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Virtual fluoroscopy is a surgical navigation technique that is often used in orthopedic
surgery. In virtual fluoroscopy, a surgeon draws tool insertion lines on intra-operative X-ray
images as a surgical plan, and the position of an actual surgical tool tracked by a position sensor
is also drawn on the X-ray images. The surgeon can intuitively monitor the positioning error
between the plan and the tool without continuous X-ray imaging; therefore, X-ray exposure is
significantly reduced compared with that in conventional fluoroscopic procedures. However, a
large navigation error is often reported even when the surgeon places the tool on the planned
line. To address this issue, we investigated the reason for the error by using a mock virtual
fluoroscopy system. From the results of the mock operation study, we revealed that the tool
positioning error depends on the convergence angle around the plan path rather than the camera
rotation angle.

1. Introduction

Percutaneous procedures in orthopedic surgery are typical less invasive approaches for
patients than traditional open techniques. On the other hand, the procedures require higher skills
and greater experience from surgeons because of the lack of direct visual access of the interior of
the patients during the procedures. Instead, views of the inside of patients are indirectly provided
by medical images obtained by, for example, X-ray computer tomography (CT), magnetic
resonance imaging (MRI), and X-ray fluoroscopy. Moreover, the increased level of X-ray
exposure associated with intra-operative X-ray fluoroscopy is another concern.()

Surgical navigation systems, which support surgical procedures by a combination of imaging
technology and computer science, can enable accurate procedures and reduce X-ray exposure.
The systems generally provide virtual surgical views and information such as a surgical plan,
anatomical annotation, and segmented tissues and organs. Such information is helpful for
accurate and safer procedures. The clinical application of three-dimensional (3D) navigation has
significantly reduced the misplacement rate of surgical tools in orthopedic surgery.) However,
regardless of their advantages, the navigation systems are not usually used in surgery because
they require additional tasks such as 3D anatomical model generation by the segmentation of
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pre-operative CT images and intra-operative registration between pre-operative CT images and
patients. Moreover, the systems require surgical invasiveness for accurate registration.

Two-dimensional (2D) navigation systems are more practical systems for use in orthopedic
surgery. One of the 2D navigation systems employs computer-assisted virtual fluoroscopy©->)
for the placement of surgical tools such as needles, wires, and screws. Virtual fluoroscopy uses
at least two fluoroscopic X-ray images and does not require images to be repeatedly taken to
update instrument positions. Therefore, the exposure of the patient and the surgical team to
X-rays is reduced. Instead of multiple imaging, the instruments are superimposed on X-ray
images by computation of the projected tool position from 3D positions measured by a position
sensor. In contrast to 3D navigation systems, virtual fluoroscopy does not require 3D models
obtained by the segmentation of pre-operative 3D volume and intra-operative registration.

Regarding the accuracy of virtual fluoroscopy, according to articles on the accuracy of
pedicle screw placement by virtual fluoroscopy, pedicle breaches occurred in approximately
10-20% of cases.(®7) The cause of the misplacement has not been clearly explained. Addressing
the misplacement is expected to lead to virtual fluoroscopy with high reliability.

The 3D measurement errors of stereoscopic systems including virtual fluoroscopy depend on
the convergence angle of two stereo pairs.®? In virtual fluoroscopy, two X-ray images are taken
from different angles instead of stereo pairs; therefore, error sensitivity will change with the
rotation conditions of fluoroscopy. In this study, we investigated the tool placement errors by
varying the convergence angle to clarify the reason for misplacements in virtual fluoroscopy.

2. Materials and Methods
2.1 Virtual fluoroscopy

Figure 1 shows a simplified configuration of virtual fluoroscopy. A position sensor with at
least three trackers is used for coordinate integration among the patient, tool, and fluoroscopy.
Virtual fluoroscopy depicts a virtual tool on pre-acquired X-ray images.

