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Abstract

We present in this paper an augmented reality guidance systa for liver ther-
mal ablation in interventional radiology. To show the relevance of our methodology,
the system is incrementally evaluated on an abdominal phantm and then on pa-
tients in the operating room. The system registers in a comma coordinate system
a preoperative image of the patient and the position of the nedle that the practi-
tioner manipulates. The breathing motion uncertainty is taken into account with a
respiratory gating technigue: the preoperative image and he guidance step are syn-
chronized on expiratory phases. In order to ful | the real-time constraints, we have
developed and validated algorithms that automatically process and extract feature
points. Since the guidance interface is also a major compone of the system ef-
fectiveness, we validate the overall targeting accuracy oran abdominal phantom.
This experiment showed that a practitioner can reach a predened target with an
accuracy of 2 mm with an insertion time below one minute. Findly, we propose a
passive evaluation protocol of the overall system in the opmating room during ve
interventions on patients. These experiments show that thesystem can provide a
guidance information during expiratory phases with an erra below 5 mm.

Key words: augmented reality, computer-guided system, liver punctues, 3D/2D
registration, breathing motion
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1 Introduction

1.1 Medical context and purposes

The treatment of liver tumors by minimally invasive techniques, such as Radio-
Frequency (RF) thermal ablation, begins to be widely used [2]. However, the
guidance procedure to reach the tumors with the needle is Ittiealized visu-
ally with per-operative 2D cross-sections of the patient ugg either Ultrasound
(US), Computed Tomography (CT) or Magnetic Resonance (MR)mages dis-
played on a monitor: positioning correctly the needle usintpis suboptimal 2D
information is always a challenging task for the practitioer. Moreover, each
guidance modality has its own drawbacks. CT/MRI guidance rexls repetitive
acquisitions for needle adjustment and sometimes severalrsertion attempts.
This lengthens the intervention duration, and increases [sb procedure com-
plications and radiation exposure (when CT-guided). In addon, the MRI
gantry diameter is small and does not permit the manipulatio of long nee-
dles (used when the tumor is deep inside the patient). Fingll US guidance
needs strong medical experience for image understandingidatumors lying
under the ribs are hardly visible and cannot be targeted.

In this paper, we aim at developing a guidance system for theal ablation of
liver tumors in interventional radiology. To guarantee theliability of such a
system, it is of the upper importance to validate the accuracin real conditions
on patients.

1.2 Clinical requirements

A recent report shows that RF thermal ablation has to be perfoned on tu-
mors with a diameter between 1 and 3 cm [3]. Thus, our radiolsgs consider
that a guidance system has to provide an accuracy better tha&limm to avoid
destroying too much healthy cells when the needle tip is notepfectly centered
in the tumor. Moreover, since a conventional insertion lastbetween 10 and 40
minutes, the system interface has to allow an insertion dutian below 10 min-
utes. The system also has to be adapted to the operating roomaquirements
(cumbersomeness and sterility). This means that all foreigbodies must be
sterile if they have to be close to the patient during the nedel insertion. In
addition, since the guiding accuracy depends on numerousrpmeters, the
system has to detect any algorithm failure to ensure the gese guidance. For
instance, the practitioner may perform a dangerous movemeeif the system
assumes a static patient and does not detect that the latterlided several
millimetres on the table.



1.3 Related works

Numerous works have been carried out to help practitionersudng percuta-
neous punctures. There are two global approaches: robotizand manual.

Concerning the robotized approach, several labs [4{9] prope a needle guid-
ance toward a target in the patient, who lies on the CT-tableThe robotic arm
being calibrated beforehand in the CT reference frame, tharget is de ned
in the intra-operative image and the robotic arm automaticlly orientates the
needle toward it. Then, the practitioner manually inserts he needle until the
system warns that the target is reached. The feasibility ofne approach was
demonstrated on phantoms. The authors reasonably think thigheir system
should work on man if a respiratory gating technique is usedtcompensate
for breathing motion (that can induce deformations above 3ns [10]). To our
knowledge, only the system in [6] was evaluated in a randoragspatient study.
Results showed that the robotic arm reduced the insertion dation and the
radiation exposure. However, accuracy results were onlyp@ted on a phan-
tom and not on patients. As a consequence, the breathing moti in uence
on the accuracy could not be quanti ed.

