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Computed tomography (CT)-guided percutaneous radiofrequency ablation (RFA) has become a
commonly used procedure in the treatment of liver tumors. One of the main challenges related to
the method is the exact placement of the instrument within the lesion. To address this issue, a
system was developed for computer-assisted needle placement which uses a set of fiducial needles
to compensate for organ motion in real time. The purpose of this study was to assess the accuracy
of the system in vivo. Two medical experts with experience in CT-guided interventions and two
nonexperts used the navigation system to perform 32 needle insertions into contrasted agar nodules
injected into the livers of two ventilated swine. Skin-to-target path planning and real-time needle
guidance were based on preinterventional 1 mm CT data slices. The lesions were hit in 97% of all
trials with a mean user error of 2.4*+2.1 mm, a mean target registration error (TRE) of
2.1+1.1 mm, and a mean overall targeting error of 3.7 =2.3 mm. The nonexperts achieved sig-
nificantly better results than the experts with an overall error of 2.8 = 1.4 mm (n=16) compared to
4.5+2.7 mm (n=16). The mean time for performing four needle insertions based on one preinter-
ventional planning CT was 57 = 19 min with a mean setup time of 27 min, which includes the steps
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fiducial insertion (24 = 15 min), planning CT acquisition (1 =0 min), and registration (2 =1 min).
The mean time for path planning and targeting was 5+ 4 and 2 =1 min, respectively. Apart from
the fiducial insertion step, experts and nonexperts performed comparably fast. It is concluded that
the system allows for accurate needle placement into hepatic tumors based on one planning CT and
could thus enable considerable improvement to the clinical treatment standard for RFA procedures
and other CT-guided interventions in the liver. To support clinical application of the method,
optimization of individual system modules to reduce intervention time is proposed. © 2008 Ameri-
can Association of Physicists in Medicine. [DOI: 10.1118/1.3002315]

Key words: navigation, radiofrequency ablation, needle insertion, image-guided systems, motion

compensation

[. INTRODUCTION

The liver is one of the most common sites for metastatic
disease irrespective of the primary tumor. As many patients
are not eligible for surgery, thermal ablation and especially
radiofrequency ablation (RFA) emerges as an important ad-
ditional therapy modality for the treatment of liver tumors.
One of the main challenges related to the intervention is the
exact placement of the instrument, especially when the tumor
is situated close to critical structures such as large vessels,
the gall bladder, and the lungs. Radiofrequency needles can
be placed under ultrasound (US), magnetic resonance (MR),
or computed tomography (CT) guidance.2 When sonographic
placement is not possible (e.g., because the tumor is not vis-
ible in US images), CT is often the method of choice. In its
original form, the procedure requires a preinterventional CT
scan which is used to plan a trajectory to the target. The
operator then has to “mentally” register the patient with the
images to transfer the planned trajectory to the patient. Due
to the lack of real-time imaging information this requires a
lot of practice, especially when in-plane needle insertion is
not possible. To lower the risk of needle misplacement, the
needle position is checked repeatedly in control CT scans,
leading to high radiation exposure for the patient and long
procedure times. In addition, each correction increases the
risk of tumor seeding and postprocedure complication. The
introduction of CT fluoroscopy brought improvement
through real-time feedback, but the physician’s hand-eye co-
ordination still remains a limiting factor and both the patient
and the physician are exposed to additional doses of radia-
tion.

Computer guidance appears to be a solution to the prob-
lem, but clinically available navigation systems have only
been designed for rigid structures, such as the skull or the
spine, where the target remains in a constant position relative
to certain reference points. The liver, however, exhibits sig-
nificant motion due to respiration.3 To address this issue,
several research groups (e.g., Refs. 4-9) are investigating
methods for transferring established guidance concepts to
soft tissue. The proposed approaches differ mainly in the
following aspects (Table I):

(1) Tracking method: Most groups apply optical®™® and/or

electromagneticf"‘j’9 systems to continuously locate sur-
gical instruments during an intervention. Optical track-
ing systems are highly accurate but require a constant
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line-of-sight between the tracking system and the
tracked sensors. Electromagnetic systems, on the other
hand, are less robust but allow for integration of the
sensors into the tip of an instrument.

(2) Registration: To visualize surgical instruments in rela-
tion to anatomical structures extracted from preinterven-
tional images, it is necessary to register the tracking co-
ordinate system with the image coordinate system. To
achieve this, the most common approach is to construct
fiducials that can be located by the tracking system and
that are clearly visible in the CT images. Prior to the
intervention these markers can be mounted onto the skin
of the patient5'6'8'9 and/or be inserted into the liver.>’

(3) Motion compensation: The most common approach for
compensating organ motion is to apply respiratory gat-
ing techniques, which are based on the assumption that
the liver reoccupies the same position at identical points
in the respiratory cycle. By performing the intervention
in full expiration or inspiration only, the liver can be
approximated as motionless. Alternatively (or addition-
ally), a real-time deformation model can be applied,
which estimates the position of a target structure con-
tinuously from the positions of tracked fiducials.>°

