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Abstract

Purpose Determine the positional, rotational and reconstruction accuracy of a 3D ultrasound system to be used for image
registration in navigation surgery.

Methods A custom 3D ultrasound for spinal surgery image registration was developed using Optitrack Prime 13-W motion
capture cameras and a SonixTablet Ultrasound System. Temporal and spatial calibration was completed to account for time
latencies between the two systems and to ensure accurate motion tracking of the ultrasound transducer. A mock operating
room capture volume with a pegboard grid was set up to allow phantoms to be placed at a variety of predetermined positions
to validate accuracy measurements. Five custom-designed ultrasound phantoms were 3D printed to allow for a range of linear
and angular dimensions to be measured when placed on the pegboard.

Results Temporal and spatial calibration was completed with measurement repeatabilities of 0.2 mm and 0.5° after calibration.
The mean positional accuracy was within 0.4 mm, with all values within 0.5 mm within the critical surgical regions and 96%
of values within 1 mm within the full capture volume. All orientation values were within 1.5°. Reconstruction accuracy was
within 0.6 mm and 0.9° for geometrically shaped phantoms and 0.5 and 1.9° for vertebrae-mimicking phantoms.
Conclusions The accuracy of the developed 3D ultrasound system meets the 1 mm and 5° requirements of spinal surgery
from this study. Further repeatability studies and evaluation on vertebrae are needed to validate the system for surgical use.

Keywords Image guidance - 3D ultrasound - Spinal surgery - Scoliosis - Navigation

Abbreviations Introduction
3D Three-dimensional Adolescent idiopathic scoliosis (AIS) is a spinal deformity
AIS Adolescent idiopathic scoliosis involving both lateral curvature and vertebral rotation with a

prevalence of 2-3% in adolescents [1, 2]. Surgical treatment
is recommended for curvatures greater than 50° [3].
Posterior instrumentation and fusion for AIS were the
second most common pediatric orthopedic surgery, compris-
ing 13.8% of all pediatric orthopedic surgeries according
to the pediatric database of the American College of Sur-
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within 1 mm and 5° around the center of pedicle have been
suggested for thoracic pedicle screw insertion [11]. Clini-
cal studies on pedicle breaches greater than 2 mm suggest
a breach rate of 6.5-33.9% using freehand methods [12].
An analysis of the Scoliosis Research Society Morbidity and
Mortality data in 2006 noted a screw-related complication
rate of 0.96% with incomplete spinal cord injury at 0.21%
[7].

The majority of AIS surgeries are performed using the
freehand method involving careful palpation and visual
inspection of the screw trajectory. However, image guid-
ance has been explored to provide visual feedback for screw
insertion to decrease breach rates and potentially reduce
screw-related complications [12—-14]. Unfortunately, ioniz-
ing radiation remains a concern in the pediatric population
[15-20]. As a result, three-dimensional ultrasound is being
considered as a potential substitute for intraoperative image
guidance [21-23].

Three-dimensional ultrasound involves using a 3D probe
or the tracking of a 2D probe to create an image volume
[24, 25]. 3D probes use ultrasound beam steering in both
elevation and lateral directions to generate images, but are
limited by their field of view [25]. 2D probes can be tracked
using mechanical encoders, electromagnetic trackers or opti-
cal systems. Mechanical encoders involve attachment of the
probe to a rigidly placed frame, offering less flexibility,
but good accuracy. Electromagnetic tracking systems use a
magnetic field generator with a field sensor mounted to the
ultrasound probe, calculating magnetic field strength in each
axis to determine position [26]. However, accuracy of the
position and orientation may be affected by nearby metal-
lic surfaces. Lastly, optical systems emit light which reflects
off markers that are mounted to the probe and triangulated
by camera software, requiring line of sight for tracking [24].
Still, motion capture cameras are well suited for the operating
room and have been shown to have submillimeter accuracies
[27].

Currently, 3D ultrasound is typically used to identify soft
tissue structures to within 1 cm accuracy [28, 29]. Orthopedic
applications including measuring Cobb angle in the scol-
iotic spine to assess curve progression or detecting pedicle
breaches similarly do not require submillimeter accuracy [21,
30]. However, for the purpose of imaging guidance, attempts
at imaging deep bony structures using ultrasound have not
yet been successful [31]. The potential for 3D ultrasound to
be used for image registration in spinal surgery has not been
thoroughly explored.

