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A B S T R A C T

Spinal deformities assessment using 3D ultrasound scanning has limitations in fitting onto different back surface
contour as well as fitting within the gaps between subject and their spinal brace during bracing assessments. The
study proposed a flexible array ultrasound transducer to overcome these limitations.

The results demonstrated the feasibility of spinal deformity assessments with a flexible ultrasound array when
arranged in four shapes, namely Linear, Concave, Convex, and S-shaped. For comparisons of imaging performance
on spinous process using the four shapes, Convex and S-shaped transducer showed a depth dependence and lateral
location dependence of the lateral intensity distribution of spinous process, respectively. S-shaped transducer had
the least accurate prediction of the location of spinous process, with measurement error of 4.8 � 3.2 mm, it also
showed poorer prediction on spinal curvature measurements. This is suggested to be due to the asymmetrical
distortion to the spinous process due to the lateral location dependence of the image. However, the coronal curve
prediction of spine phantom performed well with R-squared values of >0.97 in all transducer shapes.

The results of this study paved the way for further investigation on the improvement of image quality and
measurement accuracy under different shapes for the flexible array, mechanism of dynamic shape change during
the scanning to fit different body contour, as well as extension from 1D to 2D flexible array.
1. Introduction

Scoliosis is defined as a medical condition in which a person's spine
has a curve larger than 10� in the coronal plane. Scoliosis is commonly
associated with back pain [1], and lung [2] or heart problems [3].
Adolescent idiopathic scoliosis (AIS), the most common form of scoliosis,
affects 1–3% of the children at 10–16 years [4]. To provide diagnosis for
this disease, the gold standard is to measure the Cobb angle of patient's
spine using standing X-ray assessment on the coronal plane [5]. Once
scoliosis is diagnosed, regular X-ray assessments on patients are required
to monitor curvature progression and treatment outcome. However,
frequent assessment using X-ray has radiation hazards and may increase
risk of cancer [6]. The EOS (EOS imaging, Paris, France) provided a
low-dose biplanar radiography for scoliosis assessment, but it still utilizes
ionizing radiation and does not provide direct 3D information [7]. In
addition, the cost of EOS is much higher than ordinary X-ray imaging
machines, thus not affordable in most clinics.

Ultrasound imaging combined with 3D spatial sensor has recently
been demonstrated to give reliable measurement about spinal deformity
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angles [7–15]. This imaging method does not involve the use of ionizing
radiation for scoliosis assessments comparing to X-ray examination. As
the ultrasound images are reconstructed in 3D space, it could also pro-
vide deformity information of the spine in 3D, further providing diag-
nostic information such as deformity angle in sagittal plane [16]. To
perform this imaging, operators need to move the ultrasound probe
vertically up along the subject's back. The bony features, such as spinous
processes, are then identified from the ultrasound images for spinal
deformity assessment. However, it was reported that a large amount of
gel is needed to fill the gaps between the body surface and the conven-
tional rigid ultrasound transducer, where image qualitiy are often
affected when air gaps are present between transdcuer and the body
surface. This is because the subject's back has complicated contour, in
both sagittal and transverse plane of the human body. The situation can
be even worse when the subject has severe spinal deformity, such as in
the case of severe scoliosis. Moreover, it is currently difficult to perform
imaging in subject when they are wearing spinal brace [17]. As spinal
brace is designed to maintain pressure on the body surface of the subject,
any opening on the brace could affect this pressure. Supporting the
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subject with brace mimicking frames, such as in the study conducted by
Lou et al. [17], might not provide very accurate assessment on the actual
brace.

To overcome these limitations, we proposed a method to use flexible
array ultrasound transducer, which can fit with the subject's back during
ultrasound scanning. This may facilitate a smooth scanning along the
subject's back. Once the feasibility of using 1D flexible array is demon-
strated, 2D flexible array can be further developed, which will potentially
provide a dynamic ultrasound imaging method of the spine where no
movement of the probe is needed. More importantly, it can also be used
when the brace is worn normally by subjects, which helps to provide
accurate examination for the brace fitting and the performance of brace
treatment.

