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Abstract

This paper investigates the possibility of using the motion of a patient’s anterior surface in
combination with a motion model to compensate for internal respiratory motion during tracked
biopsies. Position data from two electromagnetically tracked sensors, one placed on the patient’s
sternum, the other incorporated into a biopsy needle, were acquired during a liver biopsy. The data
were used to evaluate the correlation between the position measurements of the two sensors and to
derive an affine motion model to assess respiratory motion compensation for image-guided
interventional procedures. The correlation reached up to 94% for ranges of steady respiration. The
residual motion of the internal sensor after compensation is reduced by a factor of approximately
four.
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Introduction

Computer aided surgery and interventional procedures using magnetic tracking systems for
image-guidance have recently shown promising results [1-5]. The magnetic tracking system
(MTYS) is used to determine the position and orientation of interventional devices such as biopsy
or radiofrequency ablation (RFA) needles. The devices are registered to pre-procedurally
acquired anatomical images, usually from computed tomography (CT) or magnetic resonance
imaging (MRI), to enable image guidance during the application.

Biopsies and ablations have become standard techniques for the diagnosis and treatment of
certain oncology applications, including lung, kidney, and liver tumors [6]. These procedures
are usually performed under ultrasound, CT, CT-fluoroscopy, or even MRI guidance.
Procedures that target lesions located in the liver are generally performed percutaneously or
with laparoscopic support [7], reducing the surgical exposure required [8]. In contrast to well-
established optical position measurement systems, magnetic tracking systems do not suffer
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from line-of-sight restrictions and are therefore especially suited for use in percutaneous
procedures, since the tracked element can be placed at the tip of a flexible instrument. The
potential advantages of these less invasive procedures include the ability to be used in an
outpatient setting, less blood loss, faster recovery, shorter hospital stays, reduced use of pain
medication, and reduced costs. In addition, some interventional or minimally invasive
procedures can be performed on patients who are unable to undergo traditional surgical
intervention due to advanced age, extent of disease, or inaccessibility of the lesion. For these
patients in particular, alternatives are limited.

A major challenge for navigation during image-guided minimally invasive procedures has been
the accurate characterization of and compensation for respiratory motion. A normal breathing
cycle may, for example, change the position of tumors located in the lung by approximately
1-3 cm [9], whereas abdominal organ movement can amount to 1.5-6 cm in the cranial-caudal
direction, predominantly as a result of diaphragmatic motion [10,11]. Various techniques have
been devised to better target such lesions.

Simple approaches try to optimize the use of standard equipment and resources. The patient is
positioned so as to allow easy access to the target region. This is coupled with the timing of a
contrast agent injection to offer the clinician the opportunity for improved lesion detection on
pre-procedural images and successful targeting of difficult lesions [12]. Using CT imaging in
fluoroscopy mode allows for a nearly real-time visualization of the needle placement and
reduces the total scan time [13-15]. Unfortunately, a well-known drawback of CT-fluoroscopy
during interventions is inadvertent exposure of the physician and patient to the primary beam
[16].

Other approaches use additional instrumentation to characterize and potentially compensate
for respiratory motion that instigates lesion movement. Simple respiration monitoring devices
have been developed to enable physicians to receive feedback on the respiratory status during
successive CT scans. Such devices use a lever mechanism equipped with a ball that deflects
with each inhalation. The motion of the ball undergoes transduction into a voltage signal that
can be provided to the patient as audio or visual feedback [17]. Other devices use spirometric
measurement of airflow and strain gauge determination of abdominal circumference [18-20].
The use of an uncomfortable mouthpiece is a drawback of the spirometric technique, and the
instruments for the strain gauge technique are more complicated to handle than devices for
breath-hold feedback.

