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Abstract: Periodontal disease is one of the most pervasive dental diseases in older adults. It involves the loss of connec-
tive tissue attachment with subsequent destruction of tooth-supporting bone, leading to loss of teeth. Periodontal pocket
depth is currently measured with an invasive manual probe, but adapting diagnostic ultrasound to this purpose can avoid
the pain and inaccuracy inherent in manual probing. In this paper, 3D simulations of ultrasonic periodontal probe meas-
urements are described, using a parallel finite integration technique which is adaptable enough to create realistic anatomi-
cal geometries. The outputs of the simulation include 3D pressure values distributed throughout the periodontal anatomy,
2D vertical cross sections of the acoustic pressure waves, and the pressure across the face of the transducer which is used
to synthesize the ultrasonic echo. Experimental comparison with a simple phantom is also shown. Lastly, the energy val-
ues for different simulations are calculated from the 3D pressure values to describe the amount of energy reaching differ-
ent zones, especially the junctional epithelium. The simulations as well as the energy studies show that only a small por-
tion of the ultrasonic energy is reaching the junctional epithelium, and so sophisticated mathematical techniques are re-

quired to ultrasonically measure pocket depth.

1. INTRODUCTION

Periodontal disease is an inflammatory process of the soft
tissues supporting teeth due to bacterial accumulations below
the gum line, and if untreated can lead to a progressive loss
of attachment between the tooth and the underlying alveolar
bone eventually leading to tooth loss [1]. A site-specific dis-
ease, it is characterized by localized periodontal pockets,
which form between the tooth and the supporting tissue [1,
2]. Half of the adult population in the United States has mild
inflammation, called gingivitis, and about 30% of the popu-
lation has the more serious periodontal disease defined as
having three or more periodontal pockets with depths of 4
mm or more [3-7]. Between 5% and 15% of adults with
periodontal disease have advanced forms with pocket depths
measuring 6mm or more [8]. Periodontal disease has been
associated with diabetes, stroke, and adverse pregnancy con-
ditions [9-11] as well as with cardiovascular disease [12-14].

Periodontal disease is diagnosed via manual probing [15]
wherein a clinician locates and then determines the depth of
the periodontal pocket by inserting a thin metal probe di-
rectly into the pocket. Ridges or markings on the probe indi-
cate the depth of the pocket relative to the gum line. Manual
probing has been shown to be unreliable [16-22] and it can
be painful. Studies with controlled-force probes have shown
success in reducing operator-related error and subjectivity
inherent in manual probing [23-26] but these probes do not
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account for anatomic and inflammatory factors that can af-
fect measurement accuracy [27, 28]. Non-invasive tech-
niques based on ultrasound may be able to diagnose perio-
dontal disease more reliably than manual techniques while
being more comfortable to the patient.

1.1. The Ultrasonic Periodontal Probe

Over the past four decades, many researchers have ex-
plored the use of diagnostic ultrasound to image the perio-
dontal region [29-38]. In 1998, Loker and Hagenbuch devel-
oped a prototype of an ultrasonic device to measure the
depth of the periodontal pocket [39]. Their device used a
solid taper-delay line to couple the ultrasound into the tissue
at approximately the same location and orientation as manual
probing [40]. Results from a pilot clinical trial showed that
correlation between measurements taken by manual probing
and with their ultrasonic device were “not particularly good”.

Also in 1998, Companion and Hinders [41, 42] first re-
ported results of an ultrasonic periodontal probe that had
been under development at NASA Langley for several years
[43, 44]. This ultrasonic periodontal probe [45-49] uses a
hollow tapered tip that is filled with water for coupling of the
ultrasonic beam into the tissues as shown in Fig. (1). The
internal shape of the hollow probe tip has been optimized via
a combination of computer simulations and systematic ex-
periments, and a sequence of increasingly more practical
clinical prototypes were developed and used in several pilot
studies comparing ultrasonic to calibrated-manual and con-
trolled-force probing. Pictures of the latest generation of the
ultrasonic periodontal probe including the water flow sys-
tem, ultrasonic probe, and the data acquisition system is
shown in Figs. (2) and (3). A critical development was the
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Fig. (1). Diagram of the ultrasonic periodontal probe and the major tissue structures of the periodontal region.

