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Objective: Alveolar crestal bone thickness and level provide important diagnostic and prognostic information for
orthodontic treatment, periodontal disease management and dental implants. Ionizing radiation-free ultrasound
has emerged as a promising clinical tool in imaging oral tissues. However, the ultrasound image is distorted when
the wave speed of the tissue of interest is different from the mapping speed of the scanner and, therefore, the sub-
sequent dimension measurements are not accurate. This study was aimed at deriving a correction factor that can
be applied to the measurements to correct for discrepancy caused by speed variation.
Methods: The factor is a function of the speed ratio and the acute angle that the segment of interest makes with the
beam axis perpendicular to the transducer. The phantom and cadaver experiments were designed to validate the
method.
Discussion: The comparisons agree well with absolute errors not more than 4.9%. Dimension measurements on
ultrasonographs can be properly corrected by applying the correction factor without recourse to the raw signals.
Conclusion: The correction factor has reduced the measurement discrepancy on the acquired ultrasonographs for
the tissue whose speed is different from the scanner’s mapping speed.
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Introduction

Alveolar bone, in which a thin cortical plate encloses the cancellous
bones, supports the tooth along with periodontal ligament and cemen-
tum. Facial alveolar bone thickness and level with respect to the tooth
cementum−enamel junction provide important diagnostic information
for proper orthodontic treatment [1], dental implant procedures [2] and
periodontitis progression [3]. Therefore, accurate measurement of the
two parameters are crucial in evaluating and monitoring treatment or
implant outcomes. High-resolution non-invasive cone-beam computed
tomography (CBCT) imaging has been employed to provide the bone
level and thickness measurements [4]. However, the imaging technique
is costly and involves significant ionizing radiation, which is not desir-
able, especially for pediatric and adolescent patients. Recently, ultra-
sound has been determined to render a promising clinical tool to image
soft and hard oral tissues without harmful ionizing radiation.

Diagnostic ultrasound has been used to image soft tissues with great
success for decades. With a transducer in contact with soft tissue, ultra-
sound, generated by the transducer, travels through the tissue and is
reflected by an interface separating two tissues with distinct acoustic
impedances. The echoes are recorded by the same transducer as
radiofrequency (RF) signals in the time−distance (t−x) plane, where x
denotes the position of transducer element relative to the origin and t is
the two-way travel time of ultrasound, that is, traversing the thickness
normally twice (one down and one up). A constant ultrasound speed of
soft tissue, v̂p, is assumed by the medical ultrasound manufacturer to
map the RF data from the t−x plane to the depth−distance (z−x) domain
via z � v̂p × t=2. The value of v̂p might differ slightly among vendors but
the most commonly used value is 1540 m/s [5,6]. Because of speed vari-
ation, the anatomical interface will be displaced in the image, creating a
speed-related displacement artifact [7]. Some medical ultrasound manu-
facturers have started to offer speed compensation algorithms where the
speed of the organ of interest can be used for mapping to correct for the
boundary misalignment. In breast ultrasound imaging, speed variation
causes wavefront distortion and thus misalignment of boundaries. The
mapping speed of ultrasound was adjusted directly in the ultrasound sys-
tem within a range (∼1450−1520 m/s) for better resolution and bound-
ary continuity [6,8].

The deviation in speed from v̂p results in a dimension-distorted
image, affecting the accuracy of distance or thickness measurements,
especially along the axial or beam direction. Determining the dimension
directly from the image is not possible without first correcting for the
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Figure 1. A layer with thickness, ho; and speed of ultrasound, vo. (b) Corresponding ultrasound image when v̂p < vo.
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image distortion. One common method is to identify the section of RF
signals corresponding to the tissue region and then multiply the corre-
sponding time section by half of the correct ultrasound speed [9,10].
However, the raw RF signals are not always accessible; the data format
and the mathematical operation are not familiar to clinicians and are
beyond the scope of their knowledge.