Study design for in vivo accuracy assessment of guidance
systems is challenging, and many different approaches have
been investigated. Zhang et al.” injected contrasted agar nod-
ules into the livers of two ventilated swine. The targeting
error was determined from fluoroscopic images in anterior-
posterior and lateral views. As these images were only two-
dimensional, the target registration error (TRE) could not be
determined with this approach. Fichtinger et al.* conducted
experiments with ventilated swine cadavers and used
stainless-steel staples as targets. The overall targeting error
was determined from control CT scans. As the navigation
system is based on 2D image overlay (the instruments are
not tracked), there was no quantitative positional information
throughout the procedure and the user error could thus not be
determined. Kahn et al.® evaluated their navigation system
using human cadavers, with three different targets: a pre-
defined position within the ascending aorta, a calcified
plaque in an artery, and the tip of a port catheter. The overall
error was determined from control CT scans, but the user
error and the TRE were not reported. Nicolau et al.® evalu-
ated the system on six patients who underwent radio-
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Authors Tracking method

Registration method

Motion
compensation

Banovac et al. (Ref. 11)
Fichtinger et al. (Ref. 4)

Electromagnetic
None (CT image overlay system)

Khamene et al. (Ref. 22) Electromagnetic, optical,
and image-based (4D MRI
for establishing correlation)
Optical (infrared, active)
and electromagnetic

Electromagnetic

Khan et al. (Ref. 6)
Kriicker et al. (Ref. 9)
Maier-Hein et al. (Refs. 7 and 10)

Optical (infrared, passive)

Nagel et al. (Refs. 23 and 24) Optical (infrared, passive)

or electromagnetic

Nicolau et al. (Ref. 8)
Schweikard et al. (Ref. 25)

Optical (color-based)

Zhang et al. (Refs. 5 and 26) Electromagnetic

Skin fiducials and fiducial needle

Phantom for manually
calibrating image overlay
system with CT scanner

Plate equipped with magnetic
and optical markers

Skin fiducials
Skin fiducials,
previous instrument positions

Fiducial needles

Reference frame (equipped

Gating
Gating

Deformation model describ-
ing correlation between
internal and external motion
Gating

Gating, vacuum stabilization
mattress
Deformation model based on
fiducial movement
Gating, vacuum stabilization

Stereo x-ray and optical (infrared, active)

with CT markers and mattress
optical/electromagnetic
markers)
Skin fiducials Gating

Deformation model describ-
ing correlation between
internal and external motion
Affine transformation based
on fiducial movement

Internal gold markers
and skin markers

Fiducial needles

frequency ablation of the liver. The final position of the in-
serted instrument was ascertained from a control CT scan,
which was registered rigidly with the planning CT image
based on the segmented liver surfaces. Both the tracked
needle position and the real needle position were trans-
formed to the planning CT image, and the distance between
the tips of the needles was defined as the system error. As the
tracking information was not used to guide the needle place-
ment, neither the user error nor the overall targeting error
could be reported. Similarly, Kricker et al.? defined different
anatomical targets in 19 patients and reported the tracking
error as the distance between the virtual needle position su-
perimposed onto the control CT image and the true needle
position ascertained from the image. The registration of the
planning CT image with the control CT image was based on
surface markers serving as landmarks for a point-based reg-
istration. Again, the user error and the overall targeting error
could not be reported because the navigation system had not
been used to guide needle placement.

In a previous report,7 we introduced a needle-based navi-
gation system for minimally invasive interventions in the
liver, in which a real-time deformation model is used to es-
timate the position of a navigation target point continuously
from a set of optically tracked fiducial needles (Fig. 1). The
overall targeting accuracy of the system was assessed ex vivo
with a respiratory liver motion simulator and was
3.5+ 1.1 mm on average. In this study, we assess the accu-
racy of our system in vivo. To be able to break down the
overall error into individual components, we apply a modi-
fication of the approach proposed by Banovac et at
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The remaining part of this article is organized as follows:
First, we give a description of our navigation system and its
core components in Sec. Il A. Next, we present the study
design (Secs. Il B and 11 C), followed by the results (Sec. I11)
of our experiments. We end with a discussion (Sec. V) and
conclusions (Sec. V).

Il. MATERIALS AND METHODS
IILA. Navigation system

Our navigation system estimates the position of an ini-
tially determined target structure continuously from a set of
optically tracked fiducial needles (navigation aids). The
workflow is illustrated in Fig. 1. Prior to the intervention, the
navigation aids are inserted in the vicinity of the target. Next,
a planning CT scan is acquired. The image coordinate system
is then registered with the tracking coordinate system based
on the fiducial positions (cf. Registration). Finally, a trajec-
tory to the target is planned. During the intervention, the
fiducial needles are continuously located by an optical track-
ing system and a real-time transformation is used to estimate
the position of the target point accordingly (cf. Deformation
Model). A suitable visualization scheme guides the physician
towards the moving target (cf. Visualization). The software
was implemented in the programming language c++ with
the open-source toolkits Insight Segmentation and Registra-
tion Toolkit (ITK),*? The Visualization Toolkit (VTK),* and
Medical Imaging Interaction Toolkit (MITK).** In the fol-
lowing sections, we describe the core components of the sys-
tem.
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Insertion of _
fiducial needles "

CT acquisition | jj

Registration V)

Trajectory
planning i

L

Navigation

Fic. 1. Workflow for navigated needle placement.

