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Abstract

This invention provides a method for estimating C-ARM fluoroscope rotation pose, and
related programmed media and kits. In one embodiment the method includes measuring an
angle of the C-arm using an accelerometer affixed to the C-arm, wherein the accelerometer 1s not

5  moving during the measurement. The method includes generating angle correction equations
based on differences between C-arm poses and corresponding accelerometer angles, and

“optionally generating structural compensation equations to compensate for structural flexion or

deformation of the C-arm.
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C-ARM ROTATION ENCODING METHODS AND APPARATUS

Field

This invention 1s in the field of C-arm fluoroscopy. In particular, this invention is

provides methods and apparatus for accurately determining C-arm rotational pose.

Background

Fluoroscopic C-arms are an important tool in computer-assisted interventions. For
example, a tluoroscopic C-arm may be used in computer-assisted applications to reconstruct
anatomical structures and objects in 3D from their 2D X-ray images. Reconstruction requires the

relative pose of the 2D projection images, a problem commonly known as C-arm pose tracking.

Accurate, practical, and aftordable C-arm pose tracking is a major technical challenge.
There are motorized C-arm devices that provide rotational pose information, but thcy arc rather
expensive and susceptible to pose errors due to wheel motion, sagging, and deformation of the
device. Conventional manual C-arms are supplanted with some tracking method to recover the
C-arm pose. Tracking may take two forms, external or X-ray image-based. In external tracking,
an object called a dynamic reference body (DRB) is attached to the C-arm, while the pose of the
DRB 1s sensed by optical cameras or electromagnetically [7]. External tracking produces full six
degrees of freedom (DOF) pose of the C-arm and is resistant to wheel motion, sagging and
detormation of the C-arm. Optical tracking is usually more accurate, but requires line of sight.
Electromagnetic tracking does not demand line of sight, but is susceptible to field distortions
typically caused by the preseﬁce of metallic objects or even the earth’s magnetic field. A further

shortcoming is that prior to using the system the DRB needs to be pre-calibrated to the C-arm
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image. In all, external tracking tends to add significant cost and complexity to the system. In
image-based tracking, a radio-opaque object of known geometry (commonly referred as fiducial)
is placed in the field of imaging [5, 11]. If the fiducial has sufficient specificity, then the full 6
DOF pose of the C-arm image can be computed relative to the fiducial. While image-based
tracking is inexpensive and potentially accurate, the fiducial occupies valuable real estate in the

1mage.

An alternative tracking method is the use of accelerometers to recover the pose. The
initial theory postulated the use of accelerometers as a positional tracker, by performing a double
Integration of the acceleration information to retrieve positional information. Several previously
published papers have used accelerometers in position tracking mainly for robotic applications
[1, 8, 9]. However, applying similar methodologies to recover the C-arm pose proved
problematic. Setting aside the inherent issues with accelerometers, such as noise, bias, and drift
[10, 12], the mechanical properties of the C-arm did not allow for the accelerometer positional
tracking methods to perform to an acceptable level of accuracy. The main issue stems from the
C-arm rotations. The accelerometer senses motion and gravity forces. This means that when the
C-arm rotates along its primary or secondary axis, the accelerometer will output readings caused
by both forces. This makes it extremely difficult to discern the true motion required for pose
tracking, If the accelerometer is coupled with a gyroscope, it will give orientation, which helps
isolate the effects of static gravity. Knowing the static gravity, it can be subtracted from the

accelerometer readings, thereby giving true motion acceleration at each time interval. This is a

very complex and potentially costly strategy. Thus there is a need for a new technique to recover

‘the C-arm fluoroscope rotation pose.

Summary

Provided herein is a method for estimating C-ARM fluoroscope rotation pose, comprising

measuring an angle of the C-arm using an accelerometer affixed to the Céarm, wherein the

accelerometer i1s not moving during the measurement.

In one embodiment the method may comprise: providing a means for determining ground

truth of a fluoroscopy image space; acquiring a first set of fluoroscopy images at a plurality of C-

arm poses and obtaining accelerometer angles for primary angles (PAs) and secondary angles
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(SAs) of each C-arm pose; calculating an actual C-arm pose for each image using the ground
truth;detennining differences between actual C-arm poses and corresponding accelerometer
angles; generating angle correction equations by applying a best fit model to the differences; and
using the angle correction equations to determine C-arm fluoroscopy rotation pose of subsequent

C-arm fluoroscopy images.