The objective of this study was to derive a correction factor that,
when multiplying with the actual (non-corrected) measurements in
ultrasound images, will provide the speed-corrected tissue dimensions
along the beam axis or axial direction.
Methods

Determination of layer thickness measured from the ultrasonogram

Consider a layer with thickness ho and speed of ultrasound vo (Fig. 1a).
Assuming the ultrasound scanner uses the same speed for mapping (i.e.,
v̂p � vo), the corresponding ultrasound image, where the thickness and
the speed are related by ho � t × vo=2, faithfully maps the layer. If the
ultrasound scanner uses a higher mapping speed, or v̂p > vo, the resultant
image will be stretched. On the other hand, when the scanner has a lower
mapping speed, or v̂p < vo, the resultant image will be compressed
(Fig. 1b). Therefore, when the time axis is mapped to the depth axis using
a pre-set velocity v̂p different from vo, the depth axis will be either com-
pressed or stretched depending on whether the mapping speed is smaller
or larger than the speed of the material. However, this does not affect the
measurement along the direction of the transducer aperture, that is, along
the x-direction (Fig. 1a). The measured thickness, ĥ, on the image will be
determined by ĥ � t × v̂p=2. Taking the ratio of two thicknesses yields

hoĥ � vo
v̂p

�1�

Consider a segment, l̂, measured on the ultrasonogram as in
Figure 1b. Its length has been distorted because of the speed variation.
The speed-corrected length, lc, which estimates the actual length, l, is

lc≈l � ffiffiffiffiffiffiffiffiffiffiffiffiffi
l2x � l2z

p �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ĥ tanφ
� �2 � h2o

q
� ĥ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tan2φ � vo

v̂p

� �2
s

�2�

where eqn (1) is used, lx is the component of l in the lateral direction,
that is, the x-axis in Figure 1a, and φ is the acute angle l̂ makes with the
beam axis, which is also the z-axis. With ĥ � l̂ × cosφ, eqn (2) becomes

lc � C
vo
v̂p
;φ

� �
× l̂ �3�

where

C
vo
v̂p
;φ

� �
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2φ � vo

v̂p

� �2

cos2φ

s
�4�

is the correction factor. All quantities in the equations are scalar.
2

Phantom and cadaver experiments

A portable SonixTablet medical ultrasound system (Analogic, Van-
couver, BC, Canada), previously used by Nguyen et al. [11], was
employed for the study. The transducer used was a broadband 8 to
40 MHz array transducer consisting of one hundred twenty-eight 0.1-
mm pitch elements (L40-8/12, Analogic, Vancouver, BC, Canada). The
operating frequency was around 20 MHz, and the mapping speed was
1540 m/s.
Plexiglass plate

The phantom (Fig. 2a, 2b) is a 8.54-mm-thick Plexiglass (acrylic)
plate with two 5-cm long and 0.34-mm diameter stainless steel wires
(Ortho Organizers, Inc., CA, USA) taped on one side and a 1.40 mm
wide Protanium steel L-wrench (Bondhus Corporation, MN, USA) on the
other side. The two wires are 10.56 mm apart, and the steel L-wrench is
3.02 and 7.54 mm from the two wires, respectively, along the x-axis.
The dimensions were provided by the caliper’s readings. The contact
transmission technique was used to determine the sound speed of the
acrylic plate. The plate was placed in contact between two 1-MHz longi-
tudinal wave contact transducers (V103, Olympus, Waltham, MA, USA).
One transducer, used as an emitter, was excited by an Olympus 5800
pulse receiver (Olympus, Waltham, MA, USA), and the other transducer
received the transmitted signals. The signals were sampled at two giga-
samples per second, averaged 64 times to increase the signal-to-noise
ratio, and then exported at 8 bit resolution to a computer for further
analysis with a LeCroy WaveSurfer 422 digital oscilloscope (LeCroy,
Chestnut Ridge, NY, USA). The first arrival of the signal provided the
transmitted time of ultrasound going through the plate. The thickness of
the plate divided by the transmitted time yielded the plate’s wave speed
of 2746 m/s.