In this study, we focused on the feasibility of measuring spinal
deformity using a 1D flexible array configured into different shapes.
Evaluation on ultrasound images quality, spinous process 3D location
accuracies as well as spinal deformity angle measurements were con-
ducted using plastic spine phantoms with different spinal deformities. It
has been previously reported that spinous process angle (SPA) in the
coronal plane had a high reliability and accuracy for curvature mea-
surement of scoliosis, in 3D ultrasound [7], in coronal plane X-ray [18]
and in sagittal plane X-ray [19]. Therefore, we chose to use spinous
process as the reference landmark for measurement of spinal deformity in
both coronal and sagittal planes in this study.

2. Materials and methods

2.1. 1 design and control of flexible array ultrasound transducer

The transducer array used in this experiment was a custom-made 1D
flexible array transducer (Guangzhou Doppler Electronics Co., Ltd,
Guangzhou, China). The array consisted of 128 piezoelectric elements
with pitch size of 1.1 mm. The center frequency of the transducer was
5 MHz, with a �6 dB relative bandwidth of 65 %. Each transducer
element was 1 mm in width and 12mm in length. The array was designed
to allow flexible bending on the lateral dimension but not on the eleva-
tion dimension. Fig. 1 shows the bending flexibility of the transducer
array.

To demonstrate the performances of the flexible array under different
Fig. 1. Pictures of the flexible ultrasonic transducer array prototype. (a) and (b)
demonstrating the bending ability of the transducer array, which could have full
360� angular coverage in both inward and outward bending. (c) demonstrating
the bending ability of the array in complex geometry; (d) showing the minimum
radius of curvature when bending the is approximately 30 mm.
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shapes, the array was fixed into four different shapes, namely Linear,
Concave, Convex and S-shaped, using thermal deformable plastic plates
(Orfit NS, Orfit Industries, Wijnegem, Belgium). The Linear transducer
array had a straight arrangement of transducer elements. Both Concave
and Convex transducer arrays had a radius of curvature of 100 mm and S-
shaped transducer array had two curves with radii of around 50 mm.
These shapes were chosen to mimic the shape of different body surfaces
and possible deformation of the flexible array during imaging.

The flexible array was first placed on a solid surface of a desired
shape, a thermal deformable plastic plate which was preheated in a 70 �C
water bath was molded to the back of the array and cooled down to room
temperature. The four shapes of the flexible array were recorded using a
3D digitizer (MicroScribe-3DX, Solution Technologies, Inc., USA), by
placing the 3D digitizer measurement tip at the center of each ultrasound
piezoelectric element. The information was then used for ultrasound
transmission beam forming and image reconstruction.

2.2. Image formation

Control of ultrasound transmission and acquisition was performed by
a 128-channel ultrasound system (Vantage 128™, Verasonics, Inc., USA).
The information of transducer shape was inputted into the system for
control of transmission and acquisition. Image formation method chosen
in this study was classical dynamic focusing transmission method. Dy-
namic focusing at 3 depths of 62 mm, 92 mm, and 123 mm along the 128
transmission lines defined in the image space was performed in each
frame of capture.

To test the precision of spinous process measurement on images
generated by the four array shapes used, the dimensions of the spinous
process on the ultrasound images were examined. Ultrasound images
were generated by placing the transducer array above extracted spinal
vertebra phantom (Highly Flexible Spine Model, 3B Scientific, Hamburg,
Germany) at T2 level as shown in Fig. 2. In separate trials, the spinous
process was put at ten different locations in the frame, at 25 mm or
50 mm depth, and at each depth the lateral position of the spinous pro-
cess was in the lateral center of the frame, and 20 mm and 40 mm to the
left and right from the lateral center of the frame.