Soft tissue image registration of 3D ultrasound images
with CT scans has been performed in the past [24, 32, 33].
With spinal surgery, providing timely registrations (within
2 min) with adequate accuracy (1 mm) in locating land-
marks and matching anatomy of the two modalities together
remain challenging. Certain aspects of spine surgery can
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facilitate meeting these constraints. First, the exposed bone
in surgery has a high acoustic impedance compared to water
resulting in a strong contrast at bone—fluid interfaces, allow-
ing for simpler binary images to be more easily registered
rather than grayscale images [34]. Secondly, bony surfaces
are rigid, speeding up the registration process considerably
when compared to soft tissue registrations. Lastly, while most
registration applications require a continuous interpolated 3D
volume, vertebral image registration can be performed on
non-continuous images. All of these make usage of image
registration feasible for real-time use in spinal surgery.

The primary objective of this study was to evaluate a
custom-developed 3D ultrasound system for the eventual pur-
pose of 3D image registration to preoperative images. More
specifically, the goals were to (a) determine the required tem-
poral and spatial calibration for this 3D ultrasound system,
(b) to determine the positional and orientation accuracy of
imaged phantoms in 3D space and (c) to determine accuracy
of linear and rotation dimensions on 3D reconstructions of
ultrasound phantoms.

Methods
Camera and ultrasound configuration

Three Optitrack Prime 13-W motion cameras (NaturalPoint,
Corvalis, OR, USA) sampling at 240 Hz were used. Based
on a previous study [31], a three-camera configuration, at
staggered heights and aligned depth (at 1 m) from the cap-
ture volume, had accuracies 0.25 mm and 3.8° for the
required positions and orientations. Calibration prior to usage
involved using an Optitrack CW-250 Calibration wand and
Motive Tracker (Tracker v.1.10.0, NaturalPoint, USA) soft-
ware to obtain over 10,000 data points over 1 min until an
estimated error of less than 0.15 mm was achieved.

Motion capture markers were mounted onto the ultra-
sound transducer with a 3D-printed marker holder that was
designed using Solidworks software (Dassault Systemes,
Velizy-Villacoublay, France) and produced from an Objet30
Pro (Stratasys, Eden Prairie, MN, USA) polyjet 3D printer
with 0.1 mm accuracy. The holder was rigidly attached to
the ultrasound transducer and allowed for different reflective
marker configurations by using attachments that are com-
patible with LEGO (The Lego Group, Billund, Denmark).
The usage of LEGO components (accuracy within 5 pm)
allows fast and secure re-configuration of reflective markers
to within 0.05 mm accuracy.

An Ultrasonix SonixTablet (BK Ultrasound, Peabody,
MA, USA) ultrasound imager with a L14-5/38 Linear Trans-
ducer was used to obtain images. The transducer has a 38 mm
width and was set with a rectangular viewing window with a



International Journal of Computer Assisted Radiology and Surgery (2019) 14:427-439 429

Y (yaw)

Z(roll)
X (pitch)

i
i
\

Fig. 1 Schematic of motion capture camera setup with 3D ultrasound probe in capture volume

30 mm depth and 38 mm width, capturing at 30 frames per
second at 6.67 MHz.

Experimental setup and test phantoms

Camera positions relative to the capture volume and the axes
used for motion capture are shown in Fig. 1. A 500 x 500 x
70 mm?> water bath was placed in the capture volume and
used as the ultrasound acoustic medium, mimicking usage
of saline in spinal surgery. A LEGO peg board was mounted
on the base of the water bath to provide a grid for placement
objects within the capture volume (Fig. 3a). Repeatability
measurements were made between pegs on the LEGO peg-
board using linear calipers, with repeatability being within
0.05 mm. The motion capture calibration square was aligned
to the grid to define the global frame of reference.

The center peg on the pegboard was set as the origin of
the motion capture volume. X -direction was defined as move-
ment across the cameras faces, Y-direction as vertical motion
and Z-direction as moving toward or away from the cameras
(Fig. 1). Ultrasound scans were performed on the Z-axis with
the transducer perpendicular to the LEGO pegboard. Scans
were performed freehand and typically required 5-7 s for a
travel distance of 5 cm.

Phantoms were manufactured from the Objet30 Pro 3D
printer using VeroClear (Stratasys, Eden Prairie, MN, USA).
VeroClear material was calculated to have an acoustic
reflectance of 0.10 compared with 0.36 for bone and 0.0012
for soft tissues, making it comparable to imaging bone within
a water bath. A sample image is shown in Fig. 2.