The plate phantom rested on two rubber stoppers and was
completely immersed in water inside a small water tank (Fig. 2c). The
transducer was securely taped on the vertical bar, which could be moved
along the x-, y- and z-directions by manually turning one of the four
small wheels. Each full rotation corresponded to 1 mm of displacement.
With the long axis of the transducer parallel to the x-axis, the transducer
was lowered down into the water with a small gap (around 1 cm)
between the transducer and the plate. The acrylic phantom was scanned
for 1 cm along the y-direction. Twelve images were taken at 0.5 mm
intervals for analysis.
Cadaver experiment

Ultrasound imaging was performed on a maxillary right central inci-
sor of a 65-y-old female cadaver jaw (including upper and lower jaws),
provided by the Department of Anatomy for research purposes. The
transducer was positioned to straddle the tooth and gingiva on the labial
side with the long axis of the transducer in alignment with the



Figure 2. Plexiglass plate experiment. (a) Acrylic plate with two wires and a steel L-wrench. (b) Schematic of their spatial separations. (c) Ultrasound experimental
setup. The xyz coordinate system indicates the direction of the transducer’s movement, that is, x = left and right (lateral direction); y = front and back (elevational
direction); z= up and down (axial direction). The acrylic plate rested on two 3-cm-thick black rubber stoppers.
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longitudinal axis of the tooth. A piece of 4-mm-thick Aquaflex ultra-
sound gel pad and ultrasound gel (Parker Laboratories Inc., Fairfield,
NJ, USA) were used to ensure good coupling and enhance boundary
imaging. The cadaver was then scanned with a high-resolution micro-
computed tomography (μCT) scanner (MILabs BV U-CT UHR, Houten,
Netherlands) after the ultrasound experiment. Ultrasound scanning gen-
erated a video file consisting of a few hundred frames. One μCT image
was taken as the ground truth, while five ultrasound images, separated
3

by 10 frames each, were used to perform the measurement comparison.
The ultrasound images were extracted from the video and saved as loss-
less TIFF format. The μCT and ultrasound images were chosen carefully
to ensure their imaging planes were going through the same alveolar
bone structure. Thickness measurements were taken at 0.2, 0.4 and
0.6 mm, respectively, from the bone crest and along the beam direction.
In this study, a speed of 1665 m/s was used for alveolar bone (e.g.,
female maxillary frontal bone [12]).



Figure 3. Correction factor as (a) a surface function in terms of angle φ and
speed ratio vo=v̂p and (b) C-curves for 0≤θ≤90o and 0:1≤v=v̂p≤2.

Figure 4. (a) B-mode ultrasonogram of the Plexiglass plate phantom with the segmen
map. Color bars correspond to the normalized gray-scale intensity from 0 to 1. The t
average values reported in Table 1.
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Results

The behavior of C�vo=v̂p;φ� in terms of φ and the speed ratio vo=v̂p
depends on whether the speed ratio is smaller or larger than 1 and is
illustrated in Figure 3. At a fixed φ, the factor increases with the speed
ratio. The factor increases with φ for speed ratios <1 and decreases with
φ for speed ratios >1.

The ultrasonogram (Fig. 4) clearly depicts the location of the two
wires and the L-wrench of the Plexiglass phantom. Four segments,
namely, W1S, W2S, W1W2 and ĥ; were measured on the ultrasound
images. The average values reported in Table 1 are used for discussion.
The length of W 1W 2, which was measured along the long axis of the
transducer, directly estimated an average distance of 10.50 mm between
the two wires, which is very close to the actual separation of 10.56 mm
with an average error of 0.06 mm or 0.6%. The image-based length, ĥ,
W 1S and W 2S are 4.77, 5.63 and 8.97 mm, respectively, which are
smaller than the true values, namely, 8.54, 9.06 and 11.39 mm, with
respective errors of 3.77, 3.43 and 2.42 mm. The speed-corrected
lengths, on average, are 8.53, 9.04 and 11.43 mm, in good agreement
with the actual lengths. The absolute errors between the speed-corrected
and true lengths are not more than 0.35% in this experiment.