The locations of the spinous process in the images were manually
identified. Rectangular regions of interest (ROI) with lateral width of
55 mm and axial length of 11.5 mm to include the full spinous process tip
in all images were selected at the location of spinous process tip in each
image. The lateral intensity distribution of the spinous process was taken
by summing the intensity at the axial direction in the ROI. The lateral
width of the spinous process in the image was measured at �6 dB in-
tensity cut-off of the lateral intensity distribution. Pairwise comparisons
were performed to compare the lateral intensity distribution between
different depths, center or non-center, distance away from center, and
Fig. 2. Picture of the experimental setup for acquiring ultrasound images from a
spine phantom with the flexible transducer submerged in a water tank, bubbles
on the surface of the transducer are carefully removed before imaging.
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left or right of the image of different transducer shapes. One-way ANOVA
was performed to compare the differences between different transducer
shapes in all locations within the frame. p < 0.05 was regarded as
significantly different.
Fig. 4. Illustration of the setup of linear motor and the flexible transducer array
to preform scanning on the spine phantom in a water tank. Water level was
above or at the transducer array to ensure acoustic coupling to the
spine phantom.
2.3. Measurements of 3D coordinates of spinous processes

Four plastic spine phantom models (Highly Flexible Spine Model, 3B
Scientific, Hamburg, Germany) were used in this experiment to perform
3D ultrasound imaging. The phantoms were fixed into four different
curvatures commonly found in patients with scoliosis. Fig. 3 shows the
deformity of the phantoms along coronal plane observed from posterior
view. Fig. 3a shows the shape of spine phantom 1, with a single right
thoracic curve. Fig. 3b shows the shape of spine phantom 2, which was
relatively straight but with mild double curves at thoracic and lumbar
regions. Fig. 3c shows the shape of spine phantom 3, with a major left
thoracic curve. Fig. 3d shows the shape of spine phantom 4, with lordosis
on sagittal plane and a small S-shaped curve on coronal plane.

Each phantom was submerged into a water tank with the posterior
side facing upward. The transducer array facing down was fixed onto a
linear stepper motor (SH–120S, Shenzhen Shenhuaya Technology Co.
Ltd., Shenzhen, Guangdong, China), which was controlled by stepper
motor driver (DM542, Leadshine Technology Co. Ltd., Shenzhen,
Guangdong, China). The ultrasound image plane was carefully aligned
perpendicularly to the direction of the motor movement manually, as
illustrated in Fig. 4. The transducer was in contact with the water to
ensure acoustic coupling to the spine phantom.

Scanning was performed from the lowest lumbar vertebrae (L5) to the
highest thoracic vertebrae (T1). The motor was synchronized with the
image capturing of the ultrasound system to ensure the timing of each
image captured between each step of motor movement, to avoid motion
artifacts.

The captured ultrasound images with the corresponding 3D location
and orientation were imported into a customized 3D ultrasound image
reconstruction program to form a 3D volume data. The spinous process
was manually selected in a custom-made 3D visualization program
shown in Fig. 5 for displaying 3D ultrasound scanning on spine. The
location of the tip of the spinous processes was selected manually in the
3D visualization program at the B-mode image plane by finding the B-
mode image in the lowest position of the 3D volume where the spinous
process was still visible. A location landmark was placed at the tip of the
spinous process of the selected B-mode image to record its 3D location.
Fig. 3. Pictures of the four spine phantoms used. (a) spine phantom 1, with a
thoracic curve bending to the right, (b) spine phantom 2, which was relatively
straight but with small double curves at thoracic and lumbar regions, (c) spine
phantom 3, with a major thoracic curve bending to the left, (d) spine phantom 4,
with hyperlordosis on sagittal plane and a small S-shaped curve on coro-
nal plane.
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The projection images of the 3D volume at the coronal and sagittal planes
were used to confirm the location of the spinous process was selected
correctly on the B-mode image. These projection images were generated
with a non-planar reslice defined by the location of all the spinous pro-
cesses selected, where the method for generating projection image was
the same as described by a previous study [7]. Fig. 5 shows the software
interface used to preform measurements of 3D locations of spinous
process.