Manual approaches to guide practitioners can be classi edceording to the
image modality: US, X-ray, CT and MRI. Some labs [11{13] propse a US-
guided system that displays in real-time the acquired US sk in the operator
eld of view. In-vivo validation showed the usefulness of th techniques. How-
ever, a correct interpretation of the features in US imagesquires a skilled
practitioner and tumors are sometimes not visible with US naality. Finally,

the displayed augmented information is only 2-dimensionahcreasing the dif-
culty of understanding the 3D relative position of the structures of interest.

Mitschke et al. [14] and Bascle et. al. [15] propose a needi@dance system
using an X-ray C-arm. A camera attached to the C-arm providea video im-
age of the patient augmented by the X-ray image. The registtian quality is
ensured by a mirror calibration that superimposes both optal centers of the
camera and of the X-ray source. To localize the target, two Xay images have
to be taken at 2 di erent positions, and a particular device blding the nee-
dle is necessary to orientate it correctly. The guiding accacy of this system
was validated on a phantom and on a cadaveric animal limb. Thethis inge-
nious system automatically provides the right orientationtoward the target,
but cannot account for any movement of the patient unless twoew C-arm
acquisitions are done. One of the limitations is that a 2D Xay does not allow
the practitioner to see the critical structures (like vesds) that will be crossed
by the needle. For liver percutaneous puncture, this kind oihformation is
necessary to avoid any complication.



Fichtinger et al. recently developed a system for convential CT-scanner to
assist needle placement [16,17]. It displays in the pradbner eld of view

one axial CT slice acquired intra-operatively, thereby pnading a 2D internal

view of the patient. Although the system is rather easy to beet up in the

operating room, its application to the liver is limited sin@ the practitioner has
to reach the target with a path that belongs to the displayed Isce. Thus this

can result into a suboptimal path. Moreover, since the neegllhas to remain
in the displayed axial slice, some zones in the liver cannoelyeached by the
needle without crossing a critical structure.

In the context of MRI-guided needle punctures, Vogt et al. diplays in a Head-
Mounted-Display (HMD) the target (de ned in a preoperative MRI image)

and the needle position at the same time [18]. They report argeting accuracy
of 1 cm on a living pig (against 3 mm on a static phantom) whichsiexplained
by the use of a rigid registration (to relate HMD and MRI frame) despite the
breathing motion.

To summarise, part of the systems may be inadequate to liveomstraints and
very few systems have been evaluated on patients. This is ratrprising since
such an evaluation is very hard to set up: an Institutional Reiew Board (IRB)
approval is needed so that the medical protocol can be modde The alterna-
tive way is to elaborate a passive evaluation protocol risés for the patient
with a ground truth that is hardly available in standard clinical conditions.
Only the robotic system in [6] has been tested on patients tova&uate its ben-
e ts in clinical conditions. Unfortunately the accuracy that can be reached in
their conditions was not measured. Although a clinical beneevaluation is
mandatory, we do think that it is also crucial to know the minmal system
accuracy available in clinical conditions: it allows pragtioners to evaluate the
risk of their movements during insertion when the needle idase to critical
structures.

In previous works [19], we have developed a guidance systemliver thermal
ablation based on a preoperative CT image. The system was dgged so that
it does not constrain radiologists when they choose the ndegbath toward the
target. We showed on a static abdominal phantom that the targting accu-
racy was about 2.5 mm. Obviously, the patient is not static, gt we believe like
others [7,16,6,18] that pseudo-static conditions can beguided using a respi-
ratory gating technique, i.e. the preoperative CT and the aoputer guidance
are realized at the same point of the breathing cycle (gendisaexpiration).
This reasonnable assumption is based on clinical studiesrfoemed on the or-
gan repositioning error of a patient under breathing monitong (intubation,
ABC control or active apnea) evaluated below 2 mm [20{24]. Keever, it has
to be highlighted that these experiments were performed inoatrolled con-
ditions (volunteers were not to undergo a heavy interventig), and within a
delay that may not t clinical conditions. For example, neede insertion du-



ration can reach 40 minutes if the target is badly located. Tour knowledge,
no experiment shows the reproducibility for such a long duti@n. Moreover,

gas in bowels and viscera may move during the interventionjstiurbing the

pseudo-static assumption. Last but not least, the needle tsacked optically

by our system and the needle tip accuracy can be ensured to beldw 1 mm
provided that it remains perfectly straight during the insetion. Even if the

practitioner inserts it and thinks it remains straight, this is questionable. This
is why we think that an accuracy evaluation of the whole syste on patients

in clinical conditions is mandatory.