Fig.2 Sample of ultrasound image from a VeroClear vertebral phantom

Four sets of phantoms were used in this study. One flat
crosshair phantom was used for temporal and spatial cal-
ibration and for determining positional accuracy of the 3D
ultrasound system (Fig. 3bi). For testing reconstruction accu-
racy, two flat phantoms for linear dimension measurements
were printed which included a nested square phantom and
a nested circle phantom, each with the largest dimension at
25 mm and smallest at 5 mm, decreasing at 2.5-mm intervals
(Fig. 3bii). Two raised angular phantoms and one flat angular
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Fig.3 a Motion capture cameras
with capture space, b a 3D
printed vertebra (top) and 3D
printed phantoms for ultrasound
imaging (i) calibration phantom,
(ii) linear dimension phantoms,
(iii) angular dimension
phantoms, (iv)
vertebrae-mimicking phantoms,
¢ LEGO pegboard in ultrasound
water bath with the ultrasound
probe equipped with the motion
capture markers mounted on the
3D printed attachment

phantom were printed, one with raised angles at 5-35° with
5° intervals, one with raised angles at 2.5°-17.5° with 2.5°
intervals and one flat angular phantom ranging from 0° to 80°
at 5° intervals (Fig. 3biii). Lastly, two phantoms that more
closely resemble the dimensions in a vertebra were printed
based on measurements on a thoracic plastic phantom, one
with a convex shape similar to a spinous process and one with
aconcave shape resembling the region between the transverse
and spinous processes (Fig. 3biv). Phantoms had a width of
30 mm, length of 20 mm and height of 15 mm. Four different
angles of 17°,45°,90° and 147° could be measured on those
two phantoms. Phantoms for imaging were designed to be
placed rigidly on the pegboard grid (Fig. 3c).

3D ultrasound reconstruction software

A schematic diagram showing the process of converting the
series of 2D ultrasound images into a 3D model is shown
in Fig. 4. Custom software was developed in MATLAB
(Mathworks, Natick, MA, USA) to stream and integrate data
from motion capture cameras and ultrasound system together.
MATLAB GUI was used to create a graphical interface to
connect and stream data from both systems. Images were
streamed as 640 x 480 pixel images, and image process-
ing was performed. Background noises and artifacts from
reverberations were removed using median and averaging
filters. Quantization functions were used to better delin-
eate the reflections from the phantom surface. The same
filters were used on all image data. The ultrasound frame
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numbers were paired with motion capture position and ori-
entation data to realign each 2D image into a 3D volume. The
coordinates of each pixel in each image were extracted and
rotated according to the position and orientation obtained
from motion capture cameras using rotation matrices in
Eq 1.

1 0 0 0 cosB 0 —sing O
Xnew .
0 cosa —sina O 0 1 0 0
Yiew | = . .
0 sina cosa O sinf 0 cosB O
Znew
K 0 0 1 0 0 0 1
cosy —siny 0 O 1 0 0 T, ¥
siny cosy 0 O 01 0 Ty v
0 0 1 0|0 O 1 T p
| 0 0 0 1 0 0 0 1
(1)
where

® Xpew, Ynew and Zpey are the new coordinates of each pixel
e «, B and y are the rotations about the X-, Y- and Z-axes

e Ty, Ty and T, are translations along the X-, Y- and Z-axes
e X, Y and Z are the old coordinates of each pixel

Pixels were then distributed into each voxel in the 3D
volume according to the nearest-neighbor pixel method [35].
No averaging interpolation was used due to the binary nature
of the imported images to be converted into a surface model.
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Fig.4 Schematic of 2D ultrasound to 3D ultrasound conversion. GUI graphical user interface, CSV comma-separated file, PNG portable network

graphics, STL stereolithography, U/S ultrasound

3D ultrasound calibration

The newly developed 3D ultrasound system required tem-
poral and spatial calibration to ensure maximal accuracy.
Temporal calibration involved determining the time latency
between motion capture and ultrasound datasets while spa-
tial calibration involved determining the transformation of
the ultrasound image coordinate system to the motion cap-
ture marker coordinate system.