IILA.1. Hardware

The navigation software runs on a Dell Precision M90
notebook (2 GHz dual-core processor, 2 GB RAM, NVIDIA
FX 1500M graphics adapter) with an additional external
monitor providing real-time visualization to the operator
(Fig. 2). The Polaris optical tracking system [Northern Digi-
tal Inc. (NDI); Waterloo, Ontario, Canada] is used for track-

1: Instrument
2: Navigation aids
3: Fixation aids

Fic. 2. Navigation system in the intervention room.
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1: Instrument
2: Fiducial needles
3: Fixation aid

Fic. 3. Instrument (1) and navigation aids (2) with a needle radius of 1 mm
and intermarker distances ranging from 45 to 75 mm. The fixation aid (3) is
composed of silicon and prevents the fiducial needles from slipping out.

ing both the instrument and the fiducial needles. To obtain
lightweight fiducial needles despite the minimal intermarker
distance of 5 cm required by the manufacturer of the track-
ing system, we developed 5-Degrees-of-Freedom (5DoF)
tools™ with an arrangement of the optical markers along the
axis of the tool (Fig. 3). To avoid needle deflection, we chose
a needle radius of 1 mm. Custom-designed silicon patches,
which provide high friction compared to porcine skin, are
used to affix the needles to the skin and thus prevent them
from slipping out. Note that the 5DoF tools must be con-
structed symmetrically because they cannot be calibrated: It
is impossible to infer the position of the needle tip from the
two markers if it is not located on the line defined by these
markers. In a previous work™® we have shown that we can
construct the tools precisely and obtain submillimeter track-
ing accuracy.

IILA.2. Registration

One of the main advantages of applying fiducial needles,
as opposed to skin markers, for navigated needle placement
is the fact that they allow reference points within the target
organ itself to be used to register the tracking coordinate
system with the CT coordinate system. To perform the reg-
istration, we have to locate the fiducials in both coordinate
systems in matching states within the breathing cycle.

We propose a semiautomatic registration method based on
the concept of model to image registration for locating the
fiducial needles in the CT images. Each navigation aid is
modeled by a composition of a cylinder (the needle) and two
spheres (the markers), and can essentially be described by
the needle length and the intermarker distance (the marker
radius and the needle radius are the same for all tools). The
parameters p to be optimized during the registration process
represent a rigid transformation that maps the needle coordi-
nate system onto the image coordinate system. To quantify
the registration quality of the parameters p for a given needle
model j, the model is transformed to a point cloud
P ... ,PJNj and the following metric M is applied:
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Nj , for different transformation types, numbers of fiducial

M(B,j) = 2 [(@[BI(PY), (1) needles, and placement strategies. Three needles yielded sig-
k=1

where ®[p] represents the rigid transformation defined by
the parameters p and 1(P) returns the (linearly interpolated)
pixel value in the CT image at point P. The metric is based
on the assumption that the needles yield significantly higher
Hounsfield values than the neighboring structures and air. It
essentially sums up all voxel values inside the (moving)
needle model.

To fit a needle into the image, the user identifies one (ar-
bitrary) voxel Pseeq, ON the needle within the image, and re-
gion growing is performed yielding a voxel cluster Chreedle,
Based on the center of mass of the voxel cluster Ceeqe, and
its orientation (principal component), an initial parameter set
Pinitias 1S computed. The needle model j yielding the best
(initial) registration quality M (Pipiiar» J) @ccording to our met-
ric is assumed to correspond to the given voxel cluster. Start-
ing with the initial parameter set, a stochastic optimizer
(itk::OnePIusOneEvoIutionaryOptimizerlZ) is then used to
maximize the metric value using a stochastic search algo-
rithm. The final parameter set defines the position of the
navigation aid j in image space. Note that we chose a sto-
chastic optimizer, as opposed to a gradient-based optimizer,
because it does not require the metric to be differentiable.

In the second stage of the registration procedure, we track
the fiducial needles over time to identify the state within the
breathing cycle at which the CT was taken. For this purpose,

we extract two landmarks ﬂol,ﬂoz from the axis of each regis-
tered fiducial needle j in image coordinates: the tip of the
needle itself and a second point on the axis of the needle
with a distance of 50 mm to the tip. The part of the needle
defined by these two points is supposed to roughly represent
the portion of the navigation aid that was inserted into the
liver. We then track the fiducial needles over two breathing
cycles, obtaining a sequence of tracked needle positions over
time: Lk:{fﬁl,f‘fz,@l,ﬂgz}. For each sample k we then com-
pute a rigid transformation ®,_,q mapping the current land-
marks L* onto the original landmarks L° based on the least-
square method by Horn.'® The coordinate transformation is

then given by the transformation <i>:<1>gﬁo that minimizes
the associated fiducial registration error (FRE),

k=arg mkin FREX (2)
122
FRE= 23 3 [Ijn— Pyofl). (3)
=1 m=1

Note that this procedure enables us to automatically detect
the state within the breathing cycle at which the CT was
taken, and the patient can breathe freely as opposed to hav-
ing to reproduce a certain respiratory state.