To provide a mathematical description of the imaging process of virtual fluoroscopy, a
position sensor coordinate system O, a fluoroscope coordinate system Opy,,,,,» @ tool coordinate
system Oy, a patient coordinate system Op,;..;» and an X-ray image pixel coordinate system
Oyxyqy are defined. Let T be the coordinate transformation matrix from coordinate system B to
coordinate system 4, then the core process in virtual fluoroscopy is to compute the coordinate
transformation among the tool and X-ray image pixel coordinate systems as follows:
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Fig. 1. Virtual fluoroscopy system.

where f, and f, are scaling factors, and ¢, and ¢, are translations from the optical axis to the
upper-left corner of the image. T2 and Tj,2/" are transformation matrices measured by the

ool
Xray

position sensor. The camera projection matrix T}

noro 18 €stimated by a camera calibration

technique.(19)

We developed a mock virtual fluoroscopy system consisting of an optical position sensor
(Polaris Spectra, Northern Digital Inc.), three optical trackers containing several infrared LEDs
for the sensor, a USB camera with 1420 x 720 resolution for mock X-ray fluoroscopy, a surgical
needle, a plastic femur model (Sawbones, Pacific Research Laboratories), and a Windows
workstation. The optical trackers were attached to the camera, the needle, and the femur model.
The navigation software was developed using Python with the well-known OpenCV library. The
position sensor and the camera were connected with the workstation and controlled by the
software.

2.2 Accuracy validation protocols

Firstly, a surgical plan T3 %" was defined for a femur model. Next, mock fluoroscopic

images were acquired at 15° increments of the azimuth (range: 0 to 90°) and elevation (range: 0



2524 Sensors and Materials, Vol. 33, No. 7 (2021)

Patient
T,

to 75°) with the corresponding actual camera positions Tz,

measured by the position sensor.
The measurements were performed twice to obtain a data set with a total of 84 images.

Error measurement tests were performed by six human subjects (not medical doctors). The
experimental software randomly selected two fluoroscopic images from the data set. With the
selected data, a virtual fluoroscopy view, depicting the plan and tool paths, was generated.
Following the guidance of the virtual fluoroscopy, the subjects positioned the tool, then the tool

Patient
T

position Tr,,,;~ was recorded. The tests were repeated 50 times for each subject. The placement

errors 7, 7510“1” were computed as

Plan _ pnPlan Patient
TTool - PatientTTool (3)

The tool positioning errors were analyzed using two different convergence angles: the camera
rotation angle g,icam and the angle around the plan path 0.,icam, shown in Fig. 2. Let O be the tip
of the plan path, and P; and P, be the camera positions. Then, the camera convergence angle
Ocalcam 18 simply given as

OF -OF;

€08 Oylcam = W

@)

On the other hand, Fig. 2(b) shows the convergence angle around the plan path. The plan
coordinate system is defined with the plan path on the z-axis. As the camera poses, let o be the
azimuth angles and S be the elevation angles in the plan coordinate system. Then, P, and P, are
expressed in the spherical coordinate system as

plan :

camera rotation axis
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Fig. 2. Definitions of the convergence angles. (a) Camera convergence angle. (b) Convergence angle around plan
path.
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P(x,y,z)=r(cosﬁcosa,cosﬂsina,sinﬂ) , ®)

where 7 is the distance from the origin to the camera. Using the azimuth, we determine the plan
convergence angle as

€08 O gjplan = COS (g —ay)=cosa cosa, +sing; sina,. 6)

3. Results

Figure 3 shows examples of navigation views before and after tool positioning, in which the
black and white lines represent the plan path and the tool, respectively. Figures 4 and 5 show the
obtained positioning errors as functions of the camera and plan convergence angles, respectively.
The stars indicate the root-mean-square (rms) errors for each angle. Boxes show the first
quartile, the third quartile, and the median, and whiskers correspond to 1.5 times the interquartile
range (IQR). Figure 4 shows that there was no correlation between both the position and
orientation errors and the camera angle. Meanwhile, Fig. 5 shows the errors plotted against the
plan convergence angle. The rms error decreased with increasing plan convergence angle. The
rms errors were well fitted by exponential functions, shown as dashed lines. Their standard

()

Fig. 3. (Color online) Example views of mock virtual fluoroscopy before and after tool positioning. Black and
white lines represent the plan path and the tool, respectively. (a) Before tool positioning. (b) After tool positioning.
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Fig. 4. Tool placement errors plotted against the camera convergence angle. Stars are rms errors.
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Fig. 5. Tool placement errors plotted against the convergence angle around the plan path. Stars are rms errors and
dashed lines are their exponential fitted curves.

errors were 0.47 mm for the position and 0.46° for the angle. Therefore, the misplacement of
surgical tools may occur regardless of the camera convergence angle but can be reduced by
increasing the convergence angle around the plan path.