1.4 Contributions and overview of the paper

In [19], we presented a guidance system in interventional Cibr liver ther-

mal ablation that had been evaluated on a phantom only. In tls paper, we
present a new version of our guidance system, each part beiexpluated on
real data. Firstly, we have developed and evaluated a new gance interface
on an abdominal phantom. Then, we have designed a passive tpianl that

allows to evaluate on patients in clinical conditions the redle bending, the
organ and skin repositioning error and the whole system err@hat includes

needle tracking, patient registration and patient reposibning error). Finally,

experiments showed that despite needle bending and orgapositioning error,
a global accuracy within 5 mm is reachable in clinical conddns.

The paper is divided into three parts. In Sec. 2, we present ¢hsystem prin-
ciples and describe the respiratory gating technique we usa Sec. 3, we per-
form an evaluation of the new guidance interface on an abdomail phantom
to show that the system is accurate and ergonomic. This experent demon-
strates that the in-vitro targeting accuracy is below 2 mm wh an insertion
duration under 30 sec. In Sec. 4, we detail our riskless pasgsiprotocol to
clinically evaluate our system and present our results on pants that show
the system can provide a guidance information that ts clintal requirements.

2 Principles of our guidance system

In our setup, the patient is under general anesthesia (70% bépatic ther-
mal ablation at the Strasbourg Hospital). and 15 radio-opaque ring mark-
ers are stuck on his abdomen. Then, a CT-scan is acquired jusefore the

1 Unfortunately, we did not nd any statistic paper on the perc entage of hepatic
ablation under general anesthesia. However, some review pars on thermal ablation
of hepatic carcinoma seem to con rm our local statistic [2526].



intervention. A 3D-reconstruction of the structures of inerest (skin, liver,
tumors, radio-opaque markers) is performed [27] (in the ledr, we call this
3D-reconstruction the patient model). A black dot is printel into each marker
and they are removed from the skin (cf. Fig. 1): this is necemy since they are
not sterile. Two jointly calibrated cameras are viewing thepatient skin from

two di erent angles of view. They are used for two purposes:rstly to track

the needle manipulated by the practitioner, secondly to resfer the patient
model in the camera frame using the black dot markers visibla both video
images. This allows us to provide the practitioner with the elative position
of the needle with respect to the patient model.

Fig. 1. Left: ring radio-opaque markers are stuck on the patént skin. Right: black
dot is printed in each marker. Since patient skin is sterilizd with betadine and
alcohol, an indelible pen has to be used.

In this section, we rstly explain our respiratory gating technique to compen-
sate for the breathing motion. The used method implies heawyne constraints
that led us to provide a fast registration of the patient mode Then, we sum-
marise the algorithms allowing to register the patient andriack the needle at
a su cient time rate.

2.1 Taking the patient motion into account

To reach accuracy (5 mm) and safety requirements, the patiemotion during

the intervention must not be neglected. There are two kindsfanovements that
have to be tracked and compensated: a global movement of thatient (sliding

for example) and the breathing deformation. To detect a glad movement we
follow the position of the black dot markers with the video caera. This
movement tracking is done at 10 Hz (see next subsection forethitracking
algorithm). If the system detects any movement that reducethe accuracy,
the practitioner is informed. To compensate for the breatimg deformation,
we propose to use a respiratory gating technique: the guidjninformation

is provided regularly at the breathing cycle point that ts the cycle point
during which the preoperative CT image was acquired (expenents in Part



IV con rm that this is actually the case).

Zhang et. al. and Maier-Hein et. al. [28,29] propose to ingexdditional needles
in the liver to track its motion and then to predict the breathing movement
whatever cycle point is chosen for the needle insertion. Agacy results ob-
tained on pigs showed the feasability of their approach. Hawer the clinical
benet of this interesting method is still questionable sige introducing ad-
ditional needles needs preprocedural time and representgther risk factor
for the patient. That is why we have prefered to keep a respitary gating
technique to compensate for the liver motion.