[ILA.3. Motion compensation

In a previous report,10 we assessed the target registration
error (TRE) of our needle-based navigation system in vitro
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nificantly better results than two over the breathing cycle, yet
the results were similar for gated experiments. To reduce the
invasiveness of the intervention, we chose to apply only two
fiducial needles in this study and to conduct the intervention
at expiration only, which allows us to approximate liver mo-
tion as rigid.

At the beginning of the intervention, a planning CT image
is acquired, which is used to register the tracking coordinate
system with the CT coordinate system as described above
(cf. Registration). During the intervention itself, the system
is updated every 100 ms. Each time, we extract a set of land-
marks L, from the tracked fiducial needle positions and

transform them to image coordinates using ) (cf. Registra-
tion). Next, we compute a rigid transformation @, based on
the least-squared method by Horn, which maps the original
needle positions L° onto the transformed current positions
Liwg- Finally, @, is used to transform the target point origi-

g
nally located in the planning CT,

f)CUI' = q)cur(f)o) . (4)

Note that &, could readily be replaced by other real-time
compatible transformations such as thin-plate splines or af-
fine transformations.'

II.LA.4. Visualization

The literature on visualization methods for navigated
needle insertion is sparse. The majority of accuracy studies
do not include a description of the user interface that was
used to target a given anatomical structure. In a previous
study, we compared several visualization schemes for guid-
ing an operator to a predefined target.” Based on the results
of that study, we developed a three-stage visualization
scheme which consists of the following steps (Fig. 4): First,
a projection view is provided for locating the planned inser-
tion point on the skin of the patient. For this purpose, the tip
of the instrument is projected onto the plane that passes the
insertion point and that is orthogonal to the line connecting
the insertion point and the target point. Once the insertion
point is reached, the end of the instrument is projected onto
the plane that passes the tip of the instrument and that is
orthogonal to the line connecting the tip of the instrument
and the target point. Finally, for the needle insertion process,
we place a virtual camera into the tip of the instrument with
its view direction along the needle axis. Additional structures
visualize the depth of the instrument within the tissue.

I1.B. Experimental conditions

This study was approved by the Committee for Animal
Care and Research of the Karlsruhe regional council. Like
Zhang et al.® we assessed the accuracy of our navigation
system by performing a total of 32 liver needle insertions in
two 30 kg domestic swine (S1, S2) using hepatic agar nod-
ules as artificial tumors. Two medical experts (E1, E2) with
experience in CT-guided interventions (>50 punctures each)
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Fic. 4. Three-stage visualization scheme providing separate views for the steps tip positioning, needle alignment, and needle insertion. Schematic views

(a,c,e) and corresponding screenshots (b,d,f).

and two fourth-year medical students, which we will refer to
as nonexperts (NE1, NE2), performed eight interventions
each. The following sections present the experimental condi-
tions and describe the workflow in detail.

[I.B.1. Animal preparation

Each animal was prepared for the intervention according
to the following procedure. The swine was anesthetized, en-
dotracheally intubated, and monitored throughout the experi-
ments. A laparatomy was performed to inject four 2 ml agar
nodules [5% agar dilution mixed with contrast agent (1:15
v/v dilution)] into the liver parenchyma using a 13 G veni-
puncture needle (cf. Tsuchida et al.’®). Depending on the
anatomy of the swine liver and the location of the incision,
the nodules were injected either into the medial segment of
the left hepatic lobe or into the medial segment of the right
hepatic lobe, avoiding critical structures such as large vessels
and the gall bladder. A CT scan of the abdomen confirmed
the size and location of the sphere-shaped nodules (diameter:
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1-2 cm). On completion of the experiments, the anesthe-
tized animal was Killed, using a venous injection of
2 mmol/kg potassium chloride to induce asystole.

11.B.2. Experimental workflow

In each swine, one expert and one nonexpert targeted each
of the four lesions twice (two passes). For each pass, an
ultrasound (US) device was used to insert the navigation aids
such that they were arranged along the cranio-caudal axis of
the animal and did not pass a lesion. Silicon patches (Fig. 3)
were utilized to attach the needles firmly to the skin. Both
operators then targeted the set of four lesions according to
the following procedure. Preprocedural expiratory CT scans
of the animal were acquired [Toshiba Aquilion 16 slice mul-
tidetector CT scanner (Toshiba, Tokyo, Japan); 1 mm slice
thickness] showing the entire set of lesions and both naviga-
tion aids. Next, the navigation aid models were registered
with the planning CT image according to the algorithm de-
scribed in Sec. 1l A2 (Registration). For each lesion, the
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following workflow was then applied: First, a trajectory was
planned. For this purpose, the lesion was segmented semiau-
tomatically on the basis of the graph-cut algorithm.lg'20 A
slice-based segmentation tool was then used to correct the
tumor contours if necessary, and the navigation target point
was set to the center of gravity of the segmented tumor. The
operator chose an insertion point on the skin and the result-
ing path was visualized and—if necessary—modified. When
path planning was complete, the tracking coordinate system
was registered with the planning CT coordinate system as
described in Sec. Il A 2 (Registration). Guided by the navi-
gation monitor (cf. Sec. Il A 4, Visualization), the operator
then used an optically tracked instrument (Fig. 3) to target
the lesion. To obtain a minimal TRE (Ref. 10) and to facili-
tate the insertion process by keeping the target in a constant
position,?! the swine was held in expiration for 20 s intervals
during the procedure. Once the operator was satisfied with
the instrument position, a control CT scan was acquired with
the same settings as for planning CT. Note that we used one
fiducial needle configuration for both the expert and the non-
expert to obtain comparable experimental conditions. In S1,
the nonexpert inserted the fiducial needles both times, and in
S2, the expert inserted the needles. In all second passes, the
lesions were targeted in reverse order. Tables 1V and V list
the experiments in chronological order.