Fig. (2). Picture of the latest generation of the ultrasonographic periodontal probe system.
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Fig. (3). Close-up picture of the ultrasonographic periodontal probe hand piece.

recognition of the need for artificial intelligence algorithms
to automatically identify the very subtle echo-waveform fea-
tures corresponding to the anatomy of interest. The wavelet
fingerprint technique of Hou and Hinders [50-55] was
adapted for this purpose and shows promise.

In this paper, we use the three-dimensional parallel
acoustic finite integration technique (3DPAFIT) to simulate
the ultrasound propagation in the tip and the intricate geo-
metries periodontal tissues. These simulations provide valu-
able insight into the complex underling physics of the ultra-
sound propagation and interaction in the soft tissues. Soft-
ware was developed to automatically define the 2D and 3D
geometry of the tip and the periodontal tissue structures and
allow for easy modifications of these geometries. Many
simulations were then completed to provide systematic data
sets to assist in the development of automated software algo-
rithms for determining the periodontal pocket depth under a
variety of conditions.

2. ACOUSTIC SIMULATIONS OF THE ULTRASONIC
PERIODONTAL PROBE

A set of software tools were developed to simulate the
3D acoustic propagation and interaction in the tip and the
periodontal tissues. These automatically create the 3D geo-
metries of interest, perform acoustic simulations on a parallel
super-computer, and then process and visualize the results.
The pre-processing and post-processing, including visualiza-
tions, are performed on a single desktop computer using the
MATLAB programming environment while the simulations
themselves are performed on William and Mary’s high per-
formance computational cluster, SciClone’. A flow chart of
the entire process is shown in Fig. (4).

First, a software system was developed to automatically
create the 2D periodontal geometry using a small number of
parameters which define the scenario the user wants to simu-

! Information about William and Mary’s computational science cluster,
SciClone, can be found at http://www.compsci.wm.edu/SciClone/. SciClone
is funded by grants from Sun Microsystems, the National Science Founda-
tion, and Virginia's Commonwealth Technology Research Fund.

late. Most of the important features of the model are param-
eterized so that they can be changed without having to mod-
ify the simulation software. These include the geometry of
the tissue structures, material parameters, the depth of the
periodontal pocket, and the curvature of the tooth and tissue
structure. The ultrasonic tip is also parameterized so that its
shape, the angle in which it sits on top of the periodontal
pocket, and the size and frequency of the transducer can be
easily changed. Once these parameters are set, the MATLAB
software automatically creates the appropriate 2D models
which ultimately define the 3D geometry. Then, a set of in-
put files are created that define all the simulation parameters
and geometries for the 3D acoustic simulation code.

These input files are then moved to the SciClone where
the 3D parallel acoustic simulations are performed. As the
simulation runs, the simulation software computes and re-
cords a variety of simulation values such as acoustic pressure
inside the tissue. The output files include sets of 2D pressure
slices which show the acoustic wave propagation and typical
A-line data that is recorded across the front of the transducer
face. More details of the software components and the perio-
dontal and tip geometries are discussed in the following sec-
tions.

3. TW O-DIMENSIONAL P ERIODONTAL TI SSUE
AND TIP GEOMETRY

The geometry of the periodontal pocket and surrounding
tissues is complex, with the shape and material properties of
the tooth and tissues varying from tooth to tooth and from
patient to patient. We have created a 2D geometry that is
based on several sources including histological cross-
sections and diagrams from leading periodontal disease text-
books, as shown in Fig. (5) [56-59].

A 2D model of the periodontal pocket and surrounding
tissue is shown in Fig. (6). It includes the major anatomical
features that are important to periodontal disease develop-
ment and the ultrasound propagation. The model includes the
hard tissues of the dentin, tooth enamel, and alveolar bone. It
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Fig. (4). Chart showing the flow of data from the major software components for simulating 3D acoustic waves for the ultrasonic periodontal
probe.