Figure 5a is a 3-D μCT view of the cadavar maxillary incisors depict-
ing the imaging plane of the 2-D μCT image (Fig. 5b). One of the five
ultrasound images illuminating the same bone structure is Figure 5c.
The bone thicknesses 0.2, 0.4 and 0.6 mm from the bone crest were mea-
sured with the μCT measurements serving as ground truth. Both the μCT
and ultrasound measurements are provided in Table 2. The ultrasound
measurements underestimated alveolar bone thickness with errors
around 12.5%. The speed-corrected results agree well with the ground
truth with errors not greater than 4.87%.

Discussion

In this investigation, we describe a correction factor for image-based
measurement of any tissue or material with an ultrasound speed differ-
ent from the mapping speed of the medical ultrasound scanner, that is,
1540 m/s. We validated the method using ultrasound images from the
phantom and cadaver studies. As the acrylic phantom has vo faster than
v̂p or v̂p=vo < 1, the image-based measurements, l̂; were shorter than the
actual lengths, l; as expected.

Recent research efforts have revealed the potential of using ultra-
sound to image periodontium [2,11,13−18]. Orthodontic tooth reposi-
tioning to correct for malocclusion requires external force to cause tooth
movement, and can be done properly only with sufficient alveolar bone
support [19]. Measurement of alveolar bone crest thickness directly
from ultrasonograms will aid in orthodontic treatment planning. An
assessment of the bone crest thickness is important to detect limits of
ts of interest. (b) Transformed color image of the B-mode image using jet color-
wo measured angles, φ1 and φ2; are 32.1° and 57.9°, respectively, based on the



Table 1
Ultrasonic measurements of the Plexiglass plate phantom

Segment Actual, l (mm) Measured, l̂ (mm) Corrected, lc (mm) Error (%)

W 1W 2 10.56 10.50 N/A N/A
ĥ 8.54 4.77 8.53 0.12
W 1S 9.06 5.63 9.04 0.22
W 2S 11.39 8.97 11.43 0.35

The reported values are averages of 12 image measurements except the actual
measurement obtained by caliper or trigonometric computation. Error = jlc � lj=
l× 100%.
N/A, not available.
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tooth movement and help orthodontists apply proper torque and force to
achieve better alignment.

Although speed variation or speed error affects the axial component
of the measurement with no influence on the lateral component, the
error also has an impact on the contrast and spatial resolution of ultra-
sound imaging [5]. The deterioration of the lateral beam resolution will
make lateral measurement inaccurate. Investigation of the topic is
beyond the scope of this study. The field of intra-oral ultrasound is
emerging rapidly, and research studies on measurement of the ultra-
sound speed of alveolar bones are expected in the near future. If more
accurate speed estimates are available, the error of estimating true bone
thickness can be improved.
Figure 5. Scanning the maxillary right central incisor from the cadaver. (a) Three-d
region of interest. (b) Enlarged image of the box in (a) revealing the alveolar bone (A
0.4 and 0.6 mm from the bone crest. (c) Corresponding ultrasound image.

Table 2
Ultrasound and μCT measurements for alveolar bo
tral incisor from the cadaver

Distance from crest (mm) μCT, l (mm) Ultrasou

0.200 0.207 0.183
0.400 0.245 0.215
0.600 0.273 0.239

The reported values are the average of five ultraso
100%.

5

Conclusions

Being able to make accurate dimension measurements on ultrasound
images is important in diagnosing disease and planning treatment in
oral health. The current medical ultrasound imaging system does not
provide accurate measurements for alveolar bone thickness and level
because of speed variation. Here a correction factor has been described
that rectifies the measurement discrepancy directly from the ultrasono-
grams in regions where the tissue speed is different from the mapping
speed of the scanner. The method as validated by the phantom and
cadaver studies will be a valuable clinical tool to measure accurately tis-
sue size by means of ultrasound imaging.
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