II.C. Accuracy assessment

The majority of accuracy studies on guidance systems for
needle punctures evaluate the overall targeting error, i.e., the
distance between a reference target position and the final
position of the tip of an inserted instrument in postprocedural
images. Unfortunately, this error depends crucially on the
provided visualization scheme and the experience of the user.
To be able to quantify the contribution of different sources of
error, we decided to additionally determine the user error and
the TRE.

I1.C.1. User error

The user error was defined as the distance between the tip
of the instrument and the planned target point according to
the navigation system prior to the control CT acquisition.
The associated FRE of the applied transformation &, (cf.
Sec. Il A), which we will refer to as FRE"®, can be com-
puted with Eqg. (3).

I1.C.2. TRE

The TRE, which is the distance between the true target
position and the estimated target position, was approximated
from the two CT images as follows: First, the fiducial
needles were registered with the control CT image using the
algorithm described in Sec. 1l A. Next, a set of landmarks
was extracted from the registered needles (cf. Sec. Il A 3,
Motion compensation) and a point-based rigid registration of
the two CT images was performed with these landmarks. The
resulting rigid transformation ®,.,, Was then applied to
transform the navigation target point t; computed in the plan-
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ning CT scan to the control CT scan, and the TRE was de-
fined as

TRE= |f)control - (Dcontrol(f)o)”: (5)

where t.,.wo Was the center of gravity of the segmented le-
sion in the control CT image. The associated FRE, which we
will refer to as FRE®""! was also stored. Note that the true
TRE originates from the tracked fiducial needles as opposed
to the registered needle positions.

I1.C.3. Overall error

The overall targeting error, or CT error, was defined as the
distance between the tip of the inserted instrument and the
center of gravity of the lesion in the control CT scan. To
compute the error, the instrument model was registered to the
control CT image with the semiautomatic approach de-
scribed in Sec. 1l A, and the lesion was segmented semiau-
tomatically with the graph-cut algorithm. *°

The sources contributing to the individual errors as well
as the limitations in computing the errors are given in Table
1. Note that although the overall error can be approximated
by the user error and the TRE, we cannot relate the indi-
vidual components because they are computed on different
images.

Ill. RESULTS

Our navigation system was applied for 32 needle inser-
tions according to the workflow described above. The lesions
were hit in 97% of all trials (31 out of 32) with a mean user
error of 24+=2.1 mm, a mean TRE of 2.1+1.1 mm, and a
mean overall error of 3.7 =2.3 mm averaged over all trials
(Table 111). When the needle insertion was conducted imme-
diately after the planning CT acquisition (first trial after CT
acquisition), the TRE and the overall targeting error dropped
to 1.7+=1.4 mm (n=8) and 2.3+1.0 (n=8), respectively.
The results of the individual trials are shown separately for
the two swine in Tables IV and V, respectively. The nonex-
perts obtained better results than the medical experts with
mean user errors of 1.6 = 1.2 mm compared to 3.2 = 2.4 mm.
Figure 5 shows an example of an inserted instrument in a
control CT scan.

The mean depth of the lesions within the tissue was
5+3 cm, ranging from 1 to 11 cm. Despite the leverage ef-
fect, the targeting error did not increase with an increasing
depth of the lesion, as shown in Fig. 6.

The mean RMS distance between the target and the con-
trol points on the fiducial needles in the planning CT scan
was 6.2+2.0 cm. The TRE did not correlate with the dis-
tance between the target and the fiducials. (Pearson product-
moment correlation coefficient; 0.05).

The shift of the tumor relative to the navigation aids,
which was computed from the registered images in the con-
trol CT coordinate system (cf. Sec. Il C), occurred primarily
in the anterior-posterior direction, which corresponds to the
y-axis of the image coordinate system. An example is shown
in Fig. 7. Similarly, the direction of the error vector mea-
sured in the control CT scan was not (necessarily) along the
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TaBLE Il. Sources of the user error, the TRE, and the overall error defined in Sec. Il C and limitations in

computing these errors.