A 3D digitizer (MicroScribe-3DX, Solution Technologies, Inc., USA),
was used to measure the 3D coordinates of the spinous processes on the
same spine phantoms for comparisons. The location accuracy of the 3D
digitizer is 0.23 mm. The coordinates of the spinous processes were
measured by placing the measurement tip of the 3D digitizer onto the
posterior end of the spinous process, from L5 to T1. The spine phantoms
were arranged in prone position during the measurement, and the
reference frame was adjusted with reference to the floor so that the x-y
plane is at the same plane as the coronal plane of the spine.
2.4. Comparing 3D coordinates of spinous processes

As the 3D coordinates of the spinous process could be measured in a
slightly different reference frame during scanning with the array trans-
ducer and measurement with the 3D digitizer, the reference frames of
these coordinates had to be corrected before comparing among different
setups. Therefore, the 3D reference frames of coordinates measured by
the ultrasound transducer arrays were corrected based on the coordinates
measured by 3D digitizer on the same spine phantom. The correction was
achieved by finding the minimum distance between the two sets of co-
ordinates under translation (shifting) and rotation with respect to x, y,
and z axes. First, shifting along the 3 axes were performed one by one
with the defined shifting precision, a shifting value which gave minimum
distance between both sets of spinous process coordinates was chosen
and corrected. After shifting in all axes were corrected, rotation around
the 3 axes were performed one by one to find the optimal rotational angle
in all axes. The precisions defined here were 0.01 mm in shifting and
0.01 rad in rotation. The process was repeated until the resulting mean
distance between spinous processes did not change more than 0.1 mm
compare to the previous step. Fig. 6 illustrates the method of correcting
the reference frame.

After correcting the reference frame, the distances between spinous
process locations measured by the 3D ultrasound image were compared
with their corresponding locations measured by the 3D digitizer.



Fig. 5. Figures showing the user interface of the 3D visualization software. The left and right windows show the coronal and sagittal view projection image
respectively. The top part of the center window shows the B-mode image at the selected level (indicated by red line in the other windows) in the 3D space. The bottom
part of center window shows the 3D volume and location of the non-planar reslice of coronal and sagittal plane projection images, yellow line as the sagittal plane
projection image reslice, blue line as the coronal plane projection image reslice. The upper red plane is the B-mode plane as shown on center top window. The location
of the spinous process tip was identified at the B-mode image at the lowest position of the 3D volume (indicated by red dot) of the spinal vertebrae selected from the
coronal and sagittal plane projection images. The 3D coordinates of the landmarks were extracted from the program for further processing.
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Distances were calculated by the root-mean-square of the Euclidean
distance in x, y, and z axes, which was the straight-line absolute distance
between the tips of the two coordinates of corresponding spinous pro-
cesses. The mean distance of all spinous processes and its standard de-
viation were calculated for comparisons among different shapes of array.
Two-way analysis of variance (ANOVA) was performed to compare the
distance between 3D digitizer measurements and 3D Ultrasound for
different transducer shapes and in different phantoms. p < 0.05 was
regarded as significantly different.
2.5. Spinous process angle measurements

To assess the deformity of the spine, an ultrasound volume projection
imaging of spinous processes (VPI-SP) method was previously reported
[7]. This method proposed that the deformity of spine in coronal plane
could be assessed by the projection curve of the spinous processes. It was
demonstrated that the measurement using VPI-SP method could have a
close correlation with the coronal plane Cobb's angle measurements
based on X-ray.