Fig. (5). Anatomical cross-section and a diagram of the periodontal pocket with the surrounding tissues that were used to create the 2D
periodontal model.

also includes the soft tissues of the mucogingival which The 2D model maps the geometry of the different tissue
makes up most of the major soft tissue at the base of the structures. The 2D model is adaptive instead of a static 2D
tooth. The junctional epithelium (JE) is located at the base of image. The accuracy of the model can be continually im-

the periodontal pocket. proved with advice from clinicians and experts in periodon-



Ultrasonographic Periodontal Probe Using the Finite Integration Technique

tics. The adaptive model of the tissue structure allows for the
systematic simulations of ultrasound interactions with a
broad range of geometries and pocket depths. In addition, the
resolution of the 2D model can be adjusted to match the
resolution of the simulation. For example, a 5 MHz simula-
tion needs a model that is 5 times higher in resolution than a
1 MHz simulation. To perform these changes on a static im-
age would be difficult to accomplish in a timely manner. The
details of the adaptable 2D model of the periodontal tissue
structures are found in the following section.

3.1. Adaptable 2D Periodontal Tissue Model

A software system was developed so that the entire 2D
model is defined by a small set of points that indicate the
boundaries between the different tissue structures. Fig. (6)
shows the 2D model with a set of green points on the tissue
boundaries. Once the resolution of the simulation space is
determined, the rest of the boundaries are found using a cu-
bic-spline interpolation between the major points. For exam-
ple, the position, size, and shape of the alveolar bone are
determined by only 5 points. The entire geometry of the
model can be modified by simply moving the locations of
these points or adding new ones. Once the boundaries are
defined, the material parameters are filled in starting at the
location of the red/blue dots.
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3.2. Adding the Periodontal Pocket

Once the major geometry is established, the periodontal
pocket is created automatically by specifying the depth of
the pocket. For simplicity, the depth of the periodontal
pocket is defined as the vertical distance from the top of the
gum to the location of the junction between the gum and the
tooth. The junctional epithelium (JE) is then positioned in
the bottom of the pocket with a vertical height of 1.5 mm
(this can be changed). Then the pocket is completely filled
with water, which is not shown in most of the figures. Fig.
(7) shows the 2D model with the periodontal pocket depth of
2 mm, 6 mm, and 10 mm.

3.3. Two Dimensional Tip Construction and Placement

Like the periodontal pocket, the tip of the ultrasonic
probe is modeled using a 2D cross section. Previous work
suggested that a tip with linear sloped walls would be the
most effective shape to deliver the ultrasound energy into the
periodontal pocket [48]. A 2D model of a linear tip is shown
in Fig. (8). It is parameterized such that one can easily
change the dimensions of the tip. These dimensions include
base radius, transducer radius, wall thickness, length, and tip
radius. Additional tip shapes can be modeled by specifying
their cross sectional shape.

0.03
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Fig. (6). 2D slice of the 3D periodontal model. The units of the x and y-axis of this 2D slice are in meters and correspond to the z and r-axis
of a cylinder, respectively. This 2D slice is swept around the z-axis to create the 3D simulation. The 2D geometry of the periodontal tissue
structures is defined by small set of points (shown in green), which indicate the boundaries between the different tissues. The entire geometry

can be changed by moving these points or adding new ones.
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Fig. (7). The 2D periodontal model is shown for three different pocket depths.

Once the shape of the tip is defined, it is placed into posi-
tion at the top of the periodontal pocket. The angle of the tip
with respect to the tissue geometry is also parameterized so
that it can be easily changed. The placement of the tip is
completely automated. Fig. (9) shows the tip of the perio-
dontal ultrasound probe at 65°, 50°, and 30°.