Limitations

Sources
User error
« Initial alignment error (cannot be
corrected after partial insertion)
« Erroneous instrument geometry
 No fixation of instrument
TRE

« Inaccurate registration of fiducial

* Inaccurate lesion segmentation

needles in planning CT scan

e Tumor shift due to instrument insertion

« Tissue deformation

« Contrast agent (for locating lesions)
diminishes over time
« Registered needles as opposed to
tracked needles are used to estimate
the target position

« Bad fixation of fiducial needles

« Deflection of fiducials

* Inaccurate reproduction of the expiratory state

Overall error
« User error (see above)

* TRE (see above)
« Tool tracking error

« Instrument deflection

* Inaccurate registration of the instru-
ment to the control CT scan (e.g.
due to oscillation of the tool during
image acquisition)
* Inaccurate lesion segmentation
« Contrast agent (for locating lesions)
diminishes over time

needle axis but also in the anterior-posterior direction with a
mean y-component of +1.9 mm, reflecting a shift down-
wards.

The mean time for performing four needle insertions
based on one planning CT (i.e., for one pass) was
57 =19 min with a mean setup time of 27 min, which com-
prises the times for fiducial insertion (24 =15 min), plan-
ning CT acquisition (1+=0min), and registration
(2=1 min). The mean time for path planning and targeting
was 54 and 2 =1 min, respectively. Apart from the fidu-
cial insertion step, experts and nonexperts obtained compa-
rable results (Table VI).

IV. DISCUSSION

Although RFA has become a commonly used procedure in
the treatment of liver tumors, it has several technical limita-
tions which are mostly related to the difficulty of precisely
positioning the instrument within the lesion to achieve ad-
equate margins. To improve the procedure, we proposed a
system for computer-assisted needle placement which uses a

set of fiducial needles to compensate for organ motion in real
time. In this study, we assessed the accuracy of our system
and obtained a mean user error of 2.4+2.1 mm, a TRE of
2.1=1.1 mm, and an overall targeting error of 3.7 2.3 mm
averaged over 32 needle insertions performed by four opera-
tors in two swine. By breaking the overall error down into
multiple components we were able to quantify the contribu-
tion of different error sources.

The proposed needle placement approach has several ma-
jor advantages compared to the conventional CT-guided
method. First, accurate needle placement can be achieved
with only one planning CT scan, leading to low radiation
exposure for the patient. As the targeting error does not in-
crease with increasing tumor depth, the system can be used
for targeting small lesions that are located deep within the
tissue. Finally, in-plane instrument insertion is not required,
because the system is based on 3D imaging data.

According to Table VII, our system is highly accurate in
comparison with related work. We attribute this mainly to the
application of needle-shaped fiducials for registration and

TasLE Ill. Error statistics computed on the entire set of 32 trials according to the definitions in Sec. 1l C.

TRE [mm] FRECoMol [mm] User error [mm] FREY® [mm] Overall error [mm]
Mean 2.1 0.7 24 0.9 3.7
SD 11 0.4 2.1 0.4 2.3
RMS 24 0.8 3.1 0.9 4.3
Median 19 0.6 1.7 0.7 3.4
Max 5.4 1.9 11.0 1.7 11.6
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TaBLE IV. TRE with corresponding FRE, user error with corresponding FRE, and overall targeting error (all in
mm) as defined in Sec. Il C for the individual trials (Lx: lesion ID) of expert 1 (E1) and nonexpert 1 (NE1) in
swine 1 (S1). The mean errors (+ standard deviation) for the experts, the nonexperts, and all operators are also

reported.

TRE [mm]  FRE®" [mm]  User error [mm]  FRE“® [mm]  Overall error [mm]
NEL, pass 1
L1 0.6 0.3 0.7 0.9 1.0
L2 2.0 0.6 3.3 1.2 6.1
L3 2.7 0.4 0.9 0.8 3.3
L4 3.7 1.6 1.2 16 4.4
E1, pass 1
L1 1.2 0.4 4.6 0.7 5.8
L2 14 0.8 34 1.1 6.1
L3 2.9 0.3 4.4 0.7 3.8
L4 1.8 0.9 2.0 1.7 34
NEL1, pass 2
L4 2.4 0.5 1.7 1.1 2.9
L3 15 0.6 15 0.8 34
L2 32 0.9 39 0.6 38
L1 3.3 0.9 3.1 1.3 3.2
E1, pass 2
L4 2.3 0.7 4.7 0.6 5.0
L3 1.7 0.3 41 0.4 6.3
L2 24 0.9 11.0 0.6 11.6
L1 2.2 0.4 33 0.6 5.2
Expert 20%0.6 0.6+0.3 4727 0.8+0.4 59+25
Nonexpert 24+10 0.7+0.4 20+1.2 1.0+0.3 35*+14
Both 22*+08 0.7x04 34*+25 09+04 47+23

motion compensation. Furthermore, we use optical tracking,
which is known to be considerably more accurate than elec-
tromagnetic tracking. We also believe that we obtain a com-
paratively low user error—unfortunately, it has not been re-
ported in other studies (Table VII).