In another embodiment the method may comprise generating structural compensation
equations (SCEs) by: processing images with diagonal combinations of PA and SA; computing
and zeroing errors for the PA and SA separately; and applying line fitting to differences between
actual C-arm poses and corresponding accelerometer angles; wherein the method includes using
angle correction equations and structural compensation equations to determine C-arm
fluoroscopy rotation pose of subsequent C-arm fluoroscopy images. The method may comprise
determining a threshold value r; and using t to control when to activate the structural

compensation equations depending on angle values for PA and SA.

The method may comprise using a fiducial to determine ground truth of the fluoroscopy

image space, or using a tracker to determine ground truth of the fluoroscopy image space.

Applying a best fit model to the differences may comprise applying a linear regression

model to the differences, or applying a polynomial regression model to the differences.

The method may comprise acquiring the first set of fluoroscopy images at a range of
poses corresponding to a range of primary and secondary angles of the fluoroscope during use on

a patient.

Also provided herein is programmed media for use with a computer and a fluoroscope

including an accelerometer, the programmed media comprising: a computer program stored on
storage media compatible with the computer, the computer program containing instructions to
direct the computer to perform one or more of: input ground truth data of a fluoroscopy image
space; acquire a first set of fluoroscopy images at a plurality of C-arm poses and obtain
accelerometer angles for primary and secondary angles of each C-arm pose; calculate an actual
C-arm pose for each image using the ground truth; determine differences between actual C-arm
poses and corresponding accelerometer angles; generate angle correction equations by applying a

best fit model to the differences; use the angle correction equations to determine C-arm
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fluoroscopy rotation pose of subsequent C-arm fluoroscopy images; and output rotation pose

data of the subsequent C-arm fluoroscopy images.

In one embodiment the computer program may direct the computer to: process images
with diagonal combinations of PA and SA; compute and zero errors for the PA and SA
separately; apply line fitting to differences between actual C-arm poses and corresponding
accelerometer angles to generate structural compensation equations; and use angle correction
equations and structural compensation equations to determine C-arm fluoroscopy rotation pose

of subsequent C-arm fluoroscopy images.

In another embodiment the computer program may direct the computer to: determine a

threshold value 7; and use 7 to control when to activate the structural compensation equations

depending on angle values for PA and SA.

- Also provided herein is a kit, comprising: an accelerometer; and the programmed media
described above. The kit may comprise hardware for interfacing the accelerometer with a C-arm
fluoroscope and/or with a computer. The kit may comprise means for determining ground truth
of the fluoroscope. In one embodiment the means for determining ground truth of the

fluoroscope comprises a tracker or a fiducial.

Brief Description of the Drawings
For a better understanding of the invention, and to show more clearly how it may be
carried into effect, embodiments will be described, by way of example, with reference to the

accompanying drawings, wherein:

Figure 1 is a diagrammatic representation of C-arm rotational axes relative to the

placement of a patient.

Figure 2 is a block diagram showing steps for C-arm pose tracking with an accelerometer

according to one embodiment.

Figure 3(a) is a photograph of a C-arm analogue equipped with a webcam, wherein the C-
arm 1s positioned upside-down to better show the construction of the C-arm; Figure 3(b)1s a
diagram showing how 2-D images are created in X-ray and optical imaging modalities, and their

similarities during rotations,
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Figure 4 is a photograph showing a setup for the C-arm analogue of Figure 3 (a), with
checker board for calibration and ground truth for pose tracking.

Figure 5(a) 1s a graphical visualization of the difference between accelerometer angles
and webcam angles for the setup of Figure 4; Figure 5(b) shows a linear best fit over the data

points used to create angle correction equations (ACEs).

Figure 6 is a plot showing the webcam’s rotational path computed from the calibration

images for the C-arm analogue of Figure 3(a).
Figure 7 is a plot showing a polynomial fit applied to the data of Table 1, for the C-arm
analogue of Figure 3(a).

Figure 8 is a plot of the differences and fitted lines used to generate angle correction

equations for a C-arm fluoroscope.

Figure 9 is a chart wherein inner cells show actual C-arm pose angles: PA (above), SA

(below); and C-arm pose positions using ACEs accelerometer readings are shown in the outside

border.

Figurés 10(a) and 10(b) show C-arm deformations with accompanying best fit lines for
PA (a) and SA (b), wherein the horizontal axis represents the rotational angle, and the vertical

axis 1indicates the amount of deformation.

Figure 11 is a chart similar to that of Figure 9 showing results obtained using ACEs and
structural compensation equations (SCEs).