We decided to provide the guiding information only during tle expiratory
phases of the patient. The preoperative CT image is acquirad accordance
during an expiratory phase. Since the patient is intubatedthe anesthetist can
interrupt the breathing movement at expiratory phases durg 20-30 sec. In
this time interval, the practitioner can manipulate the neelle toward the tar-
get. Obviously, during this short time interval, the registation of the model has
to be performed as quickly as possible (typically, in less &m a few seconds).
This leads us to develop the following simple, robust and eient techniques.

2.2 Automatic localization and matching of markers

These algorithms have already been published in [19], we swmarize the main
ideas here so that the paper remains self-content. Althougharkers are no
longer the same as in [19], the principle remains similar. Meover, the ac-
curacy and robustness have been reevaluated and are veryseldo those in
[19].

2.2.1 Automatic localization of 2D video markers

The principle of the marker localization in the video imagess based on the
intensity channel analysis and the assumption that skin taés up the main

surface. Firstly, we nd the skin in the video image, then anntensity thresh-

olding around the skin intensity identi es potential marke's. A size and shape
analysis enables to select the markers among the connectethponents. Fig.

2 shows an example of marker extraction in a video image. Exprents per-

formed on human torso showed that the extraction algorithm qovides about

2% of false positive and 1% of false negative. The localigati accuracy was
compared to a manual extraction performed by several useem average error
of 1.5 pixel has been reported. The extraction is performed a 10 Hz rate on

a 3.4GHz PC with 1GHz RAM (image size 800600).



Fig. 2. Example of automatic detection of radio-opaque marlers in a video image
of a human abdomen. The extracted markers are indicated withred crosses

2.2.2 Automatic localization of 3D CT markers

Markers in the CT-image are extracted by a top-hat charactéation [30] that

emphasizes small singularities on the skin surface. An expl® of a marker
extraction is given on Fig. 3. Experiments performed with irvivo data showed
that the extraction algorithm provides about 3% of false pagsve and 5% of
false negative. The extraction is performed in less than 3@s on a 3.4GHz
PC with 1GHz RAM (image size of 512512 150 with a resolution of 1 1

2 mmd).

Fig. 3. Example of automatic detection of radio-opaque marlers in a CT image of
a human abdomen. Left: original image of the patient in grey evel. Right: result of
the image processing that emphasizes the marker position.

2.2.3 Automatic matching of 2D video markers

The matching between the video markers is realized thanks &pipolar geom-
etry constraints. The matched markers are reconstructed i8D in the camera
reference frame. If erroneous 3D reconstructions due todalpoint matches
appear, they are discarded by the subsequent video/CT matitty procedure
designed to be robust in the presence of such outliers.



2.2.4 Automatic matching of reconstructed video markers dnCT markers

After reconstructing the set of 3D markers in the camera fram we need to
match them with the corresponding 3D points extracted fromhe CT-scan. We
decided to use a prediction/veri cation algorithm [31] with additional distance
constraints. This algorithm provides us not only with a matbing estimation,
but also a rough estimation of the transformation relating he CT and the
camera frame.

When a correct transformation is found, we keep all the 3D/2xorrespon-
dences provided by the veri cation step to compute a more agrate transfor-
mation (see next paragraph). In this process, markers thatewe not matched
in the previous step are implicitly reconsidered thanks tohe veri cation. The
matching experiments always provide a correct transformain, and 100% of
the potential matches were found. The entire matching prose took on average
less than 1 second.

2.3 Registration of the virtual model in the camera frame

The markers being automatically extracted and matched, weaw have to
estimate accurately the rigid transformationT relating the CT frame with
the camera frame. We choose a 3D/2D point registration appach to provide
the rigid transformation that relates scanner frame and caera frame.

Since noise corrupts the 2D data and the 3D data, we optimizéné Extended
Projective Points Criterion (EPPC) (more details are given in [32]) on the
transformation T and the auxiliary variablesM;:

ROKNG Mk X km®  m® k2

2 i 2
i=1 2 3D k=1 i=1 2 2D

EPPC(T;Mgq;:::My) =

where S (resp. N) is the number of cameras (resp. markers)ni('—Q is the ob-
served 2D coordinates of the!i markers in the K" video image,Nr; is the
observed 3D coordinates of thé"i markers in the CT-image,M; is the perfect
3D coordinates of the" markers in the CT-image,m® = P®(T 2nr,), P®

the projective function of the K" camera, ¥ is a binary variable equal to 1 if
the i'" marker is visible in the K" video image and 0 if not, andT the sought
transformation. The minimization procedure is alternatedw.r.t. the sought
transformation T, and w.r.t. the M;. Practically, registration on patient data
is about 0.05 sec. with 15 markers and a rough initializatio(provided by the
latter matching algorithm).