4. THREE DIMENSIONAL PERIODONTAL POCKET
AND ULTRASONIC TIP GEOMETRY

Once the 2D geometries are defined, the 3D geometries
are created by rotating or sweeping the 2D models. The 3D
tip is created by rotating the 2D tip geometry 360° about its
central axis. The 3D periodontal geometry is created by
sweeping the 2D periodontal pocket model along the z-axis
to create a curved tooth and tissue structure. An example 3D
geometry with the 3D tip in place is shown in Fig. (10a). A
close-up of the tip on top of the periodontal pocket is shown
in Fig. (10b), where the transducer at the base of the 3D tip

A

is displayed in green and the water is not shown for clarity.
The radius of curvature is parameterized so that tooth struc-
tures of different curvatures can be simulated.

5.E XAMPLE SI MULATION O UTPUT AND VI SU-
ALIZATION

Once the 3D geometries and simulation parameters are
determined, a set of input files are created and passed to the
3DPAFIT code which runs on a parallel super computer
(The SciClone). Currently, the simulation software creates
three different types of output or simulation results for the
ultrasonic periodontal probe simulations.

The first is a series of vertical 2D slices through the cen-
ter of the simulation space. These slices show the propaga-
tion of the acoustic waves starting from the transducer and
propagating into the periodontal pocket and surrounding
tissues. Fig. (11) shows a series of these snapshots for a
simulation where the periodontal pocket depth is approxi-
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Fig. (8). A linear tip and its parameterized dimensions.
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Fig. (9). The 2D periodontal model with the linear tip placed at three different angles. Once the periodontal and tip geometries are defined,

the placement of the tip is done automatically.

a)

Ll
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Fig. (10). (a) shows the 3D periodontal simulation geometry, while (b) shows a close-up of the tip placement without the water shown. The
vertical axis here still corresponds to the z-axis from Fig. (6). The transducer at the base of the 3D tip is shown in green.

mately 2.5 mm. A movie of the 2D snapshots is also in-
cluded in the supplementary material.

In addition to these 2D slices, the value of the pressure
waves over the entire 3D simulation space is accumulated.

This 3D volume can be sliced to illustrate the acoustic en-
ergy distribution inside the tissue. Fig. (12) shows several
horizontal slices through the volume to at three different
depths below the tip. The brightness and color of these plots
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Fig. (11). The 2D periodontal model with the linear tip placed at three different angles. Once the periodontal and tip geometries are defined,

the placement of the tip is done automatically.

Fig. (12). Horizontal slices showing the acoustic energy distribution are shown at shallow, medium, and deep depths into the periodontal
anatomy. The curved surface of the tooth is at the left so that the z-axis of Fig. (6) is now out of the page.

shows the horizontal acoustic energy distribution. Finally, 6. RIGID SIMULATION AND EXPERIMENTAL R E-
the pressure across the face of the transducer is recorded to SULTS

create the typical A-line. Fig. (13) shows one of these A- Systematic rigid simulations were performed to provide
lines indicating the initial burst and two reflections from the System g P P
internal tip reflections. an indication of where the echoes from the bottom of the
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Fig. (13). A typical A-line (at 5 MHz) showing the initial burst and two reflections from the tip. The amplitude of the plot is determined by
adding the pressure across the tip, and the horizontal axis corresponds to time.

pocket should appear in the A-lines for the realistic simula-
tions. Rigid simulations are performed with the geometry of
the periodontal tissues described in the previous sections
except that the soft tissues of the gingival and junctional epi-
thelium (JE) are made rigid and hence perfectly reflecting.
This guarantees that all of the acoustic energy stays in the
water inside the tip and the periodontal pocket and ensures
that all the acoustic energy that reaches the bottom of the
pocket will be reflected. A total of 40 rigid simulations were
performed at 5 MHz with the pocket depth ranging from 0.5
mm to 10.5 mm in 0.25 mm increments. Each of these simu-
lations required about 8 GB of computer memory and took
approximately one day to complete when running on 16
computers with CPU speeds of 750 Mhz.