Figure 12(a) is a plot of a sequential rotation path of the C-arm, where dots represent

locations where images were acquired, and Figure 12(b) is a chart showing the tracking results

when the ACEs and SCEs were applied.

Detailed Description of Embodiments

A typical C-arm flouroscopy system, shown in Figure 1, includes an x-ray source 10 and
an 1mage intensifier 20, at opposite ends of the C-arm (not shown). The image intensifier may
be a digital flat panel acquisition unit. Magnification depends on the source to object distance

(SOD), source to intensifier distance (SID), and the intensifier size (IS). A biplane system has
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two C-arm units rotating around a common isocenter, wherein images are acquired on the two

systems nearly simultaneously (e.g., within 10-15 ms).

As shown in Figure I, orientation of the C-arm with respect to the patient is defined by
two angles. The primary angle (PA) represents rotation of the C-arm along an arc from the
patient’s head to feet. The secondary angle (SA) represents rotation of the C-arm along an arc
from patient’s left to right sides. The primary and secondary angles define the geometric
orientation of the imaging system with respect to the patient. Zero degree primary and secondary

angles correspond to an anterior-posterior projection.

Described herein is a method and apparatus for estimating or determining C-arm
fluoroscope rotation pose by using the angle-sensing capabilities of an accelerometer. A clinical
application for the embodiments described herein is intra-operative implant reconstruction in
prostate cancer brachytherapy [3]; however, the embodiments are not limited thereto, and they
may be applied in any imaging application where accurate estimation of the C-arm pose is
required. In the example of intra-operative implant reconstruction in prostate cancer
brachytherapy, the C-arm is operated i;1 a step-and-shoot mode within a limited set of rotational
angles. This limitation is approximately a 40-degree cone about the canonical vertical pose of
the C-arm, where both rotational axes of the C-arm move between £20 degrees. Factors that
create this constraint are potential collision with patient, operating room table, and other standard
instrumentation used in the procedure. For successful reconstruction of the brachytherapy

implants the C-arm pose needs to be recovered with an accuracy of about 1.0 degree [3, 7].

Methods described herein include recovering the C-arm rotational pose (i.e., tilt angle)
using an angle-sensing device, such as an accelerometer. For example, affixing an accelerometer
to a C-arm allows the C-arm pose to be estimated at any position (i.e., angle) through its
rotational range. In embodiments described herein, static gravitational angle of the C-arm 18
measured, wherein the C-arm and hence the accelerometer is not moving during measurements.
This effectively eliminates other forces such that gravity is the only relevant force acting on the
accelerometer. By measuring an offset between accelerometer angle readings and the image
pose angle, an angle correction equation (ACE) may be derived to properly track the C-arm
rotational pose. In various embodiments derivation of the ACE may be carriéd out using by

fitting linear or polynomial models to the C-arm angle data and accelerometer angle data. In one
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embodiment, the method includes one or more refinement steps in deriving the ACE wherein
different models (linear, 2-, 3-, 4-order polynomial, etc.) are fit to the data and the best fitting
model used for subsequent steps. Methods described herein track the C-arm pose with a
clinically relevant accuracy of less than 1.0 degree.

Accelerometer angle encoding as described herein includes a one-time calibration step to
relate the raw accelerometer angle to the C-arm pose. In one embodiment, the linear workflow
includes the following steps: (1) Mount an accelerometer on the C-arm; (2) Place a ground truth
(e.g., a C-arm tracking fiducial) in the field of view; (3) Acquire test images while logging the
initial rotation pose from the accelerometer; (4) Compute reference poses using the fiducial; (5)
Compute the offset for both primary and secondary C-arm angles; and (6) Confirm the accuracy
of calibration on a subset of independent measurements not used in the calibration computations.

One such uncertainty 1s the effect of wheel motion.

A feature of the instant methods is the ability to overcome possible inaccuracies that may
be introduced by the C-arm apparatus. For example, mobile C-arms have wheels and use wheel
locks to secure the apparatus in place. During rotational movement the C-arm may experience
rocking and swinging motions that affect the pose of the image. However, since an
accelerometer is used in the instant embodiments, real-time analysis of acceleration readings can
detect acceleration spikes. These spikes indicate rapid motion changes (e.g., rocking, swaying)
of the C-arm. By continuously monitoring for the spike to subside (i.e., steady state) a “go-
ahead” signal can be flagged to indicate when images can be captured, thereby avoiding added

error to the image pose.