Temporal calibration was performed by mounting the
transducer on a vertical motion frame and translating it along
the Y-axis away and toward the calibration crosshair phantom
(Fig. 3bi) three times at 3-5 mm/s. The root mean squared
(RMS) error was calculated between the position as recorded
by the motion capture system and the position as calculated
from the ultrasound image. The frame shift offset with the
smallest error was determined as the optimal frame shift that
would account for time delays between the two systems.
Temporal calibration was repeated ten times.

Spatial calibration was performed to determine the trans-
formation between the motion capture markers and the
location of the transducer surface. First, the approximate
transformation was measured using digital calipers. Further
calibration was then completed using the crosshair phantom
(Fig. 3bi). The position of the center of the crosshair from
the resulting 3D ultrasound image was compared with the
motion capture-based center. The difference between these
two values was used to adjust the transformation matrix until
the difference was less than 0.25 mm in each dimension,
typically requiring 3—4 calibration scans. The repeatability
of calibration was then evaluated by scanning the crosshair

phantom five times, and the standard deviation of the posi-
tion of the ultrasound transducer when rigidly placed at the
capture volume origin was recorded.

Position accuracy testing

The calibration crosshair phantom (Fig. 3bi) was used for
position accuracy testing. The phantom was placed at the
capture volume origin and then moved to 28 different prede-
termined positions covering a 160 x 30 x 300 mm? (Fig. 5)
volume, compared to a typical spinal cavity volume of 100 x
30 x 150 mm?. The position of the phantom was physically
measured on the pegboard grid and then compared with the
position as recorded by the system. The orientation of the
phantom at each position was also measured. RMS average
error was calculated to determine accuracy while repeata-
bility was calculated as standard error to a 95% confidence
interval on both position and orientation.

Reconstruction accuracy testing

Reconstruction accuracy was tested on three sets of phan-
toms (Figs. 2biv—3bii). Phantoms were placed at the origin
of the capture volume, scanned three times in the Z-direction
and measured three times on each dimension. The flat phan-
toms (Fig. 3bii) were used to measure linear dimensions
while the angular phantoms (Fig. 3Biii) were used for angu-
lar dimensions. The vertebrae-mimicking phantoms had both
angular and linear dimension measurements (Fig. 3biv).
The reconstructed image stack was imported into Imagel
(NIH, Bethesda, Maryland, USA) and then exported as an
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Fig.5 Positional pegboard setup
including the 28 placement
locations. Dots denote where the
phantom was placed directly on
the pegboard. Phantom was
placed on raised blocks at
heights of 8§ mm, 16 mm and

24 mm

STL file that could be measured in Netfabb (Autodesk,
San Rafael, California, USA) for three-dimensional mea-
surements. All virtually measurements were compared to
physically measured dimensions on the phantom to deter-
mine reconstruction accuracy.

Results
Calibration results
Temporal calibration

A summary of results from temporal calibration is shown
in Fig. 6. The RMS error was minimized when shifting
ultrasound images two frames (67 ms) earlier to match
with motion capture data, showing an RMS error of
0.69+£0.13 mm compared with 0.894+0.31 mm when no
frame shift was added.

Spatial calibration

The caliper-measured spatial transformation from the motion
capture markers to the transducer surface was measured to
be [19.5, — 107.0, 38.0] mm for [X, Y, Z] directions. Table 1
presents the calibration results after the additional spatial
transformations were applied which were determined by
comparing the center of the crosshair phantom in the 3D
ultrasound with the motion capture-based center. The mean
and standard deviation of the transformation matrix from five
separate calibrations are displayed. The standard deviation of
the position of the ultrasound transducer surface after cali-
bration when placed at the capture volume origin is shown.
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Fig.6 Temporal calibration: direction and number of frames shifted for
temporal calibration, RMS error as a measure of accuracy

The average RMS accuracy and repeatability of position
from five scans after selecting the transformation matrix are
shown in Fig. 7. The RMS error in [X, Y, Z] directions was
[0.10,0.10,0.20] mm with a standard deviation of [0.10, 0.05,
0.10] mm. The average RMS accuracy and repeatability of
rotation from five scans of the phantom after selecting the
transformation matrix are shown in Fig. 8. The RMS error
about [X, Y, Z] axes was [0.50, 0.50, 0.30]° with a standard
deviation of [0.15, 0.35, 0.15]°.