An evaluation on patient data showed that the extraction andnatching algo-



rithms are robust and that the overall computation time of the video extrac-
tion, matching and registration process is within 0.1 sec.

2.4 A simple and accurate needle tracking

Since the needle is no more visible when it is introduced undghe skin, we
have to track its position in the camera reference frame. Taealize this, we
rigidly attach a square marker on its top, and we localize ineal-time its four
corners using the ARTag library [33]. Then, knowing the sizef the square,
we are able to compute its position in the camera frame by mmizing the
classical 3D/2D standard projective point criterion (SPP(J[32]. An accuracy
evaluation (described in [34]), realized in simulated clical conditions, showed
that the average tracking error of the needle tip is within 1 m.

3 In-vitro evaluation of the system accuracy and interface

In addition to the technical algorithms to track the needle ad to register it to
the patient model, we have to design an interface component guide practi-
tioners. Firstly, we describe the interface component degied with radiologists
to be as ergonomic as possible. Secondly, we present a targeexperiment on
an abdominal phantom that demonstrates the system e ciencyn simulated
clinical conditions.

3.1 A safe and ergonomic guidance interface

In the eld of craniotomy, Grimson et al [35] superimpose the reconstructed
model on external video images of the patient skull. In the tarventional
radiology context, this approach allows radiologists to @tk instantly that
the rigid assumption is satis ed and that the patient did not slightly move.
Indeed, a registration discrepancy of 2 mm can be clearly sdey practitioners
in case of sliding or a skin deformation [36]. However, a gaidce interface
relying only on an external video view augmented with the p&nt model and
the needle position does not seem to be optimal. In our preus system, such
an interface was provided and practitioners complained thaideo views did
not correspond to the their natural eld of view and that realand visualized
movements were often inverted. Therefore, an important ierpretation e ort
was needed. Moreover, since the camera focals are xed, n@moof the area
of interest is available.

10
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Fig. 4. Three screens of the guidance interface. The bottomelft image corresponds
to the augmented reality screen, in which the 3D reconstrucion of the liver and the

virtual needle are displayed. The top left image displays the virtual needle screen
(oriented toward a marker stick on the liver surface). The right image shows the
main virtual screen, in which one can see the relative positin of the needle w.r.t.

the phantom. We indicate in its corner the virtual distance in mm that separates
the needle tip from the target (in this case, a marker center)

In the context of laparoscopy guidance, Marvik [37] propodean interface
that showed the tool position with respect to the 3D reconstrcted model. In

addition, they display the 3 CT-slices where the tip of the lparoscope lies.
This approach is very useful for understanding of the relate position of the
tool with respect to the model, since the user can choose hisgde of view and
an appropriated zoom. Nevertheless, it is not possible to sess in real time
the quality of the registration during the intervention. Indeed, this can only
be done interactively by pointing some reference points o patient skin.

That means that if the patient moves by 2 mm, the registrationwill undergo

a 2 mm bias.

This analysis led us to develop an interface that provides Hokinds of in-

formation. This interface (showed on Fig. 4) is divided intothree screens,
features and properties of which have been designed with ptéioners, in or-

der to provide them with a clear and intuitive tool. During needle insertion,
the customization of each screen has to be done by a medica sbperator

with a simple mouse action (organ color and transparency, nial camera
point of view...).

The augmented reality screen (bottom left image in Fig. 4)

In this screen, one of the two video images returned by our canas is dis-
played. The practitioner can ask a medical assistant to svah between both
camera views, to enable or disable the real-time superimpioen of the 3D

11



model onto the video images, to choose the transparency leweéits di erent
elements and display the real-time extraction of markers. Ufthermore, the
medical assistant can superimpose the virtual needle on th@acked real nee-
dle and monitor the real-time tracking of the square marker tteached on it.
Finally, the practitioner can check visually the registraion quality by observ-
ing the superimposition of the registered virtual markers.