Experimentally, data was collected with an aluminum
block with a sequence of holes drilled at different depths,
which is a standard test phantom in periodontal probing [52].
The tip and the holes are filled with water just as the perio-
dontal pocket is filled with water in the simulations. The
large acoustic impedance mismatch between aluminum and
the water keeps almost all of the acoustic energy in the wa-
ter. Fig. (14) shows A-lines from simulation of the rigid
periodontal region and experimental A-lines from the alumi-
num block at five different depths: 3 mm to 7 mm in 1 mm
increments. In both cases, the A-lines have been low-pass
filtered and the amplitude of the experimental A-line at 3
mm was reduced to make the plot more consistent since this
echo had a very large amplitude. In both the simulated and
experimental data peaks are visible and they shift to the right
(i.e. later in time) as the depth of the pocket/hole gets deeper.

The differences in amplitudes can be attributed to several
experimental and geometrical differences. The experimental
data was collected at 10 MHz and includes hardware ampli-

fication. Also, the crevice (or slit like) geometry of the 3D
periodontal pocket confines the acoustic energy to two-
dimensions while the hole of the experiment confines the
energy to one dimension. This would cause the echoes from
the experiments to be larger than seen in the simulations.

The velocity of sound in water is approximately 1482 ms™.
In the simulated data, the average time between each peak is
1.334 ps. This corresponds to a distance of 2.0 mm or indi-
cating the average depth change of the pocket is 1.0 mm.
This distance is indeed the change in pocket depth in be-
tween each of the simulations. In the experimental data, the
average time between the peaks is 1.563 ps which corre-
sponds to an average change in the depth of the hole of 1.2
mm. This example illustrates that the acoustic simulations of
the 3D periodontal pocket can accurately create A-line data
with echoes from the bottom of the periodontal pocket that
accurately represent the depth of the periodontal pocket. In
the more realistic simulations and experimental data, a more
sophisticated signal processing technique will be needed to
detect the faint echoes from the bottom of the periodontal
pocket.

7.P ERIODONTAL T ISSUE MA TERIAL PARAME-
TERS

Accurate material parameters are necessary to simulate
realistic acoustic propagation in the soft tissues surrounding
the periodontal pocket. For the 3D acoustic simulations, the
material parameters that are needed are the density p and the
acoustic wave velocity c. Unfortunately, we have been un-
able to find any references that quote these material parame-
ters directly. In previous work, 2D simulations were per-
formed of the tip and the tissue region surrounding the
periodontal pocket [48] where the junctional epithelium and
gingiva are modeled as skin and muscle, respectively. These
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Fig. (14). A-lines are plotted for five simulations (top) and five experiments (bottom). The horizontal axis corresponds to time.

values were chosen after extensive discussions with clinical
collaborators with expertise in periodontics. We will take the
same approach in our 3D simulations.

There are several references for the acoustic material
properties of muscle and skin. From [60, 61], we find the
density of skin and muscle as 1020 kg m~and 1080 kg m™,
respectively. In addition, Culjat et al. cite the density and
acoustic wave velocity of soft tissue as 1540 m s™* and 1060
kg m™[62] and Duck cites the acoustic velocity and density
of muscle as 1550 m s™ and 1060 kg m™ [63]. Table 1 indi-
cates the material parameters used in the 3D simulations. For
reference, the acoustic wave velocity and density of water is
also presented [64]. These values are close but not exact, and
the tissue surrounding the periodontal pocket contains many
muscle-like fibers that run perpendicular to acoustic wave
propagation direction. This could raise the acoustic imped-
ance mismatch between the water and tissue, so in most

simulations, the acoustic impedance mismatch was increased
to account for this fact.