Embodiments described herein use parameters that are determined from the C-arm and
accelerometer combination. These include a set of angle correction equations (ACEs) that
account for the initiél offset between the raw accelerometer angle readings and the C-arm pose.
Generating the ACEs involves analyzing differences between the initial accelerometer angle
reading and ground-truth pose angle. Embodiments may also include a set of structural
compensation equations (SCES) that account for deformation of the C-arm during different
rotational poses. Following a one-time calibration of the C-arm to determine the ACEs and
SCEs, these equations remain valid for continued use of the C-arm given that the accelerometer

remains fixed on the gantry.
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Methods of acquiring a series of test images and modeling the structural deformation of
the C-arm was described by Gorges et al. [13]; however, that work involved modeling the
deformation as changes to the intrinsic/extrinsic parameters of the C-arm, and using cost

functions to optimize the parameters to account for the deformations.

Also described herein is programmed media for use with a computer and a C-arm
fluoroscope including an accelerometer, the programmed media comprising a computer program
stored on storage media compatible with the computer, the computer program containing
instructions to direct the computer to perform one or more of the steps for determining C-arm

pose as described herein. The steps may include generating the ACEs and/or the SCEs.

Also described herein 1s a kit that allows the methods described herein to be applied to
any C-arm fluoroscope. The kit includes an accelerometer, hardware for interfacing (wired or
wirelessly) the accelerometer with the fluoroscope and a computer, software for collecting and
analyzing data using the computer, and instructions for installation and use. The kit may also
include hardware used for determining ground truth of the fluoroscope, such as, for example, a

tracker or a fiducial.

Embodiments are further described by way of the following non-limiting examples:

Example 1
Accelerometer

An accelerometer 1s small and low cost, and has low power requirements, which allow it
to be a self-contained sensing system. Since accelerometers can accurately measure the force of
gravity and the accelerometer has known geometric properties, they may be reconfigured into tilt
(angle) sensors. While accelerometers may be custom made for a desired application, many

general purpose packages are widely available ranging from 1, 2, and 3 DOF sensors. The most

CA 2744123 2017-10-24
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common use of accelerometers are in inertial measurements for determining orientation (roil,
pitch, and yaw), which we also use to find the C-arm pose. The approach described herein
includes measuring the influence of gravity at each axis. In a stable state with no motion force,
each axis will measure a component of the overall gravity force of 1 g, shown in Equation 1.
Knowing this property, calculating the desired angles is a matter of taking the appropriate ratios
of the accelerometer values from each axis [2]. Equation 2 gives an example, where a is the

angle along x-axis and f is the angle along the y-axis.

T WAL IR

. 7
AF + A5 + 45 =1g (1)

aer

8 =tan | ——2— @)

In an experimental prototype a SparkfunTM Electronics WiTilt v3 packaged device was
used. This device is intended for general purpose applications containing a Freescale
MMA7260Q triple axis accelerometer with a class 1 Bluetooth® communication link. The small
package allows for placing the accelerometer on the detector or source without interfering with
normal use of the C-arm and the wireless communication does not intrude upon the operating
room. For convenience, the accelerometer axes were aligned approximately with the rotational

axes of the C-arm.

Calibration

Once the accelerometer is in place on the C-arm, axes of the accelerometer are calibrated
to the rotation axes of the C-arm. The calibration requires an independent pose tracking ground
truth, provided by either an external tracker or by tracking a fiducial. For example, the
fluoroscope tracking fiducial (FTRAC) developed by Jain et al. [3] may be used. Then the
accelerometer pose estimate can be compared directly to this ground truth. Figure 2 shows a

flowchart of C-arm pose tracking using the accelerometer angle.
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One of the most important aspects is the initial mounting of the accelerometer to the C-
arm. As mentioned earlier, the small device packaging makes it ideal and convenient to place on
the C-arm detector or source. By properly securing and calibrating the device, subsequent uses

will continue to be valid with the computed calibration offset. The C-arm is calibrated and the

intrinsic and extrinsic parameters saved. Next, several test images are taken using the initial

reading of the accelerometer. These readings are used to determine the offset between the C-arm

pose and accelerometer. The test angles should ensure that the angles have enough separation
and a sufficiently wide range to account for possible variations of the primary and secondary
angles when the C-arm is in motion. The final step is to calculate the actual C-arm pose of these
test images using the ground truth tracker and analyze the differences between the ground truth
and the initial angle measurements. Then a best-fit method is applied to the PA and SA errors, to

obtain the quantifiable offset termed Angle Correction Equations (ACEs), which completes

calibration of the accelerometer to the C-arm.