In this study, a similar method was used on the curve projected from
the spinous process coordinates. The spinous processes coordinated at
the coronal and sagittal plane were extracted. Using the semi-automatic
curve detection method proposed in Ref. [20], the coordinates were
fitted with 6th order polynomial curve, and the angle of normal at two
adjacent inflection points were obtained for spinal curvature assess-
ments. As spine phantoms with spinal deformity of single-curved or
double-curved were included, a maximum of three inflection points were
used in the calculations. Hence, only maximum of 2 spinal deformity
angles was documented for each curve.

Linear regression was performed for the deformity angles measured
by the 3D digitizer and the 3D ultrasound imaging based on flexible array
transducer to investigate the performance of the proposed method.
Pearson coefficients were calculated to describe the correlation of the
4

angle measured by the transducer and the 3D digitizer.

3. Results

3.1. Spinous process measurement accuracy on 2D ultrasound image

Fig. 7 shows B-mode ultrasound images generated on the T2 verte-
brae using the four different transducer shapes. The B-mode images were
observed for qualitative comparisons. It was observed that the B-mode
image obtained by the linearly configured transducer shows a clear
contour of the spinal vertebrae, spinous process tip, both lamina and
relatively weaker contour of the transverse process (Fig. 7a). For Convex,
Concave and S-shaped transducers (Fig. 7b, c, Fig. 7d), the shape of
spinous process and lamina could be observed with weaker contour than
Convex transducer. Similar image features were observed in vertebra at
other levels.

Quantitative comparisons of the images were conducted at the ROI of
spinous process, as shown in Fig. 8. The widths of the spinous process tips
in the image were measured with loss of �6 dB intensity from maximum
in the lateral dimension within the ROI in Fig. 9. Fig. 10 shows the mean
measured width of the spinous process measured at 10 different locations
with the four different shapes of transducers, which are 4.0 � 0.8 mm,
10.6 � 4.9 mm, 12.0 � 6.5 mm, and 8.5 � 3.3 mm for Linear, Convex,
Concave, and S-shaped transducer, respectively. Significant differences
were found between Linear and Convex (p < 0.05) and between Linear
and Concave shape transducers (p < 0.05).

Comparisons of location dependence of lateral intensity distributions
of the four transducer shapes only showed significant differences for
Convex shapes on depth and S-shape on left or right of the image. Convex
has significantly wider lateral distribution in deeper 50 mm depth of
14.9 � 2.5 mm than 25 mm depth of 6.4 � 2.2 mm. S-shaped has
significantly wider lateral distribution in concave lateral side of
10.4� 2.5 mm than convex lateral side of 5.4� 1.9 mm. None of the four



Fig. 6. (a) Diagram illustrating the procedures of correcting the reference frame
of two sets of coordinates iteratively. The coordinates are translated and rotated
at steps of 0.01 mm and 0.01 rad in positive and negative directions of 500 steps
in 3 axes. The best translation distance and rotation angle are chosen by
comparing the absolute distance between all points in the two sets of co-
ordinates. The process of correction in translation and rotation were repeated
until the change in mean distance is less than 0.1 mm. The corrected reference
frame of the coordinates measured by 3D ultrasound images were outputted. (b)
Coordinates of spinous processes measured by 3D digitizer and transducer
before and after reference frame correction. Red circles represent the location of
coordinates measured by 3D digitizer. Blue circles represent the location of
coordinates measured by flexible array; before correction (no fill) and after
correction (solid fill).

Fig. 7. Ultrasound images generated by the focused beam forming method
using the flexible array arranged in (a) Linear, (b) Convex, (c) Concave and (d)
S-shaped. The arrows indicate the location of the spinous process tip at
each image.