Table 1. Material Property Values for Soft Tissue Simulation
Approximation
Density Ac oustic Wave
Material
(kg m™) Velocity (ms™)
Skin (JE) 1020 1540
Muscle (Gingival) 1080 1550
Water 998.2 1482.1

8.10 MHZ ULTRASOUND BEAM

Describing the 3D ultrasound beam inside the probe tip
and the complex tissue structures requires a very sophisti-
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cated 3D model. The ultrasound beam is defined by the spa-
tial distribution and intensity of the acoustic energy inside
the tissues. The ultrasound beam is difficult to characterize
because the beam interacts with several tissue layers in an
inherently 3D geometry. Understanding the shape of the ul-
trasound beam inside the tissues can assist in the interpreta-
tion of the experimental A-line measurements.
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We use several visualization methods to describe the
ultrasound beam inside the tissues. The first is a series of 2D
vertical pressure snapshots showing the wave propagation
through the probe tip and into the periodontal tissues. Fig.
(15) shows several snapshots from a 10 MHz simulation
with a pocket depth of 3 mm. These snapshots show that a
large portion of the acoustic wave energy is channeled down

0.012 0.014 0.016 0.018 0.02

0.012 0.014 0.016 0.018 0.02

Fig. (15). A series of vertical pressure snapshots showing the acoustic wave progression. In the top center snapshot, the 10 MHz acoustic
waves are mostly confined to the pocket or near the interface between the water in the pocket and the gingival tissue.
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the water inside the pocket. After the interaction with the
bottom of the pocket, the waves scatter off the dentin below
the crest and the beam begins to slowly diverge away from
the tooth.

Fig. (16) shows a vertical pressure accumulated snapshot
where the dark color indicates the spatial distribution of the
acoustic energy. This plot also shows a large amount of the
acoustic energy is confined to the pocket and scatters off the
dentin below the crest. The degree of the scattering off the
dentin depends on the angle of the probe tip and the geome-
try of the tooth structure.

0.02

0.014

0.012

0.01

0.011 0.012 0.013 0.014 0.015 0.016 0.017 0.018

Fig. (16). Vertical beam profile from a 10 Mhz simulation showing
the spatial distribution of the acoustic energy. The darkness of the
blue is proportional to the acoustic energy intensity.

In addition to vertical profile of the ultrasound beam, we
also examine horizontal profile slices showing the lateral
spread of the beam as it propagates down though the tissue,
which gives an indication of the lateral resolution of the de-
vice. Fig. (17) contains 12 horizontal beam profile slices
located in 0.5 mm increments below the bottom edge of the
tip. The colors of the images are proportional to the spatial
energy intensity with red being more intense than blue. The
right side of these images would correspond to the facial side
of the tissue geometry.

In this simulation, the depth of the pocket is 3 mm. In
between 0.5 mm and 2.5 mm, one can make out the bound-

Rudd et al.

ary between the water in the pocket and the soft gingival
tissue. As the energy propagates through the tissue, several
side lobes form inside the gingival tissue and inside the
pocket. The side lobes inside the gingival tissue quickly lose
their strength as compared to the main beam inside the
pocket. Two side lobes form on either side of the main beam
inside the pocket. It is not expected that any measureable
returns would come from these side lobes since these lobes
diverge away from the main lobe as the waves propagate,
and hence any echoes wouldn’t be directed back towards the
narrow tip orifice. When the acoustic waves interact with the
bottom of the pocket (3 mm) the beam is very narrow and
close to the tooth surface. From approximately 4 - 6 mm, the
beam reflects off the dentin and begins to slowly spread out
but the beam is still relatively narrow.

9. ENERGY ANALYSIS

In soft tissue versions of the simulation as well as in
clinical measurements, the amplitude of the reflections from
the periodontal anatomy is on the order of the surrounding
noise so that measuring periodontal pocket depth requires
sophisticated mathematic techniques. An obvious concern is
that not enough of the energy is reaching the anatomy of
interest, and so simulations can be used to determine about
how much of the energy emitted by the transducer propa-
gates into the periodontal pocket and the junctional epithe-
lium.