Position and orientation accuracy
Phantom position

The mean and range of RMS accuracy and repeatability of
phantom position in X-, Y- and Z-directions are shown in
Table 2. A histogram of positional RMS error values in all
directions is shown in Fig. 9. Three measurements were made
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Table 1 Transformation matrix

mean and standard deviation and Direction Mean transformation Transformation matrix Ultrasound surface
ultrasound transducer surface matrix (mm) SD (mm) position SD (mm)
position standard deviation
X 19.5 0.1 0.2
Y —107.0 0.0 0.2
Z 38.1 0.7 0.1
M RMS Error < Mean Accuracy 30
0.70
— 25
2 0.60
2 050 & 20
] c
c Q
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Fig.7 Spatial calibration: RMS error of X-, Y- and Z-position of origin
(bar graph), and average with repeatability of measurements (diamond
with standard error bars)
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Fig.8 Spatial calibration: RMS error about each axis of rotation at the
origin (bar graph and average with repeatability of measurements (dia-
mond with standard error bars)

at each of the 28 positions (Fig. 5). From these measurements,
73 (87%) were within 0.6 mm error. A chart displaying the
average positional error at each position is shown in Fig. 10.
All measurements that were greater than 0.8 mm of error (6%
of measurements) were clustered at the edge nearest to the
cameras.

Table 2 Positional RMS

Fig. 9 Histogram of the frequency distribution of positional RMS error
values throughout the volume

The positional accuracy of each direction varied depend-
ing on the capture location. Moving along the Z-direction,
errors along the Z-axis were higher when far from the cam-
eras while errors along X- and Y-axes were higher when on
the proximal side of the origin vs the distal side [0.5, 0.7,
0.1] versus [0.3, 0.2, 0.4] mm. Errors worsened from [0.3,
0.2, 0.2] to [0.4, 0.5, 0.3] mm when moving from the origin
to the lateral edges of the capture volume. Errors also wors-
ened when moving in the Y-direction up from the baseplate
[0.4, 0.4, 0.2] to an elevated position at [0.5, 0.5, 0.3] though
the difference was smaller in the Y-direction than the X- and
Z-directions.

Phantom orientation

The mean and range accuracy and repeatability of phantom
orientation about the X-, Y- and Z-axes are shown in Table 3. A
histogram of orientation RMS error values in all directions is
showninFig. 11. All 84 measurements were within 1.3° error,
well within the required 5° accuracy. A chart displaying the

accuracy and repeatability in X-, Direction Mean+ SD Accuracy range Mean+ SD Repeatability range
Y- and Z-directions accuracy (mm) (mm) repeatability (mm) (mm)

X 04+0.2 0.1-0.8 0.1+0.1 0.00-0.3

Y 04+04 0.0-14 0.1+0.1 0.00-0.4

Z 0.3+0.2 0.0-0.7 0.1£0.0 0.00-0.2
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Fig. 10 Positional error values at each of the 28 positions, values shown
in mm. Position on the Z-axis is represented by each column while
position on X-axis is represented by each row. Position on Y-axis is

represented by the grayscale shade of the cell. Up arrows represent
errors <0.50 mm, no arrow represents errors <1.00 mm, and down
arrows represent errors >1.00 mm

Table 3 Orientation RMS

e Direction Mean =+ SD Accuracy range Mean+SD Repeatability range
accuracy and repeatability in X-, accurac repeatabilit
Y- and Z-directions Y P Y
X 0.1£0.2° 0.1°-0.5° 02+£0.1° 0.0°-0.5°
Y 0.5+£0.3° 0.2°-1.1° 04+0.3° 0.1°-0.7°
V4 0.5£0.3° 0.1°-1.2° 0.2+£0.3° 0.1°-0.7°
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Fig. 11 Histogram of the frequency distribution of orientation RMS
error values throughout the volume

average orientation error at each position is shown in Fig. 12.
All the magnitudes of orientation error were not associated
with position within the testing volume.

Z:-144mm Z:-96mm  Z:-48mm

X:-80mm A.0.63

X:-40mm =91.17

X: 0mm

X:40mm =31.21
X: 80mm 0.93 A.0.95

Reconstruction accuracy
Linear and angular reconstructions

The accuracy of linear reconstructions on flat phantoms is
displayed in Fig. 13. The accuracies for [X, Y, Z] direc-
tions were [0.6, 0.1, 0.6] mm with repeatability of [0.1,
0.2, 0.1] mm for 5-25-mm measurements. The accuracy and
repeatability of angular reconstructions on angular phantoms
are displayed in Fig. 14. The accuracies about the [X, Y, Z]
axes were [0.7, 0.8, 0.7]° with repeatability of [0.3, 0.3, 0.3]°
for measurements from 2.5° to 35°. Figure 15 displays a sam-
ple of the linear and angular 3D ultrasound reconstructions.