C-arm Analogue

- To evaluate the concept on an actual C-arm would involve harmful ionizing radiation.
To reduce the laboratory turnaround time and eliminate radiation exposure, a radiation-free
downscaled model of a C-arm was constructed. The model shown in Figure 3(a) mimics the
mechanical rotations of a full size clinical C-arm. To mimic X-ray imaging, a Microsoft
LifeCam VX-3000 webcam was attached to the top end of the C-arm analogue. Just as in X-ray
imaging, optical imaging creates 2D images even though the principle of the imaging modalities
is different. Creating a 2D image involves using a source and apparatus to capture the image,
shown in Figure 3(b). In X-ray imaging, photons are expelled from the point source. The
photons travel in a straight line, through the target and hit the detector to create a 2D shadow of
the target. Optical imaging uses the same geometrical principle, but the photons move in the

opposite direction: visible light from the target travels in a straight line towards the camera.

The setup is shown in Figure 4, with a checkerboard placed on top of a case stand that

was near the center point of the C-arm. The webcam was pre-calibrated to the accelerometer

using the checker board. A MATLAB program read the acceleration data and computed the

angle by taking 50 sets of filtered samples, and averaging each before being displayed on-screen.
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For rotational pose calibration, 20 primary angles (PA) and 20 secondary angles (SA) were taken
at random angles to compute the intrinsic and extrinsic camera parameters. Camera calibration
was achieved by a MATLAB toolbox [3].

Experiments and Results

First, the offset between the accelerometer angle and the webcam C-arm pose was
determined. The samples angle set for the test images were at [0° £4° £8° £12° £16° +20°] for
PA and SA separately, giving an evenly spaced wide range of angles for experimentation. To
calculate the ground truth angles the intrinsic parameter, computed in the camera calibration
step, was used to compute the extrinsic parameters for each test image'. Within the extrinsic
parameters is a rotational matrix that corresponds to the transform between the 2D-image to its
3D-orientation. When this matrix is broken down into individual angular components, the
components can be interpreted as the actual angles for the PA and SA [2], respectively. The
calculated offset is shown in Table 1, obtained by subtracting the accelerometer angle reading

from the webcam C-arm pose.
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Table 1: Calibration — difterences hetween accalerometer angles and webcam angles

Primary Angle (PA)

Secondary Angie (SA)

)
!
I

Accelerometer
Readings

e e e e S e ————————_ . 2 TR SRR yw=~, .

To better interpret the error shown in Table 1, the plots shown in Figure 5 (a) were
created. The data points were fitted with least square optimization to straight lines shown in

Figure 5 (b). The fitting resulted in a quantifiable offset in the form of the ACE. The ACEs for
5  the PA and SA are expressed in Equations (3) and (4), respectively.

- Let x represent mnitial P4 then the new PA'=1.027 x+1.734 3)

Let z represent mitial S4 then the new S4'=1.009-z +1.381 (4)

The accuracy of ACE in tracking the webcam C-arm pose was characterized. The
principle behind the above equations is a conversion process from the initial accelerometer angle
reading to a corrected accelerometer angle output. To judge whether ACE was a viable method

10  for tracking, the angular settings for PA and SA test images were changed to [0° £2° £6° £10°
+14° £18°], in order to avoid using the same angles as we used for creating the ACE. Table 2

shows the differences between the accelerometer angle readings and the webcam pose.

- 12 -
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Table 2: Validation of the Correction Equation (ACE‘)

B - P —

Seconda Anc Ie SA

an v Angle (PA

' 1
. i
. " Webcam
Readings Anles Anles

u \ _17.87 013

-18 -17.38 1 0.62
-14

18.68 0.68 18.27 0.27

=070 o=o011lp=_019] c=_010

The diagonal angles where both the PA and SA were rotated together were examined to
determine if the ACE still was able to correctly track the pose. This time for this step, the angle
set reverted back to original [+4° +8° +12° +16° £20°], but as pairs of both PA and SA. Table 3
shows the mean and standard deviation of the error for the PA and SA, in each respective

quadrant. A test angle used was [+4,-4], that is, positive four degrees for PA and negative four

degrees in SA,

- 13 -
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Table 3. Expernimental results for diagonal angles

Y e e . s Tl & | W S e A S S U ol A M e e . " A~ BN O

Angle Difference Error

Discussion and Conclusion

A linear relationship between the webcam C-arm angles and accelerometer angles was
determined. According to Table 1 and Figure 5(b), an offset equation that properly relates the
accelerometer angles to the webcam angles was derived. Table 2 shows that by using ACE, the
accelerometer can properly track the webcam pose with less than 1° of error. According to Table
3, the accelerometer can simultaneously track the PA and SA with a high degree of reliability.
Although some accuracy was lost for SA during PA negative rotations, this may be an artifact of
the experimental C-arm analogue. When looking at the distribution of the pose of calibration
images, the C-arm rotations suggest a wobbling trajectory, as shown in Figure 6. The circled
areas highlight the most probable causes for the decreased accuracy, since the PA rotational path
does not remain straight, slanting into the positive SA direction. This in turn affects the proper
tracking of the SA by creating an unaccounted offset.