4. Discussion

Virtual fluoroscopy visualizes 3D tool positions on 2D X-ray images. Thus, it is expected
that two projection images can compensate for the depth information lost in each of the images.
In this study, we revealed that the positioning error of virtual fluoroscopy is caused by the lost
depth information. The results showed that the depth compensation depends on the convergence
angle around a plan path rather than that around a camera rotation axis.
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Figure 6 shows the spherical coordinate system used to explain the relationship between the
two types of convergence angle. In the plan coordinate system, the plan convergence angle
Ocajcam 18 defined by the azimuth angles o, and a, by Eq. (6). Regarding the camera convergence
angle, the substitution of Eq. (5) into Eq. (4) leads to

COSeca|cam = (x1x2 +ny, + ZIZZ) lr

=cos S cos B3, (cos & cos , +sine sina, ) +sin By sin f3,. 7

Finally, by combining Egs. (6) and (7), the camera convergence angle is expressed in terms of
the plan convergence angle as

COS Oyjcam = COS B €08 3, COS Oy + 51Ny SIN J5,. ®)

Therefore, the elevation is the factor causing the angular difference between the two types of
convergence angle. In other words, the elevation angle does not contribute to the accuracy.
Figure 7 shows a comparison of the two types of convergence angle in the experiment. It
indicates that the plan convergence angle is not sufficiently large even for a large camera rotation
angle, which is due to the elevation.

The results explain why surgical tool misplacements such as pedicle breaches are more likely
to occur for a small convergence angle around the plan path, even for sufficient rotation in
C-arm fluoroscopy. Figure 8 shows typical fluoroscope motion during anatomical and navigation
processes. To monitor the tool insertion condition in surgery, a fluoroscope is rotated around a
femur as shown in Fig. 8(a). To achieve the motion conveniently, C-arm fluoroscopy has a
rotation mechanism around the horizontal axis. Therefore, tool misplacement seems to randomly
occur in virtual fluoroscopy even when fluoroscopic images are taken with a sufficient rotation
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Fig. 8.  Two types of camera rotation motion. (a) Rotation around anatomical axis. (b) Rotation around plan path.

angle. In studies that evaluated the accuracy of virtual fluoroscopy in clinical settings, > X-ray
images at the lateral and anteroposterior planes were used for virtual fluoroscopy as shown in
Fig. 8(a). To obtain a sufficient convergence angle around the plan path, the fluoroscope should
be rotated around the plan path, as shown in Fig. 8(b).

In this study, we used a general USB camera instead of an X-ray fluoroscope, and the camera
projection parameters will be different for the two devices. However, an X-ray fluoroscope
causes less distortion than an optical camera; therefore, our experiments do not underestimate
the errors.

The experiments were performed by untrained human subjects. It is possible that well-trained
doctors will perform the tool positioning more accurately. Note that because the tool plans were
randomly selected, the results did not include learning effects.

Potential navigation errors due to the imaging conditions should be estimated to ensure
reliable procedures. Thus, a theoretical error estimation is needed rather than an estimation by
an empirical relationship. Therefore, our future work will focus on modeling the potential
navigation error in virtual fluoroscopy toward achieving highly accurate and reliable surgery.

5. Conclusions

We investigated the navigation errors of virtual fluoroscopy by comparing camera and plan
convergence angles. The results suggested that a small convergence angle around the plan path
resulted in a large placement error regardless of the camera rotation angle. We revealed that the
plan convergence angle is important for reducing misplacement in virtual fluoroscopy.
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