Vertebrae-like phantom reconstructions

The reconstruction accuracy of vertebrae-mimicking phan-
toms is displayed in Fig. 16. The linear accuracies across
the width, length and depth dimensions of the vertebrae-like

Z:96mm  Z:144mm
£.0.76 0.79
A8.0.76 £.0.70

Z:48mm
A.0.89

Z:0mm

Legend: RIS

VAR Y: 19.2mm . Y: 28.8mm

Fig. 12 Orientation error values at each of the 28 positions, values
shown in degrees. Position on the Z-axis is represented by each col-
umn while position on X-axis is represented by each row. Position on
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Y-axis is represented by the grayscale shade of the cell. Up arrows rep-
resent errors < 1.00°; no arrow represents errors > 1.00°. No values were
greater than 5.0° requiring down arrows
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Fig. 13 Linear reconstruction RMS error (bar graph) and average with
repeatability (diamond with standard error bars) on flat square and flat
circle phantoms in X-, Y- and Z-directions
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Fig. 14 Angular reconstruction RMS error (bar graph) and average with
repeatability (diamond with standard error bars) on angled phantoms
about X-, Y- and Z-axes

phantoms were [0.4, 0.5, 0.4] mm in the [X, Y, Z] directions
with repeatability of [0.4, 0.5, 0.4] mm. The angular accura-
cies on surfaces at a concave angle toward or convex angle
away from the transducer were 1.2° and 1.9°, respectively,
with standard deviations of 1.2° and 1.8°.

Fig. 15 Sample 3D ultrasound
reconstructions of linear (a) and
angular (b) phantoms
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Fig. 16 Reconstruction accuracies on concave and convex vertebrae-
mimicking phantoms along width, length and depth directions and
angles on concave and convex surfaces

Discussion
Calibration
Temporal calibration

Temporal calibration was performed by translating the trans-
ducer vertically and comparing the ultrasound-measured
distance from transducer to phantom with the motion capture
distance travelled. Both RMS error and standard deviation
were at their lowest when shifting ultrasound images by two
frames or 67 ms. Altering the motion capture frames had vir-
tually no effect on the error. The high frame rate at 240 fps
makes minor shifts in motion capture position unappreciable,
whereas ultrasound frames at 30 fps are more significant.
Other temporal calibration methods include synchroniza-
tion hardware modules to send ultrasound information to
tracking device upon image acquisition to measure an offset
[36]. This study followed a similar methodology as Treece
et al. [37] by imaging a flat phantom and then comparing
distance measurements from both tracker and ultrasound.
This method provides an empirical offset between tracker and
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ultrasound which is adequate for the purposes of this article.
However, usage of a synchronization module would improve
transferability of calibration results and provide greater reas-
surance on temporal calibration adequacy.

Spatial calibration

The custom system was manually calibrated using a 3D
printed phantom within a pegboard. The manual measure-
ment only differed from the calibrated value by 0.1 mm.
However, the standard deviation of the transformation matrix
was significantly higher in the Z-direction at 0.7 mm com-
pared to X at 0.1 mm and the Y remaining unchanged. When
accounting for deviations from the zero position during ini-
tial rigid body placement, the standard deviation improved to
0.1 mm in the Z-direction. Because all the cameras face the
Z-direction, there may be a reduced repeatability for position
measurements in that direction. Calibration may be required
in the operating room to account for the initial placement
position of the transducer. This issue will be further explored
in future studies. Still, the accuracy and repeatability values
remain within the required 1 mm standard [11].

Spatial calibration in other studies has been automated
by imaging predetermined points within a volume, cross-
wires, wall phantoms and Z-fiducials [24, 32, 38]. This study
used a process similar to wall calibration as a simple and
easily automated method. Still, it would be advantageous to
calibrate the current system with commonly used calibration
methods to ensure repeatability of results across different
calibration methods.