One purpose of this study was to assess the contribution
of different error sources to the overall targeting error. To
achieve this, we applied a modification of the approach pro-
posed by Zhang et al’® using control CT scans for instrument
verification as opposed to 2D fluoroscopic images. To our
knowledge, we are the first to provide a detailed error analy-
sis. A limitation of our evaluation approach, on the other
hand, is the lack of fixation of the instrument within the
lesion. In fact, all participants in this study reported a shift of
the instrument once they released it to allow for the control
CT scan acquisition, which led to a relatively large user error
(and thus overall error) in several cases. Despite the fact that
the operators were allowed to reposition the instrument until
they were satisfied with the result, optimal positioning was
not always possible due to the weight of the instrument,
which tended to pull the needle partly out of the liver when
the trajectory was short. One lesion (S1, L2), for instance,
was situated so close to the liver capsule that the instrument
did not even stay within the liver parenchyma, which led to
high user errors of up to 12 mm. Note that this phenomenon
is a possible explanation for the fact that we generally did
not obtain higher accuracy for short trajectories: The deeper
the lesion, the better the fixation of the needle. Unfortunately,
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the anatomy of the porcine livers did not always allow for
implantation of deeply located lesions. We considered an-
choring the instrument within the liver itself, yet the soft
tissue anchor would have potentially destroyed the lesion
and thus not have allowed multiple needle insertions. We are
aware of the fact that needle movement is generally a prob-
lem for both conventional and computer-assisted needle in-
sertions; however, it has not been discussed in related stud-
ies.

Surprisingly, the nonexperts performed better than the ex-
perts, with a user error of 1.6+1.2 mm compared to
3.2+ 2.4 mm. A possible explanation for this phenomenon is
the fact that the experts are accustomed to inserting the
needle very quickly. The nonexperts, on the other hand, had
to learn the procedure without any prior knowledge and were
thus more amenable to the navigated method. We plan to
investigate this issue in the future.

Although we performed gated experiments, the TRE was
significantly larger than zero, indicating tumor shift and/or
deformation that was not captured by the fiducials. We at-
tribute this mainly to the manipulation of the tissue by re-
peated needle insertions, because needle insertions that were
conducted immediately after the planning CT acquisition
yielded better accuracy than the remaining ones. Further-
more, the instrument was reused many times and thus poten-
tially caused more tissue deformation than a sharp needle
would have caused. Registration of the planning CT scan
with the control CT scan showed that the tumor shifted pri-
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TaBLE V. TRE with corresponding FRE, user error with corresponding FRE, and overall targeting error (all in
mm) as defined in Sec. Il C for the individual trials (Lx: lesion ID) of the expert 2 (E2) and nonexpert 2 (NE2)
in swine 2 (S2). The mean errors (+ standard deviation) for the experts, the nonexperts, and all operators are

also reported.

TRE [mm]  FRE®" [mm]  User error [mm]  FRE“® [mm]  Overall error [mm]
E2, pass 1
L1 3.0 1.3 2.1 1.2 0.6
L2 1.8 0.9 2.6 14 3.3
L3 4.1 16 2.1 15 3.7
L4 5.4 1.9 0.9 14 7.1
NE2, pass 1
L1 1.2 0.3 0.6 0.6 0.9
L2 15 0.6 3.7 0.4 2.7
L3 13 0.6 0.9 0.5 2.2
L4 1.9 0.6 0.9 0.7 3.0
E2, pass 2
L4 1.0 0.2 1.8 0.3 0.7
L3 0.6 0.2 1.3 0.5 25
L2 1.7 0.6 1.7 0.6 3.9
L1 0.9 0.8 16 0.5 2.9
NE2, pass 2
L4 15 0.7 1.0 0.7 1.8
L3 0.5 11 0.9 1.1 1.6
L2 2.8 0.8 0.8 0.9 0.7
L1 25 0.5 0.5 0.8 3.9
Expert 23%17 0.9+0.6 1.7+0.5 0.9+0.5 3.1+21
Nonexpert 1.6*+0.7 0.7+0.2 12+1.0 0.7+0.2 21+1.1
Both 20*+13 0.8+0.5 15*0.8 0.8+04 26*+17

marily in the anterior-posterior direction—not (necessarily)
along the direction of the instrument. This displacement
could possibly have been captured by the fiducial needles if
they had been affixed within the liver itself and not on the
skin, which, however, would have raised new issues in the
context of tool design and risk of injury.

If measured over the entire breathing cycle, the TRE de-
pends crucially on the applied deformation model as well as
on the placement of the fiducial needles.’® In gated experi-
ments, on the other hand, the increase in error caused by
suboptimal fiducial placement is relatively small compared
to the overall TRE. This is a possible explanation for the fact
that the TRE did not correlate with the distance between the
target and the navigation aids in our experiments.

The operators performed four needle insertions based on
only one planning CT, reflecting the fact that needle reposi-
tioning is very common during RFA procedures to com-
pletely destroy a tumor. When the needle insertion was con-
ducted immediately after the planning CT acquisition, the
error dropped significantly. Therefore, the trade-off between
accuracy and time should be considered when deciding on an
optimal number of planning CTs in practice.

The time for inserting the fiducial needles via ultrasound
was relatively long (24 min), especially for the nonexperts
(33 min) who had no experience in punctures. This can
partly be attributed to the fact that the operators were not
familiar with the anatomy of the swine. Furthermore, one
fiducial needle configuration was used for targeting all four
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lesions, which had to be considered when planning the fidu-
cial insertion. Still, intervention time was not the focus of
this report. In an ongoing study, we compare the conven-
tional biopsy method with our navigated approach and have
so far obtained an average procedure time of the order of
magnitude of 20 min (n=20) for tumor biopsies in swine
with our navigation system. We are confident that the dura-
tion can be further decreased with increasing experience of
the operator.