It 1s also possible to apply a more complex polynomial fit to the webcam C-arm angle
data and accelerometer angle data, such as shown in Figure 7. For example, polynomial fit lines
were used to create the ACE shown in Equations (5) and (6) below:
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Let x represent mitial P4 then the new

PA=2E® .x +9E™® -x? +1.022-x+1.734 ()

Let = represent initial S4 then the new

Sd'=—6E® .z +6E™.2> +0.002-z° +1.008-z+1.478 (6)

The data of Table 4 demonstrate the utility of using these equations, generated from

polynomial fit lines, for webcam C-arm pose tracking.

Table 4: Polynomial ACE Pose Tracking

Pnmary Angle (PA, Secondary Angle (SA]

Accelerometer
Readinags

e A Y
—— . —_——— . b e o T AR T S T A e e— —— —rt, VAP Wi w . s ———

. emm o e ms el A semem

Results showed that the third order polynomial for PA correction helped to improve the
accuracy of pose tracking with slightly less precision. However, the forth order polynomial for
SA correction was unsuccessful in tracking the pose. Thus, the results showed that in one case a
better (polynomial) relationship was found, while in the other case the original (linear)
relationship was better. Thus, one embodiment of the ACE creation step of the technique

includes a testing loop wherein two or more fitting methods are examined, and the best fitting
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method is used for determining C-arm pose. However, the results show that a simple linear fit

works well for such an application.

Similar results are expected when the method is applied to an actual C-arm device.
Implementation on a C-arm using a webcam affixed to either the source or detector will allow
examination of the characteristics of a full size C-arm, including deflection, bending and wheel
motion of the C-arm, without exposure to harmful radiation. Deflections may arise from the
heavy detector and source, where positions further from vertical will cause the C-arm structure to
flex. Also, any wheels and wheel locks on the C-arm unit may give rise to subtle motion of the
unit when rotating the C-arm. For example, mobile C-arms use wheel locks to secure the device
in place, but during rotational movement the C-arm experiences rocking and swinging motions
that affect the pose of the image. It remains to be seen whether the effect of any such motion

amounts to significant pose error.

In conclusion, these results demonstrate an alternative tracking method that uses the tilt-
sensing capabilities of accelerometers. By placing an accelerometer directly on the C-arm, the
C-arm pose was determined from the accelerometer angle. The method requires a single

calibration step that yields an offset for correction between accelerometer angles and C-arm

angles,

Example 2
The results of Example 1 suggested that deformation of the C-arm structure due to the

force of gravity acting on the heavy X-ray source and detector may introduce an unaccounted for

offset that would lead to inaccurate tracking of the C-arm pose. To investigate this a webcam

'was mounted on a full scale C-arm unit. The webcam allowed testing without exposure to

ionizing radiation,

In an actual clinical application, the ground truth pose would be computed using a radio-
opaque fluoroscope tracking fiducial such as the one developed by Jain et al [3]. In this
example, optical imaging was applied with the webcam mounted externally on the gantry over
the exit point of the X-ray source. The webcam tracked a checkerboard pattern that provided
ground-truth C-arm poses of the 2D images through standard camera calibration techniques.
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Angle Correction Equations

To determine the initial offset a set of test images were taken, in step-and-shoot mode, at
the angles [0° £5° £10° £15° £20° +25° +£30°] using the initial accelerometer angle reading for
the primary angle (PA) and secondary angle (SA) independently. These were chosen to give
enough separation between angles with a wide range to account for changes in the C-arm motion,
as well as encapsulating the clinical angle limitation motivating this work. It should be noted
that acquiring more angles may improve modeling, but when used in actual X-ray imaging that
would increase radiation exposure. However, optimization of the instant methods may reduce
the angle set while achieving proper tracking. Next, the actual pose angles of the images were
computed and the differences calculated. By graphically visualizing the differences (Figure 8),
best fit methods were applied, and the ACEs were generated (see Equations (7) and (8) below).
Interestingly, the structure of the C-arm creates non-linear trends that required piecewise
functions for modeling. The intercept values in the functions were set the same to avoid sudden

shifts in the output during sign changes of the angles when the accelerometer is operating.