Other techniques like gating have the potential to minimize respiration-induced target motion
during image acquisition and device tracking. Apart from the devices for respiratory control
mentioned above, a gating system can, for example, comprise a reflective marker placed on
the patient’s anterior surface and tracked with a camera. Suitable intervals can be defined to
limit the motion of the diaphragm during image acquisition to less than 1 cm while otherwise
allowing for free breathing [21]. Work in the area of compensation for cardiac motion, which
in a simple model consists of motion due to respiration and heartbeat, uses downstream
respiratory motion compensation with an affine motion model [22] to relate position
measurements of interventional devices, e.g., guidewires and catheters, to pre-procedurally
acquired images. Another area where motion characterization and compensation lead to
improved results is intensity-modulated radiation therapy [23].

In the end, successful compensation for respiratory motion is essential to improve registration
to pre-procedural images and to enable navigation in the presence of patient motion due to
respiration. This paper investigates the possibility of using an externally placed
electromagnetic sensor in combination with a motion model to compensate for internal
respiratory motion during tracked biopsies. An additional electromagnetically tracked sternum-
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mounted sensor was tested clinically as a method of motion acquisition during an
electromagnetically tracked biopsy. The data were analyzed with respect to the correlation of
the motion of the external and internal sensor and the possibility of deploying a motion model
to compensate for the motion of the internal sensor due to respiration.

Materials and methods

Clinical setup

The raw data for the study were acquired during a tracked biopsy of a 15 mm hepatocellular
carcinoma. The biopsy was performed on a sedated but otherwise conscious, unventilated 61-
year-old male patient. The study was approved by the hospital’s Institutional Review Board
(IRB), and the patient signed written informed consent.

The respiratory cycle length varied between 3 and 5.5 seconds, depending on the patient’s state
of sedation. Trackable needles with 5 degrees of freedom (DOF) and internal sensor coils
embedded in the stylet tip were designed, tested, sterilized, and used for the procedure. An
additional 6-DOF sensor was placed on the patient’s sternum. The needles were connected to
an electromagnetic tracking system (NDI Aurora, Northern Digital Inc., Waterloo, Ontario,
Canada), which was integrated into a custom-made tracking and visualization workstation
prototype for interventional navigation. The system was used to acquire and log the position
and orientation of the connected devices. For the current analysis, only position data were
evaluated.

Data acquisition was performed with a mean rate of 32.5 samples per second for selected parts
of the whole intervention, totaling 720 s of tracking data. During parts of this acquisition, the
needle was advanced and repositioned in the liver. Two ranges of data with steady respiration,
consecutively named datal and data2, were selected for a detailed analysis and assessment of
the motion model. One of the ranges included a needle manipulation (see Figures 1 and 2) to
assess the interplay between this movement and the motion model. Table I lists characteristics
of the data.

Correlation matrix analysis

The correlation of the motion of the needle placed in the liver with the sternum sensor was
determined by correlation matrix analysis. The entries of the correlation matrix corp,, are
defined by the ratio of the entries of the covariance matrix covp,, and the respective product of
the standard deviations o, and oy,:

COVinn _ ((’n - <ﬂ’l>) (}’l - <n>)>

TmOp OmOn

COVmp =

with m and n running over all individual coordinates, i.e., m,n € {x,y,z,x’,y’,2’}, and the square
brackets denoting the mean over the set of samples under examination, for example,

N
o = I/Nzizlx" for m =xand a total of N samples. For the remainder of the text, the unprimed
coordinates represent the coordinates of the liver or internal sensor, whereas the primed
coordinates represent the coordinates of the sternum or external sensor placed on the patient’s
body. So, for the x-coordinate from one sensor and the x’-coordinate from the other sensor, the
correlation yields
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with the usual definition of the standard deviation.