The virtual needle screen (top left image in Fig. 4) In order to orient
a tool toward a target, Carrat et al [38] proposed an interface that displays
on a screen three crosses that have to be superimposed. Thémal trajec-
tory is represented by a static central cross. Tool tip and ax are projected
dynamically on a view orthogonal to this trajectory, and arerepresented by
two di erent crosses.

To facilitate the orientation of the needle toward the targg we propose a
similar tool: in the virtual needle screen, we display a viethat corresponds to
what a camera positioned on the needle tip and oriented aloritg axis would
see. A cross indicates what the needle is oriented toward. tur interface,
the 3D model of the tumor is visualized. If the practitioner @ nes in the
CT a precise point he wants to reach, this target is represesd by a 2 mm
diameter green sphere. Radiologists told us that the 3D tumamodel is an
important information since following thoroughly the guidance information is
not possible and the tumor shape visualization can in uencteir movement.
To keep a good visibility when the needle goes through orgamaodi cation
of 3D model transparency can be performed.

The virtual exterior screen (right image in Fig. 4) In this screen, the
3D virtual scene, composed of the patient model and the toogpresentation,
is rendered from a viewpoint controlled by the user. Like in alassical viewer,
he can rotate, translate and zoom the elements and de ne thieproperties
(visibility and transparency). Moreover, it is possible toalso display the CT-
scan from which the patient model is extracted, and navigatidrough its slices.
The contrast can be enhanced like in a usual radiological wer.

If the 3D models of liver and tumor are not available, for timeor technical
reasons, practitioners can visualize the 3D CT-slices irstd. Then, they can
de ne the target position on a specic CT slice by a mouse clic (cf. Fig.
5). Since it is di cult to visually assess the distance betwen needle tip and
target, we display the distance inside the virtual exteriorview (see bottom
right of the right screen on Fig. 4).

12



Fig. 5. Patient CT image displayed in the virtual exterior vi ew. One can see a green
sphere target that has been placed by the user.

3.2 Evaluation of the system on a static abdominal phantom

The purpose of the experiment is to assess the accuracy of tieedle targeting
and to show that the guiding interface is ergonomic. Four tayets were modeled
with radio-opaque markers stuck on the fake liver inside thehantom. Ten
participants each performed 10 consecutive needle targegs of the model
tumors (cf. Fig. 6 a). During the positioning, the operator aced the needle
and stopped his movement when he thought that he had reachebtet tumor
center. After each trial, the time required to position the eedle was recorded,
and a video snapshot of the needle position in the target waggiormed using
an endoscopic camera introduced into the phantom and focuogi on targets
(cf. Fig. 6 b). Then, the accuracy of each needle targeting waassessed by
three di erent operators and averaged. A quantitative mease was possible
since the marker size is perfectly known in mm and can be conesl into
pixel. To assess the guidance interface, we asked practitevs to Il out a
guestionaire on how they used the three screens and their faideess during
needle insertion. Accuracy and time results are shown in Theb1.

One can see that the worst average accuracy is below 3 mm, whidearly
meets our accuracy constraint (5 mm). A previous experimer{described in
[19]) in which the user was guided by an augmented reality g&n only pro-
vided less accurate results, and more importantly longer mgulation times
(59 sec. against 30 sec.). It con rms the fact that the compieentarity of the
three di erent screens is a powerful aspect of our interface&nfortunately, our
phantom does not allow to perform needle insertion experimis with the con-
ventional CT scan procedure. Therefore we could not compatke insertion
duration using our system and using the standard protocol.

The questionaire raised the following points. Almost all rdiologists used the

augmented reality viewat the beginning of the needle insertion to check the
automatic skin ducials detection, the visual quality of the skin registration,

13



Fig. 6. a) Setup of the experiment: the user is positioning tle needle, tracked by
a stereoscopic system, thanks to the guidance interface. bAn endoscopic view is
displayed behind the user. It allowed to visually measure tle accuracy of each needle
targeting.

and the tool superimposition. The ten radiologists used theértual needle view
to orientate correctly the needle before puncturing the ph@om skin. During
insertion, seven radiologists used thertual needle viewonly. The three others
preferred to use thevirtual exterior view with a speci c point of view they
asked to the interface manipulator. When the radiologists @re close to the
target (typically below 5 mm), they all used thevirtual exterior view with the
help of another operator who zoomed on the interest zone andapted the
point of view to the requests of radiologists.