As mentioned above, one of the outputs of the simulation
is the set of values of the pressure waves in 3D and corre-
sponds to the energy distribution throughout the space. First,
the points corresponding to the tissue zone of interest are
calculated by finding the outline of the tissue zone in the 2D
simulation and rotating those points in a manner similar to
the rotation technique of the original simulation to fill the
tissue zone in 3D. Next, for each cross-sectional depth, we
can find the energy in the tissue zone at that depth by using
the following formula:

E:I-dazzz—ZAzsz )

grid

In Equation 1, energy ( E) flux is related to the intensity
() over an area element (da) by the above equation. The
acoustic energy of a plane wave is directly related to the
square of the pressure (p) divided by density times acoustic
speed of sound (c) [65]. In our case, these last two quantities
are similar enough for all the regions of interest, being close
to that of water, and will drop out due to normalization.
Therefore, in the simulation, the 3D pressure values corre-
spond to the energy by the sum of the square of the pressure
values at each point in the tissue zone. Rather than averaging
over time, discrete values of time were chosen because of
constraints on the simulation run time. Three zones of inter-
est were selected: the junctional epithelium, where the man-
ual periodontal probe is thought to bottom out, as well as the
gingiva and the water in the periodontal pocket.
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(Fig. 17) contd.....
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Fig. (17). A series of horizontal beam profiles showing the lateral resolution of the ultrasound beam at 10 MHz.
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Fig. (18). Energy values of the soft tissue approximation are displayed in a phase space. The z-axis of the physical simulation space (Fig. 6)
is the same as the vertical of these phase space plots. The horizontal axis in these phase space plots correspond to the independent variable of
the simulation, either time in the simulation or energies of different pocket depths. (a-c) are simulations in which pocket depth is held con-
stant while pressure values were captured at varying times in the simulation, while (d-f) are simulations in which pressure values are cap-
tured at only one time but pocket depth varies. The color bar legend on the right of each graph indicates amplitude of the resulting energy
ratio normalized by energy available at the indicated height in the anatomy.



16 The Open Acoustics Journal, 2009, Volume 2 Rudd et al.

a) Gingiva d) Gingiva
0.16 - - 0.16
0.14 0.14
o 0.12 o)
"E -@ 0.12
3 0.1 >
5 5 0.1
& 0.08 &
> & 0.08
= 0.06 =
0.04 008
0.02 0.04 : : :
0.5 1 1.5 2 25 2 4 6 8 10
Time (s) x10° Pocket depth (m) x10°
b) Junctional Epithelium e) Junctional Epithelium
0.02 - 0.05
0.04
0.015
° °
© ©
- < 0.03
) )
o 0.01 o
5 5
5 s 0.02
= =
0.005
0.01
0 . . . 0
0.5 1 1.5 2 25 2 10
Time (s) x10° Pocket depth (m) x10°
¢) Water in the pocket f) Water in the pocket
0.25 - 0.22
02 02| [i\ -
o o A -
20.15 20.18 /,/j' \*’“’”‘"—__"— 1 — 0.018m
C c
¥ 01 ®0.16 ] 0.020m
3 % /\ﬂ 0.021m
= = ——0.022m
0.05 0.14 1 — 0.023m
0.024m
0 g : . 012 ) ) ) — 0.025m
0.5 1 15 2 25 R 4 6 8 10
Time (s) x10° Pocket depth (m) x10°

Fig. (19). The energy values are now normalized by energies at 8 different points in the tip, and the maximum of the energy was selected and
plotted against the dependent variable of the simulation.
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Simulations were performed with soft tissue approxima-
tion as described in Table 1 using a 10 MHz transducer. The
energy values were normalized two different ways: first, the
energy values in each tissue zone were normalized with re-
spect to the total energy values at that depth, and second, the
total energy in the tip at 8 different depths was used. Because
of internal reflections and constructive/destructive interfer-
ence within the tip, the energy in the tip is not constant. At
any point in the simulation, interference of reflections in the
tip may seem to cause more energy in different regions than
in others, and so 8 different points in the tip were chosen for
normalization. Also, two different types of simulations were
performed. In the first, one pocket depth was chosen (0.060
m from the bottom of the junctional epithelium, which is 1.5
mm thick) and pressure values were recorded for 20 different
time intervals. In the second, the pocket depth was varied
from 0.025-0.095 m and the pressure values were recorded at
one time snapshot corresponding to 1.37e-5 s in the simula-
tion. In the simulation geometry, the origin of the anatomy
occurs toward the root of the tooth, so that large values of
anatomy height (up to 0.300 m) correspond to regions closer
to the transducer part of the tip, while low values of anatomy
height correspond to regions below the pocket. For all of the
energy studies, the maximum anatomy height displayed cor-
responds to the point where the tip meets the anatomy, while
the lowest anatomy height displayed corresponds to points
well below the junctional epithelium. See Fig. (6) for the
relative periodontal anatomy in the simulation.