Specific entries of the resulting 6x6 correlation matrix from all 6 coordinates
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provide information on the correlation between the coordinates (X, y, z) or (x’,y’,z’) of an
individual sensor, corg; or corg, as well as on the correlation between coordinates from the
. _ T
two different sensors, corg or corgy. Of course, €O7s = COTv; holds true.
The sum over the absolute values of the entries of the submatrix for the correlation of the two
different sensors is used as a measure to quantify their correlation. The individual entries range
from -1 for complete anti-correlation to +1 for complete correlation, whereas a value of 0
represents no correlation at all. For a 3x3 matrix, the number of entries is 9, so the percent
correlation for sensor-to-sensor correlation is given by
’ ’ s
1 xex xey xez 1
o-§~sumovera solute values of entries o yeox yey yoi |= (R corgy||.
100% bsolute val f ent f ! ! g 100% | |
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The determination of the correlation as a function of time was performed using a sliding
window containing 150 samples, covering approximately 4.6 seconds of data, to determine the
integral correlation for approximately 1 to 1.5 respiratory cycles (cf. Figure 1). The mean and
standard deviation of the correlation values in the sliding window were computed. This
correlation analysis was performed for all of the available data, as well as for the selected ranges
of steady respiration, datal and data2.

Affine motion model

To obtain an impression of the potential for compensating for the displacement of the internal
sensor due to respiration, an affine motion model was derived using the parts of the data

exhibiting steady respiration (datal and data2). When the needle is not advanced or retracted,
the coordinates obtained from the position measurements should be constant, with any residual
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displacement being due to respiration, assuming no needle slippage. The position
measurements from the sternum sensor and the related measurements from the liver sensor
from a limited amount of data (marked learning range in Figure 1) were used to derive a model
for respiratory motion compensation. Applying this model to the data, the residual
displacement compared to the displacement without compensation is a measure of the
effectiveness of the motion model and motion compensation.

To compensate an acquired position measurement of the liver sensor, its displacement from a
given reference position due to respiratory motion is corrected by the respective displacement
measured by the sternum sensor. Therefore, the displacement of the sternum sensor is
transformed by an affine transformation to derive the appropriate correction for the liver sensor.
The actual generalized affine matrix consists of 12 free parameters

ail a2 a3z a4

A=| %@ G2 axn an
as; azx a3 a4
0 0 0 1

and represents the transformation of the displacement of the sternum sensor to the displacement
of the liver sensor in homogeneous coordinates. The unknown entries of A are determined by
finding those ajj that minimize

Aelx ’ o 1) — . S 1 2
X,{,‘Xp’ Y, disp’® “disp® Xdisp» Ydisp» Zdisp» s

where

N
1 i
Ydisp =Y — ﬁ;yi, and so forth---

is the displacement from the individual sensor’s reference position. In this particular case, the
reference position was chosen to be the mean position of the liver sensor over time. This ensures
independence from any choice of reference frame, e.g., the coordinate system of the tracking
system or that of the CT system, and registration. It is, however, sufficient to measure the
efficiency of a potential compensation. More realistically, the individual sensor positions
would be referenced to the respiratory phase during image acquisition, which enables the
relation of the liver sensors’ position to previously acquired image data.

Given an actual measurement of the internal sensor (x, y, z), the compensated measurement in
homogeneous coordinates is derived by

('x’ Y, z, 1) = (-xv 2, l) -A- ('x:ﬁS[)’ y;ﬁ.&'[)’zzﬁ.s'[)’ l)

uncompensated
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and
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To measure the efficiency of the compensation, the affine model built from a subset of 200
samples (learning range: ~6 s) of datal and data2, as shown in Figure 1, was used to
compensate all of the respective samples of datal and data2. In the data2 case, the evaluation
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of the efficiency of the compensation was performed for the first 23 s and the last 15 s
separately, to assess how the compensation interplays with needle manipulations. The
efficiency is given by amean residual displacement after compensation together with a standard
deviation.

The overall distance between the liver sensor (intra-corporal) and the sternum sensor was 196.5
+ 9.1 mm during data acquisition.

The correlation between the motion of the sensor of the needle placed in the suspected
carcinoma and the motion of the sensor on the sternum was 77.51 + 19.44% for all available
data (720 s). The correlation for the selected ranges of steady respiration showed a value of
90.54 + 7.80% for datal and 94.61 + 5.63% for data2. Figure 1 shows the absolute values of
the respective position measurements (in arbitrary scaling) together with the sliding window
correlation in percent for datal and data2.