Positional and orientation accuracy
Position

The mean positional accuracy for each direction was within
[0.4, 0.4, 0.3] mm, with accuracies improving when nearer
to the capture volume origin. While the trend of higher accu-
racy at the origin is expected, the accuracies limit the range in
which this system could be used. The range of usage within
the spinal cavity would likely be 100 x 30 x 150 mm, consid-
ering the width of the spinal incision, the variation in depth of
the vertebrae and usage in the highest risk pedicles from T4
to T9. Within this range, the mean position accuracy would
be [0.3, 0.2, 0.3] mm in each direction with worst accuracies
of [0.6, 0.4, 0.4] mm. However, if the full range of capture
from this study was used (160 x 30 x 300 mm), some areas
at the edges of the capture volume could reach accuracies of
up to 0.9 mm.

The average repeatability of measurements was within
0.1 mm in each direction while worst repeatabilities were
within 0.4 mm. This high level of repeatability was expected,
given that the motion capture cameras were originally deter-
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mined to have an average repeatability of within 0.2 mm and
would be adequate for surgery [11].

Orientation

The mean orientation accuracy about each axis was within
0.6°. The orientation was again most accurate near the ori-
gin of the capture volume. The RMS error changed by less
than the mean repeatability of 0.35° in all directions. No
clear trend could be found in orientation accuracy throughout
the capture volume. The average repeatability of orientation
measurements in each direction was within 0.35° with the
maximum error being less than 0.75°, meeting the require-
ments [11].

Reconstruction

The linear reconstruction accuracies on the flat phantoms
were [0.6, 0.1, 0.6] mm compared to the vertebrae-like
phantom at [0.4, 0.5, 0.4] mm in X-, Y- and Z-directions,
respectively. The ultrasound transducer has a resolution of
0.30 mm, comparing favorably with the accuracies found
from this study.

The slight improvement in accuracy in the X- and Z-
dimensions on vertebrae-like phantoms is likely due to the
broader contours and larger dimensions being measured. The
flat phantoms were designed as a series of nested shapes
with a small 2.5-mm gap between each nested shape which
resulted in increased reflection intensity in the gaps and thus
thicker than expected measurements for dimensions. The
worsening of accuracies by 0.4 mm in the Y-direction is
likely due to the increased variation in depths and inclusion
of oblique dimensions on the vertebrae-like phantoms.

Repeatability worsened slightly from flat phantoms com-
pared with vertebrae-like phantoms, at [0.1, 0.2, 0.1] ver-
sus [0.4, 0.5, 0.4] mm. The worsened repeatability can
be explained by the oblique and curved surfaces on the
vertebrae-like phantoms that result in a greater variation in
reflected ultrasound.

Angular accuracies were 0.7°-0.8° on the angled phan-
toms and 1.2°-1.9° on vertebrae-like phantoms. Repeatabil-
ity was 0.3° on angled phantoms compared with 1.2°-1.8° on
vertebrae-like phantoms. In both cases, accuracies worsened
when measuring vertebrae-like phantoms. Again, the irregu-
lar contours on the vertebrae-like phantoms would worsen the
angular measurements. Still, the accuracies are well within
the required 5° limit for pedicle screw insertion accuracy.

Sources of error
Sources of error in position and orientation can be traced to

three major sources: ultrasound space setup, camera position
and orientation, and rigid body orientation. Firstly, the setup
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itself involved mounting the pegboard onto a flat surface.
There may be slight variation in thickness in the mounting
adhesive throughout the capture volume, or the water tub
floor may not be perfectly flat. However, when the water bath
was rotated to different orientations, the same errors were
found in captured position. Accuracy varying according to
position has been documented previously, though typically
accuracy improves in the regions proximal to the cameras [39,
40]. Both lens distortion and thermal drift are potential causes
for these inaccuracies, though the cameras were allowed to
preheat for 1 h prior to usage.

The Y-direction was most strongly affected by outliers
with a mean of 0.4 mm versus median of 0.3 mm. When
removing outlier values that were clustered proximally to
the cameras in the Z-direction, the mean and median were
reduced to 0.2 mm and 0.2 mm, respectively. Surprisingly,
the X -position had the poorest accuracy, despite that direction
being across the field of view of the cameras. Some of this
reduction in accuracy could be from marker overlap on the
rigid body. However, all accuracies were still well within the
required accuracy of 1 mm for usage in spine surgery. Usage
of active markers could reduce the likelihood of marker over-
lap issues.

Rigid body orientation is an important potential source
of error when evaluating orientation. The orientation of the
ultrasound transducer relative to the capture volume was ini-
tialized by mounting the transducer securely onto the LEGO
pegboard. As a result, any variations in this mounting pro-
cess would result in inaccuracies in the orientation. Still, the
majority of accuracies were less than 1°, which would be
reasonable in this application.