Fig. (18) shows the energy ratio in the three different
regions normalized by energy available at that height for
simulations varying by time or pocket depth. As expected,
the gingiva holds the largest percentage of the available en-
ergy, as it does take up most of the space. The water in the
pocket holds the next largest available energy, which is lo-
cated mostly closest to where the tip meets the anatomy. The
most energy in the junctional epithelium is located earlier in
space and time, which makes sense, since the energy has the
least opportunity to be diffused. When normalized relative to
the energy available at that height, there is at most 27.6% of
the energy collected in the junctional epithelium, which is
considerable.

Fig. (19) shows the max energy ratio in the zones of in-
terest normalized by the energy in different points of the tip.
The energy ratio results for the gingiva are illuminating, be-
cause at best, 15.3% of the energy in the tip is translated into
the anatomy at all. In all cases, the largest energy ratio re-
sults when the zone’s energy is normalized with respect to
the point in the tip closest to the anatomy. It is also encour-
aging that as much as 24.3% of the energy in the tip propa-
gates to the water in the pocket. However, very little of the
energy in the tip propagates to the junctional epithelium, less
than 4%. This is a manifestation of the fact that no sizable
reflection from the junctional epithelium is visible in the soft
tissue approximation simulation A-lines. Table 2 gives a
numerical summary of these results.

In all, little of the energy present in the tip propagates to
the junctional epithelium, a reflection from which would
correspond to the manual periodontal probe measurement.
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Hence, standard peak location measurements will not be
sufficient to translate the ultrasonographic probe measure-
ments to manual probe measurements but sophisticated
mathematical techniques may be able to resolve the 4% of
the energy present in the junctional epithelium.

10. CONCLUSIONS

We have developed a three-dimensional parallel acoustic
finite integration technique to simulate acoustic wave propa-
gation in the complex geometry of the periodontal anatomy.
A set of software tools automatically creates the 3D geome-
try of the periodontal region and runs systematic simulations.
Several techniques are used to visualize the ultrasound
waves inside the tip and in the periodontal pocket and sur-
rounding tissues.

Rigid simulations were performed to show that the simu-
lation software can produce realistic data with echoes corre-
sponding to the depth of the periodontal pocket. A set of 10
MHz simulations were completed to describe the ultrasound
beam inside the tissue. In addition many systematic simula-
tions were performed to create a large data set to assist in
the development of the signal processing algorithms to
automatically detect the pocket depth. Energy studies indi-
cate, as expected, that between 1-4% of the energy in the tip
propagates to the junctional epithelium, so that no large re-
flections from that region can be expected to show in the
resulting waveform. These simulations confirm observed
experimental data from our ultrasonographic periodontal
probe. Future work will focus on developing signal process-
ing techniques to detect the faint echoes from the bottom of
the periodontal pocket, which is the key remaining technical
challenge to making ultrasonographic probing useful for
measuring periodontal pocket depth.

Table 2. Maximum Energy Values (%)
Normalized by Total Normalized by Tip
Energy Energy
Gingiva | JEP| ocket | Gingiva | JE P| ocket
Time Varies 1.000 |0.276| 0.967 0.146 |0.019| 0.243
Pocket Depth
Varies 1.000 |0.262| 0.899 0.153 |0.042| 0.213

The maximum values of energy values for each of the three zones are displayed here
for both types of normalizations and both simulations. In the case of those normalized
by tip energy, the maximum value of the energy ratio over the 8 different tip locations
was selected.
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