The majority of studies on navigation systems for soft
tissue do not include a description of the user interface that is
used to guide the operator. In this article, we presented a
novel three-stage visualization scheme which allows for fast
targeting of anatomical structures with a needle-shaped in-
strument. The approach is extremely popular among our

TaBLE VI. Mean duration (# standard deviation) in min of the individual
steps of the navigation workflow for the experts, the nonexperts, and aver-
aged over all operators.

Experts Nonexperts All
Fiducial insertion 14+5 3316 2415
Planning-CT 1+0 1+0 1+0
Registration 2+1 2+1 2+1
Path planning 5+3 5+4 5+4
Targeting 2+1 2+1 2+1

85UB017 SUOWWOD BAIER1D) 3|deat(dde au Aq peusenob 812 S3piie YO ‘88N JO S3IN 104 Akeiq1T 8UIUO AB]IM UO (SUORIPUOD-PUR-SWLBYW0D" A3 1A Rl 1BUI|UO//SAIY) SUORIPUOD PUe SWB | 84} 89S *[€202/80/r2] U0 ARiqiaulluO AB|IM ‘WiRYULR N 3INUISUooH AQ STEZ00E T/TTT OT/I0pAL0Y AB| 1M AReiqifeu uo widee//sdny Wwoiy papeojumod ‘2T ‘8002 ‘60ZVELYZ



5395 Maier-Hein et al.: Accuracy assessment of a needle-based navigation system 5395
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Fic. 5. Control CT scan showing the registered instrument, the segmented
lesion within the liver, and the center of gravity of the lesion.

clinical partners and we consider it an important contribution
to the field of image-guided systems.

Several issues remain to be addressed. First, the system
needs to be tested under all possible clinical conditions. The
experiments in this study were conducted with ventilated
swine, but several interventions are conducted under local
anesthesia with the patient breathing freely. Second, the le-
sions were targeted based on only one planning CT, leading
to low radiation exposure for the patient. In practice, how-
ever, it might be useful to control the needle position with a
second CT scan prior to performing the ablation or the bi-
opsy. This way, high targeting errors (outliers) could be
avoided. Finally, the insertion of the fiducial needles initially
increased the invasiveness of the intervention. Although this
is compensated by the high accuracy of the system, which
reduces the risk of repeated instrument insertions, we are
currently investigating replacing one of the fiducial needles
with a set of skin markers for motion compensation. As fi-
ducial insertion is one of the most time-consuming steps
within the workflow, this could reduce intervention time sig-
nificantly. Furthermore, we consider application of an elec-
tromagnetic tracking system, which would allow the integra-
tion of the sensors into the needle tips. Consequently, needle
deflections would no longer be an issue and we could use
thinner needles.

V. CONCLUSIONS

Our liver navigation system allowed for accurate needle
placement into hepatic tumors with ventilated swine based
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Fic. 6. Overall targeting error plotted against tumor depth.

on only one planning CT scan. Due to its low targeting error,
which did not increase with increasing depth of the target,
the system allows the targeting of small lesions as well as of
lesions located deep within the tissue. As the system is based
on 3D imaging data, it does not require in-plane instrument
insertion. The high accuracy could potentially eliminate the
need for repeated needle insertions and thus lead to lower
complication rates such as hemorrhages and also reduce the
patient’s exposure to radiation. Taking these aspects into ac-
count, we believe that our navigation approach could poten-
tially enable considerable improvement to the clinical treat-
ment standard for RFA procedures and other CT-guided
interventions in the liver. To support clinical application of
our method, we propose the optimization of individual sys-
tem modules with the goal of reducing the intervention time.

| Instrument
| (control CT)

Tumor segmentation
(planning CT)

Tumor segmentation
(control CT)

Fic. 7. Planning CT image registered to the control CT image showing the
shift of the tumor due to instrument insertion. The segmentation of the
lesions are shown as contours for the planning CT image and the control CT
image, respectively.
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TaBLE VII. Selection of in vivo accuracy studies for computer-assisted needle placement in the liver. All errors
are given in mm (mean = standard deviation). SM: skin marker, FN: fiducial needle, PIP: previous instrument
position. For Kriicker et al. (Ref. 9) the system error represents the error which the authors referred to as
tracking error (cf. Sec. 1V). Banovac et al. (Ref. 11) reported the median as opposed to the mean targeting error.

Authors Fiducials Trials

System error TRE User error  Overall error

Banovac et al. (Ref. 11) 4SM, 1FN n=32

Fichtinger et al. (Ref. 4) — n=22
Khan et al. (Ref. 6) 9 SM n=42
Kriicker et al. (Ref. 9) 5-7 SM n=61
Kriicker et al. (Ref. 9) 5-7 SM, 1-8 PIP n=59
Maier-Hein et al. 2 FN n=32
Nicolau et al. (Ref. 8) 6-15 SM n=6

— — — 8.3+3.7
— — — 6.4+1.8
— — 8.4+1.8
5.8+2.6 — — —
35+1.9 — — —
21+11 24=+21 3.7+23
43*+n/a
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