Because the 3D ultrasound system will be used to deter-
mine the location of screw placements and trajectories, linear
and angular measurements were used to evaluate the accu-
racy of the system, rather than target registration error or
other feature-based accuracy measurement metrics. A poten-
tial shortcoming to dimensional measurements is that the
edges of these dimensions have a gradual contour, usually
resulting in an over-estimation of how large scanned objects
were. As a result of this over-estimation in size, it would not
be ideal to use surface edges as a landmark for the purpose of
image registration. Another limitation of this study is that all
sweeps were performed along the Z-axis. Further study into
determining the robustness of reconstructions in a variety of
directions and at different orientations may be warranted.

The major challenge in generating reconstructions was
in determining the optimal image processing filters to cre-
ate black-and-white binary images. Filters including median
and averaging filtering, image contrast adjustments and mor-
phological image processing were tested to generate optimal
images from the flat and angular phantoms [41, 42]. How-
ever, because ultrasound image contrast varies significantly
depending on the incident angle of ultrasound, filters needed

to be selected to provide robust image reconstructions in a
variety of conditions. The images generated in this study used
the same filtering parameters, but required some practice to
ensure that the ultrasound transducer was always orthogonal
to scanned surfaces.

Clinical considerations

This study evaluated a custom-developed 3D ultrasound
system designed to capture the vertebral surface in spinal
surgery. Measurements comparing virtual position and
reconstruction values to real-world values were completed
to determine if the 3D models that were generated from the
system would be adequate for clinical practice.

Other 3D ultrasound systems have been evaluated for
specific applications. Poulsen et al. [43] studied volumet-
ric accuracy on a 2-cm agar rod within an agar and graphite,
erring by 181 mm?, roughly equivalent to a 5.65 mm linear
accuracy. The poorer accuracy is likely due to the deformabil-
ity of the phantom being scanned and the usage of an optical
surface scanner for motion tracking. Loannou et al. [44] stud-
ied surface area measurements of phantom fetal fontanel with
surface areas ranging from 95 to 654 mm?. The median per-
cent error ranged from 0.6 to 12.1%, equivalent to 2-3.4 mm.
Since the fontanel was scanned at greater depth than in our
study, they would be expected to have greater error.

Studies in ultrasound registration techniques have also
been used to determine accuracy of ultrasound reconstruc-
tions. A study by Zenbutsu et al. [45] used 3D ultrasound
in water-based laparoscopic surgery, projecting blood vessel
images onto 2D laparoscopic images, finding vessel depth
error at 1.88 mm. Penney et al. [46] registered ultrasound to
CT scanned femurs, finding mean RMS errors of less than
2.3 mm on most registrations. Yan et al. [23] developed a
spinal ultrasound-CT registration method achieving median
registration errors of 0.66 mm on phantoms and 1.65 mmona
porcine model, showing that while submillimeter accuracies
are possible, soft tissues may complicate the usage of 3D
ultrasound for spine surgery. Koo et al. studied ultrasound
to MRI registration of human lumbar dry bone specimens
and porcine specimens, finding accuracies of 1.22 mm on
the human bone and 2.57 mm on porcine cadavers. In all of
these cases, soft tissues were included in the registration pro-
cess which would worsen errors. As soft tissues will likely
lie both around and on top of parts of the body structures,
both the edges and the depth of the bony surface may be
altered, though the surface will remain visible. While the
submillimeter accuracies found in this study are realistic due
to the 0.2 mm accuracy of the ultrasound and motion capture
systems individually, further study of the effects of soft tis-
sue on image registration accuracy from these reconstructed
vertebrae needs to be completed [27].
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The most important question to be determined is how the
positional and reconstruction accuracies translate into actual
screw trajectory accuracies in spinal surgery. Future study on
this ultrasound system will be focused on translating recon-
struction accuracies into actual screw trajectory accuracies,
as well as including multiple blinded readers for ultrasound
accuracy evaluation.

Conclusion

This study involved the development of a custom 3D ultra-
sound system for spinal surgery and determination of the
position, orientation and reconstruction accuracies of the
system. Position accuracy was within 0.4 mm and orienta-
tion accuracy was within 0.5°. Reconstruction accuracy was
within 0.6 mm for linear dimensions and 1.9° for angular
dimensions. Both of these values meet the required 1 mm
and 5° of accuracies for spinal surgeries.
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