The distance in mm was almost never used nor considered asfukeThis
means that providing the distance information in such a waysi not appro-
priate. A discussion with practitioners highlighted that acolor coding of the
tumor or a shrinking circle (like in [18]) may be a better soltion to provide
distance clues.

Practitioners also asked us whether it was possible to aut@atize the point

14



Average distance| Minimum | Maximum | Average time

(mm)  std. distance | distance | (sec.) std.
Practitioner 1 15 045 1 3 24 10.2
Practitioner 2 26 110 0 5 36 5.0
Practitioner 3 2.3 1.23 0 3 25 41
Practitioner 4 25 0.77 0 3 35 56
Practitioner 5 1.9 0.95 0 4 39 40
Practitioner 6 22 084 0 3 18 55
Practitioner 7 14 1.10 0 3 25 59
Practitioner 8 1.7 081 0 2 19 2.7
Practitioner 9 1.7 0.92 0 3 32 6.5
Practitioner 10 20 1.03 1 4 26 45
Al 1.98 05 - - 28 7.0

Table 1

Accuracy and time results obtained by each user. The averagéistance, which is
always below 3 mm, meets our accuracy constraints (5 mm). Marover, the time
needed is, by far, under 1 minute. However, this should not be&eompared to the 10
minutes needed for a standard intervention since the in-vito conditions are quite
di erent from the in-vivo ones.

of view selection in thevirtual exterior view. Since there is an in nity of
possibilities, they agreed that a fully automatic parametezation of the point
of view will never satisfy them completely. However, they gigested that an
automatic recentering with a remote interface (vocal or fadbased) may be
su cient, so as to change the zoom and the point of view arounthe needle
axis. This point is currently under study.

Finally, we propose an alternative interpretation of the acuracy results. The
accuracy evaluated during this experiment corresponds tdn¢ cumulated er-
ror of needle tracking (of variance 2..4.), registration of the patient model
rzeg) and practitioner skill to follow accurately the guiding information dis-
played by our system (éuidance)' We showed in previous papers [32,34] that
needie 1S Within' 0.9 mm and that g is within 1.5 mm in these condi-
jons. Consequently, we can estimate the order of magnitud® guigance

198 2 2., " 0:95mm. Although this result is probably underes-

needle reg
timated since g and neeqie May be correlated, it gives a qualitative idea of

the guidance accuracy of the system.
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4 Clinical experiments on patients

In the previous section we have showed that the system allowa accurate in
vitro needle positioning and that the guidance interface waeasy to use by
practitioners. For the system to be used on patients, we dtihave to adapt it

to the clinical environment and to evaluate its accuracy ongtients. Since we
kept in mind the clinical constraints when the system was deloped for the
in vitro evaluation, its adaptation was done easily and quldy. The evaluation

step is obviously the most di cult and important one (cf. [39]).

In this section, we rstly enumerate the slight adjustmentsthat were needed
for our system to be introduced in the operating room. Secolyl we explain
how the choice of specic patients allows us to develop a safeotocol to

evaluate system robustness and accuracy. Finally, we prasthe experimental
results obtained on 8 patients and demonstrate that the sysin error ts

the clinical requirements when the guidance information igrovided during
expiratory phases.

4.1 A system adapted to the operating room constraints

4.1.1 A small and light pattern for needle tracking

The pattern attached to the needle has to be realized in stéi@able plastic. Its
size has to be less than 6 6 3 cn?, and its weight less than 50 grammes.
Indeed, if the pattern is too large, it may touch the CT-ring when the needle
is not deeply inserted (at the beginning of its positioningn the patient). If
the pattern is too heavy, the needle may be bent after insedn and disturb
the needle tracking that assumes the needle remains straigkinally, we in-
vestigated di erent methods for attaching the sterile patern to the needle.
The rst one required to thread the needle through a hole in th plastic. Al-
though the plastic is sterilized, the radiologist consided that the needle tip
must not touch anything before being inserted. In that casea small particle
could be scratched when the radiologist threads the needlethwout noticing
it. The second method was accepted by the radiologist sindeallows to attach
directly the pattern on the plastic end part of the needle.

