a pixel representing a center of the two-dimen-
sional kernel.

5. The system of claim 1, wherein the transducer comprises
an extraoral probe that is positioned outside a mouth of a
human subject.

6. The system of claim 1, wherein the transducer comprises
a linear array side intraoral probe that is positioned inside a
mouth of a human subject.
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7. The system of claim 1, wherein the transducer is a
transducer array.

8. The system of claim 1, wherein the image is a three-
dimensional volume rendering of the gingival tissue of the
jaw.

9. A method for echoperiodontal imaging, comprising:

positioning a transducer adjacent to a jaw of a subject;

transmitting a series of ultrasonic signals at a plurality of
corresponding locations along the jaw of the subject;

receiving a plurality of echo signals, each echo signal cor-
responding to one of the transmitted ultrasonic signals;

obtaining a plurality of echo signal data and a plurality of
corresponding transducer positions, where each echo
signal data corresponds to one of the plurality of trans-
ducer positions and is derived from the received plurality
of echo signals;

dividing a region of interest in the echo signals of the

plurality of corresponding locations into a plurality of
two-dimensional kernels comprising sub-regions of the
region of interest;

for each one of the plurality of two-dimensional kernels,

converting a two-dimensional kernel into a plurality of
one-dimensional signal vectors from neighborhood pix-
els within the two-dimensional kernel;

extracting parameters in a time-domain, a frequency-do-

main, and a wavelet-domain using the one-dimensional
signal vectors; and

reconstructing at least two-dimensional image data of a

portion of soft tissue adjacent to the jaw for display on a
display device based upon the obtained plurality of echo
signal data, the plurality of corresponding transducer
positions, and parametric values from the time-domain,
the frequency-domain, and the wavelet-domain,
wherein the at least two-dimensional image data com-
prises a parametric ultrasound image with pixel values
represented using the parametric values from the time-
domain, the frequency-domain, and the wavelet-do-
main.

10. The method of claim 9, wherein the transducer is a
one-dimensional transducer array.

15
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11. The method of claim 9, wherein the transducer is a
two-dimensional transducer array.

12. The method of claim 9, further comprising providing
the image data for display of a three-dimensional volume
rendering of the portion of the soft tissue of the jaw on the
display device.

13. The method of claim 9, wherein the soft tissue com-
prises gingival tissue.

14. The method of claim 9, wherein the transducer is posi-
tioned external to a mouth of the subject.

15. The method of claim 9, wherein the transducer is posi-
tioned inside a mouth of the subject.

16. A method for echoperiodontal imaging, comprising:

transmitting a series of ultrasonic signals at a plurality of

corresponding locations of gingival tissue along a region
of interest of a jaw of a subject;

receiving a plurality of echo signals, each echo signal cor-

responding to one ofthe transmitted ultrasonic signals at
one of the plurality of corresponding locations of gingi-
val tissue;

dividing the region of interest in the echo signals into a

plurality of two-dimensional kernels comprising sub-
regions of the region of interest;

for each one of the plurality of two-dimensional kernels,

converting a two-dimensional kernel into a plurality of
one-dimensional signal vectors from neighborhood pix-
els within the two-dimensional kernel;

extracting parameters in a time-domain, frequency-do-

main, and wavelet-domain using the one-dimensional
signal vectors; and

constructing parametric ultrasound images by calculating

and assigning a value of each parameter in any of the
time, frequency, and wavelet domains to a pixel repre-
senting a center of the two-dimensional kernel.

17. The method of claim 16, wherein the ultrasonic signals
are transmitted by a transducer positioned outside a mouth of
the subject.

18. The method of claim 16, wherein the ultrasonic signals
are transmitted by a transducer positioned inside a mouth of
the subject.
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TRANSMIT A SERIES OF ULTRASONIC SIGNALS AT A PLURALITY OF
CORRESPONDING LOCATIONS OF GINGIVAL TISSUE ALONG A REGION OF
INTEREST OF A SUBJECT'S JAW 131

|

RECEIVE A PLURALITY OF ECHO SIGNALS, EACH ECHO SIGNAL
CORRESPONDING TO ONE OF THE PLURALITY OF TRANSMITTED
ULTRASONIC SIGNALS AND FURTHER CORRESPONDING TO ONE OF THE
PLURALITY OF ECHO SIGNAL DATA AND THE ONE CORRESPONDING
TRANSDUCER POSITION

I

DIVIDE THE REGION OF INTEREST IN THE ECHO SIGNALS INTO A PLURALITY
OF TWO-DIMENSIONAL KERNELS COMPRISING SUB-REGIONS OF THE

REGION OF INTEREST
GION Ol S 1330

!

ONVERT THE PLURALITY OF TWO-DIMENSIONAL KERNELS INTO A
PLURALITY OF ONE-DIMENSIONAL SIGNAL VECTORS FROM NEIGHBORHOOD
PIXELS WITHIN THE KERNEL 1340

|

EXTRACT PARAMETERS IN A TIME-DOMAIN, FREQUENCY-DOMAIN, AND
WAVELET-DOMAIN USING THE VECTORS
1350

!

CONSTRUCT PARAMETRIC ULTRASOUND IMAGES BY CALCULATING AND
ASSIGNING THE VALUE OF EACH PARAMETER IN ANY OF THE TIME,
FREQUENCY, AND WAVELET DOMAINS TO A PIXEL REPRESENTING THE
CENTER OF A KERNEL
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