Without motion compensation, the mean residual displacement from the mean position of the
liver sensor amounts to 3.90 + 2.00 mm for datal and 4.18 + 2.10 mm for data2, which already
represent good conditions compared to the organ motion reported in references 9-11. After
compensation, an improvement of the residual displacement to 0.99 + 0.66 mm for datal (a
factor of ~4) and 0.94 £ 0.46 mm for the first 23 s of data2 (also a factor of ~ 4) could be
realized, as shown in Table 1. The last 15 s of data2 resulted in a residual displacement of 3.18
+0.48 mm, which clearly reflected the needle’s movement of approximately 3 mm. Subtracting
this extra displacement from the residual displacement leads to results comparable to those in
the case without manipulation. Figure 2 (bottom) shows the influence of the needle
manipulation on the compensation and residual displacement, which clearly reflects the
needle’s movement. The reduction in standard deviation from the uncompensated case to the
compensated case amounts to an improvement by a factor of ~4 in all cases, including the case
after needle manipulation.

The results for the compensation of datal and data2 can be compared with a compensation

using a free-form deformation model as described in references 24 and 25, deploying radial

basis functions [26] for interpolation. This compensation resulted in a residual displacement
of 1.04 £ 0.91 mm for datal and 1.99 + 1.09 mm for data2.

Conclusions

An additional external electromagnetically tracked sternum sensor was used to set up an affine
respiratory motion model during CT-guided interventions. The motion model was used to
compensate for the respiratory motion of a sensor introduced into an inner organ. It was
demonstrated that the motion of the additional sensor placed on the patient’s sternum showed
a high correlation with the internal sensor. The overall correlation without pre-selection of data
is already high (nearly 78%), although it contains all types of motion artifacts, including, for
example, advancing or repositioning the needle, as well as organ shift caused by overall patient
motion.

For the ranges of steady respiration with or without only minimal needle or patient motion, the
correlation reaches up to 94% for several respiratory cycles.

An affine motion model driven by the motion data of the sternum sensor reduced the residual
displacement of the internal sensor by a factor of approximately 4. Furthermore, it was possible
to qualitatively and quantitatively detect the manipulation of the needle present in the data.
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Given the high correlation, it can be expected that the combination of internally tracked sensors
with additional external sensors on the patient’s sternum can be used as a reliable means of
respiratory motion detection and compensation. The general applicability of this finding will
have to be proven in further studies, together with the assessment of more sophisticated models
for motion compensation. Such models could include elastic deformable dynamic models to
account for tissue warping, such as may occur with applied torque during needle manipulations.

The potential correction of respiratory misregistration with a compensation model will lay out
a course for successful integration and clinical application of electromagnetic tracking of
medical devices. Image guidance will play an important role in effective, as well as
conservative, cancer treatment in what it is hoped will be the near future.
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Figure 1.

Absolute positions of liver (thin solid line) and sternum (thin broken line) sensors together
with correlation for datal (top) and data2 (bottom). Liver and sternum sensor positions are
displayed in arbitrary scaling, whereas correlation is displayed as percentage.
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Table |
Characteristics of the selected ranges of data with steady respiration

Duration (s) No. of samples No. of respiratory cycles
datal ~34 1100 ~9
data2 ~46 1500 ~10

Needle manipulation between 24.5 and 30.5 seconds in data2
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Residual displacement after affine motion compensation. Results from a free-form model for comparison

Learned from Applied to Residual displacement (mm) Min/max range (mm)
~6 sec. of datal all of datal 0.99 £ 0.66 0.02-2.79

(free form model) (1.04 £0.91)
~6 sec. of data2 first 23 s of data2 0.94 £0.46 0.08-2.16

last 15 s of data2 3.18+0.48 2.42-4.49

(free form model - all of (1.99 £ 1.09)

data2)
Displacement of datal 3.90+2.00 0.24-9.14
without compensation
Displacement of data2 4.18+2.10 0.11-8.71

without compensation
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