Let x represent the initial P4 then the new output angle

x20 (7)

*  |-0.0003-x% +1.037-x+1.250
x<0 ’

P4 = 9
0.0002. x~ +1.047-x+1.250

Let z represent the initial S4 then the new output angle

zz20 (8)

z<0

o = ]-00004.2% +1.034. 2 +3270
0.0007 - z° +1.051-z + 3.270

Structural Compensation Equations

An initial test of the ACEs (Equations (7) and (8)) showed that proper pose tracking of
the C-arm was achieved, but only for independent angle rotations. The chart of Figure 9 shows
that PA and SA were accurately tracked independently, but less accurately simultaneously. Itis
believed that structural deformation of the C-arm is dependent on PA and SA and responsible for

the loss of accuracy. As the rotation angle of the source or detector moves further from vertical,

- 17 -
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the effect of gravity becomes greater. This dependence on the pose angle of the C-arm required

compensation for the structural deformation of the C-arm.

Structural compensation equations (SCEs) were formulated by reprocessing the test
images that created the ACEs, with additional diagonal combinations of PA and SA, shown in
the chart of Figure 9. The errors were computed and zeroed to visualize the deformation for both
the PA and SA separately. Line fitting was applied to the differences (Figure 10). The plots
show that a significant amount of deformation exists and zeroing the error creates a single
starting position to make compensation easier to handle. A threshold value of 7 helped to control

when to activate compensation depending on the current angle values for PA and SA. A series

of equations was created as piecewise functions separated into +PA and £SA quadrants, shown

below:
Letw =PA and x=SA4" then the compensated angle
[+ (0.0002- x% —0.047 - x) x20
w + (=0.0012 - x — 0,053 - x) x <0
PAT B w+(0.0028-x2—-0.107-x) w>1,x>1 )
1w+(0.0008°x2—0,045-x) W<—T,X>T
w + (<0.0025 - x> — 0.081 - x) W>T,X<—T
w+(-0.0015- %% ~0.061-5) | W<-T,x<-T
X w0
x + (-0.0038 - w2 -0.073-w) w<(
} Jc+(0,.0075'w2 - 0.093-w) W>T,X>7T
SA" = 2 . (10)
x +(0.0030 - w* +0.019-w) WL, X>7T
% + (<0.0065 - w* — 0.038 - w) W>T,X< T
x+(-00113- w2 -0.135-w) | w<-r,x<—r
Results and Discussion

To characterize how accurately the ACEs and SCEs tracked the webcam C-arm pose a
series of tests was performed. For the first test, the test image angles were changed for PA and
SA to [0° £2° £6° £10° £14° +18° £22° +26°] for both independent and combinational rotation
of PA and SA. This change was made to include different angles than those used to create the

equations, so that they could be independently evaluated. The results, in chart form, are shown

- 18 -
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Figure 11. The ACEs and SCEs tracked the C-aim pose with an average error of pt = 0.11° and
standard deviation of 6 = 0.21° for PA, and average error of u = 0.08° and standard deviation of
o =0.36° for SA. A second test was performed to investigate whether the C-arm pose could be

tracked when subjected to sequential rotation path with results shown in Figures 12(a) and 12(b).

The results show that C-arm rotation encoding with an accuracy and precision of less
than 0.5° was achieved using an accelerometer as tilt sensor. Use of the Structural
Compensation Equations (SCEs) contributed to this result. These equations worked in tandem
with the Angle Correction Equations (ACEs) to compensate for the inherent structural
deformation of the C-arm experienced at different rotational poses. Excellent rotation encoding
was achieved for the entire clinically relevant C-arm working range, at least in applications such

as prostate brachytherapy.

For other clinical application areas where the working range may be larger, the method
may be less accurate at larger combined rotational poses. This effect could be attributed to the
threshold values used to set the point when the SCEs start compensating for structural
deformation of the C-arm. The threshold values control activation of these equations, and the
point at which they are activated may be adjusted. In this example, the SCEs were created by
zeroing the offset, but this could also be carried out by monitoring for changes farther away from
the origin. The reasoning behind this is that the lower angles about the vertical axis would have
less deformation caused by gravity and could still be W1th1n the ACEs capability of tracking.
Thus, determining a threshold location rather than a singular conditional value would provide an
overall greater working range for tracking C-arm rotational poses as required in a broad range of

applications.