Fig. 8. The enlarged portions of images which shows the selected ROI of the
spinous process formed by the Linear (a), Convex (b), Concave (c), and S-shaped
(d) transducer array, respectively on the T2 level vertebrae phantom when
spinous process is located at center of frame laterally and at 25 mm depth.
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shapes has shown significant differences for different distances away
from the center on the lateral direction. The spatial dependence of lateral
distribution of spinous process in S-shapes and Convex transducer sug-
gested that the accuracy on measuring location of spinous process would
be affected by the location of spinous process on the frame, where
Convex would have less accurate measurement at deeper region and S-
shape would have less accurate measurement at the concave side.
3.2. Measurement accuracy of spinous process 3D location

The location measurement accuracy of the spinous process co-
ordinates was evaluated by comparing the mean distance between co-
ordinates measured by the 3D digitizer and the proposed 3D ultrasound
5

imaging method, at 17 levels of spinal vertebrae from T1 to L5, with the
assumption that the 3D digitizer had accurate measurement for the
spinous process tip location. No significant differences were found be-
tween different phantoms. However, S-shaped transducer had signifi-
cantly larger mean distance of 4.8 � 3.2 mm than the three other shapes;
Linear 2.7 � 1.5 mm, Convex 3.3 � 1.9 mm, Concave 3.2 � 3.0 mm, as
shown in Fig. 11.
3.3. Spinal deformity angle on coronal and sagittal plane

A linear regression between the angles measured with the transducer
arrays and the 3D digitizer was shown in Fig. 12 for the coronal plane and
Fig. 13 for the sagittal plane. For the coronal plane, all regressions
showed high correlation (R-squared value > 0.9). However, it could be
observed that the S-shaped transducer tended to have overestimation of
deformity angle, where the slope of regression was 1.15 with y-intercept



Fig. 9. The intensity distribution at the spinous process of T2 vertebrae from the
area shown in Fig. 8. The distribution at the lateral axes where the intensity was
summed in axial direction.

Fig. 10. The distribution of lateral width of the spinous process in the ultra-
sound B-mode images generated by Linear, Convex, Concave, and S-shaped
transducer at 10 different locations within the frame (25 mm depth: center,
20 mm to left, 40 mm to left, 20 mm to right, 40 mm to right; 50 mm depth:
center, 20 mm to left, 40 mm to left, 20 mm to right, 40 mm to right).

Fig. 11. Distance between spinous process measured with digitizer and trans-
ducer of Linear transducer, Convex transducer, Concave transducer, S-sha-
ped transducer.
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at 3.9�. For the sagittal plane, the correlation R-squared values were
smaller than those measured on the coronal plane, which could be due to
smaller range of angle in the sagittal plane (Fig. 13). The R-squared
values were 0.88, 0.84, 0.60, and 0.66 for Linear, Convex, Concave, and
S-shaped, respectively.

4. Discussion

This study compared the quality of 3D ultrasound images formed for
spinous process phantoms using a flexible array ultrasound transducer
6

configured in Linear, Concave, Convex, and S-shaped arrangement with a
dynamic focusing transmission method. Accuracies in measuring the
location of the spinous processes, and spinal deformity angle were also
compared between the four shapes. Linear transducer shape, as a refer-
ence shape to conventional linear transducer array, produced the best
imaging quality as well as accuracy in measurements. This is because the
uniform direction of the transducer elements in this arrangement allows
more accurate prediction on the direction of reflected ultrasound wave.
Meanwhile, the feasibility of using other shapes to obtain images from
spine phantoms for spine deformity measurement was also
demonstrated.

The lateral distribution of spinous process intensity of different
transducer shapes provided insights on the accuracy of spinous process
location measurements. Where Concave and Convex transducers had
significantly wider intensity distribution compared to Linear transducer,
the convex and concave side dependence of the lateral intensity distri-
bution of the S-shaped transducer and the depth dependence of convex
transducer had introduced inaccuracy of position measurements of the
spinous process when the spinous process was at different locations
within the frame.

It was noted that the accuracy in location and spinal deformity angle
measurement after 3D reconstruction were the lowest in S-shaped
transducer, while only Concave and Convex transducer shapes showed
significantly wider lateral distribution of spinous process. However, this
could be explained by a possible low accuracy introduced by the asym-
metrical shape of S-shaped transducer. Due to the wider lateral intensity
distribution in the concave side of the S-shaped transducer, the spinous
process echo in the ultrasound image could be deformed towards the
concave side of the transducer, causing a translation error of the spinous
process location in the image.