Equivalents

Those skilled in the art will recognize or be able to ascertain variants of the embodiments
described herein. Such variants are within the scope of the invention and are covered by the

appended claims.
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Claims

1. A method for estimating C-arm fluoroscope rotation pose, comprising:
fixing an accelerometer to the C-arm;

measuring at least one static gravitational angle of the C-arm using the accelerometer

aftixed to the C-arm, wherein the accelerometer is not moving during the measurement;
acquiring a first set of fluoroscopy images;

using a processor to determine at least one difference between the at least one static

gravitational angle of the C-arm and an image pose angle,

use the at least one difference to calculate an estimated C-arm fluoroscope rotation pose,

and

use the estimated C-arm fluoroscope rotation pose to determine actual C-arm fluoroscopy

rotation pose of subsequent C-arm fluoroscopy images;

wherein determining actual C-arm fluoroscopy rotation pose improves accuracy during

an imaging procedure,

2. The method of claim 1, further comprising:

providing an object for determining ground truth of a fluoroscopy image space;

acquiring the first set of fluoroscopy images at a plurality of C-arm poses and obtaining

static gravitational angles for primary angles (PAs) and secondary angles (SAs) of each C-arm

pose;
calculating an actual C-arm pose for each image using the ground truth;

determining differences between actual C-arm poses and corresponding static

gravitational angles;

generating angle correction equations by applying a best fit model to the differences; and

using the angle correction equations to determine C-arm fluoroscopy rotation pose of

subsequent C-arm fluoroscopy images.
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3. The method of claim 2, further comprising generating structural compensation equations

(SCESs) by:
processing images with diagonal combinations of PA and SA;
computing and zeroing errors for the PA and SA separately; and

applying line fitting to differences between actual C-arm poses and corresponding static

gravitational angles;

wherein the method includes using angle correction equations and structural

compensation equations to determine C-arm fluoroscopy rotation pose of subsequent C-arm

fluoroscopy 1mages.

4. The method of claim 3, comprising:
determining a threshold value 7; and

using 7 to control when to activate the structural compensation equations depending on

angle values for PA and SA.

3. The method of claim 2, comprising using a fiducial to determine ground truth of the

fluoroscopy 1mage space.

6. The method of claim 2, comprising using a tracker to determine ground truth of the

fluoroscopy 1mage space.

7. The method of claim 2, wherein applying a best fit model to the differences comprises

applying a linear regression model to the differences.

m23....
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3. The method of claim 2, wherein applying a best fit model to the differences comprises

applying a polynomual regression model to the differences.

9. The method of claim 2, including acquiring the first set of fluoroscopy images at a range

of poses corresponding to a range of primary and secondary angles of the fluoroscope during use

on a patient.

10. A computer readable device for use with a computer and a fluoroscope including an

accelerometer, the device containing instructions when executed by a processor, perform the

following method:
input ground truth data of a fluoroscopy image space;

acquire a first set of fluoroscopy images at a plurality of C-arm poses and obtain static

gravitational angles for primary angles (PA) and secondary angles (SA) of each C-arm pose;
calculate an actual C-arm pose for each image using the ground truth;

determine differences between actual C-arm poses and corresponding static gravitational

angles;
generate angle correction equations by applying a best fit model to the differences;

use the angle correction equations to determine C-arm fluoroscopy rotation pose of

subsequent C-arm tluoroscopy images; and

output rotation pose data of the subsequent C-arm fluoroscopy images.

11. The computer readable device of claim 10, wherein the computer program directs the

computer 10:

process images with diagonal combinations of PA and SA;
compute and zero errors for the PA and SA separately; and

apply line fitting to differences between actual C-arm poses and corresponding static

gravitational angles to generate structural compensation equations; and

- 24 -
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use angle correction equations and structural compensation equations to determine C-arm

fluoroscopy rotation pose of subsequent C-arm fluoroscopy images.

12.  The computer readable device of claim 11, wherein the computer program directs the

computer {o:

determine a threshold value t; and

use 7 to control when to activate the structural compensation equations depending on

angle values for PA and SA.

13. A kit, comprising:

an accelerometer; and

the computer readable device of claim 10.

14. The kit of claim 13, further comprising hardware for interfacing the accelerometer with a

C-arm tfluoroscope and/or with a computer.

15, The kit of claim 13, comprising an object for determining ground truth of the

fluoroscope.

16. The kit of claim 15, wherein the object for determining ground truth of the fluoroscope

comprises a tracker or a fiducial.
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