For the deformity angle measurement, the S-shaped transducer also
had the least accurate perdition of the coronal curve. This result shows
that in order to improve accuracy for spinal deformity angle measure-
ment, the focus should not be only on narrowing the intensity distribu-
tion of the reflector (i.e. spinous process) in the ultrasound image. The
measurement accuracy of the deformity angle would highly depend on
the measurement accuracy of the spinous process location, which could
be reduced if an asymmetrical transducer shape such as the S-shaped
transducer was involved.

Concave transducer on the other hand, had the widest lateral distri-
bution of spinous process echo in the image, which was the major factor
contributing to inaccuracy in prediction of the spinal deformity angle.
Where all the transducer elements were facing towards the center of the
frame, ultrasound echoes reflected from the center of the frame to
different directions can be received strongly by most of the transducer
elements on the Concave transducer. This had caused the lateral



Fig. 12. Regression of deformity angle in coronal plane measured by the ultrasound transducer (vertical axis) and the 3D digitizer (horizontal axis). (a) Linear
transducer, (b) Convex transducer, (c) Concave transducer, (d) S-shaped transducer.

Fig. 13. Regression of deformity angles in sagittal plane measured by the ultrasound transducer (vertical axis) and the 3D digitizer (horizontal axis). (a) Linear
transducer, (b) Convex transducer, (c) Concave transducer, (d) S-shaped transducer.
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distribution of the spinous process to be wider in this shape. Therefore,
future reconstruction methods should also consider the factors of direc-
tivity of elements in the Concave shape arrangement.
7

A limitation of this study was the assumption that the 3D digitizer was
able to give accurate measurements. However, as provided by the
manufacturer, the 3D digitizer has position accuracy of 0.23 mm. The
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accuracy of 3D digitizer will contribute less than 10 % error to the
measurements of relative location of spinous process measured by 3D
digitizer and transducer array.

The present study is an important step towards the aim of scanning
the subject's back using a flexible transducer to fit different contour along
the back, by testing 4 different shape configurations for the 1D flexible
transducer. It has been demonstrated that image of spine phantom could
be successfully formed with Linear, Concave, Convex, as well as S-shaped
transducers. The flexible array used in this study had a pitch of 1.1 mm,
and width of each element of 1 mm, which is far from ideal for 5 MHz
array. Therefore, further efforts are required to improve the flexible array
with more optimized pitch and number of elements to achieve better
image quality, which may improve the performance for all the 4 shapes
tested. Future studies with improved image quality and increased density
of elements will be compared with conventional ultrasound transducer
array for the image quality and accuracy of spinous process location
measurements.

Further in vivo investigation on human subject is also needed while
allowing the transducer to bend dynamically. Methods for detecting
transducer curvature dynamically such as topographic surface sensing
technology using PVDF film [21] should be tested. The beam forming
method has already been readied for any shape configuration, and the
main technical challenge is the accurate detection of the transducer
shape in real-time during scanning. Another direction is to avoid the need
of moving transducer spatially, by using a 2D flexible array. These are the
two directions that the research team has been pursuing.

5. Conclusions

In summary, this study has successfully demonstrated the feasibility
of using the flexible array ultrasound transducer for the assessment of
spinal deformity, using spinal phantoms with different deformity. A
comparison was performed among four configurations of the flexible
transducer, namely Linear, Convex, Concave and S-shaped, regarding
image formation and spinal deformity angle measurements in both cor-
onal and sagittal planes. The results suggested that different configura-
tions had different performances for the image formation on spinous
process and the deformity angle measurement. This study paved the way
for further investigation about the improvement of the image quality and
measurement accuracy under different shapes for the flexible array,
mechanism of dynamic shape change during the scanning to fit different
body contour, as well as extension from 1D to 2D flexible array.
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