4.1.2 Visible and sterile markers during intervention

We stick plastic rings on the patient skin before the preopative CT acqui-
sition (these rings contain aluminium that generates no aefact). Then, we
print a dot inside each ring marker with a black pen. After theCT acquisition,
we remove the rings and use the black dots as markers. Since thatient ab-
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domen is then sterilized with alcohol and betadine, the perds to be indelible.
To increase its indelibility, a nurse cleans up the patientkén with alcohol (it
removes fat cells) before the pen marking.

We would have preferred using autostickable sterile marker Unfortunately,

such a product does not exist, and for our markers to be steréd, we would
have needed to use gas or ionization sterilization processehich are not used
in our hospital (autoclava is the standard sterilization pocess).

4.2 A safe evaluation protocol with speci ¢ patients

Hepatic tumors sometimes need contrast agent to be injectad the patient

to be visible in the CT modality. For these patients, the climcal protocol

to target tumors in interventional CT is slightly di erent f rom the standard
one. A preoperative CT acquisition of the abdomen is realidewith contrast

agent. To guide the needle, the practitioner performs a medit registration

of interventional CT slices with the preoperative CT imageii which tumors

are visible). When he thinks the needle is correctly positi@d, a second CT
acquisition with contrast agent of the patient abdomen is péormed. This

second CT acquisition allows the practitioner to check the eedle position
with respect to the tumor he targeted.

The additional images available for these patients allow u® perform a pas-
sive evaluation of our system using the following data acaiiion protocol.

Experimental protocol:

We stick radio-opaque markers on the patient skin and a bladot is printed
inside them (cf. Fig. 2).

A preoperative CT acquisition CTL1 is realized in full expiréion (it includes
all the markers and the liver).

Markers are removed from the skin.
The practitioner attaches the sterile pattern to the needle

The practitioner inserts the needle without any advice or istruction from
our system until he thinks he has correctly targeted the tumo

A stereoscopic video of the patient abdomen and needle is &k during
several breathing cycles.

17



A second CT acquisition CT2 is acquired in full expiration, he needle re-
maining in the patient (CT2 also includes the whole liver).

We highlight that this protocol does not change the informabn used by the
practitioner to guide the needle: he realizes the interveisn with his usual
means (CT-slices) without any advice nor instruction from or system. In
order to take our measures, we had to ask practitioners to ath a square
marker on the needle, to stick radio-opaque markers on the fgnt, to set up
our cameras in the operating room and to realize two apneas @xpiratory
phase. The potential impact on the intervention of these ursual conditions
were considered negligible by the practitioner and the anéstist.

From the acquired experimental data, we can not only evaluatthe system ac-
curacy but also check that the needle remains straight durgnthe insertion and
that the repositioning error of the abdominal structures atexpiratory phases
is negligible. To perform these three studies, we realizeghhree following
evaluation processes:

Evaluation of the liver repositioning error:

Extraction of spine, liver and skin in both CT1 and CT2.
Registration of the spine from CT2 on the spine in CT1.
Application of this registration to liver and skin from CT2. This registration
allows to compare the relative movement of liver and skin whit respect to

a common rigid structure.

Computation of the distance between the liver (resp. skin)usface in CT1
with the liver (resp. skin) surface extracted from CT2 and rgistered in CT1.
Fig. 7 summarizes this evaluation protocol.
Evaluation of the needle bending:

Extraction of the needle in CT2

Estimation of the needle direction for the rst half and the £cond half of
its length (see Fig.8)

Comparison of both directions using the angular deviation and the needle
de ection.
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Evaluation of the system accuracy:

Extraction of liver and needle surfaces from CT2.

Registration using ICP of the liver surface in CT2 on the live surface in
CT1.

Application of the computed transformation to the needle sdiace extracted
from CT2. This registration provides the nal needle positon in the CT1
image.

Registration of the patient model from CT1 (with the needle)n the camera
reference frame using the video image of the patient at fulkpiration.

Discrepancy evaluation between the needle tracked by thernara (at expi-

L

Spine CT2

Registered spines

Application of the registration

to the skin and liver \

Q‘\"
y,. A% | L
Liver from CT1 and CT2| Skin from CT1 and CT2
are registered are registered

Fig. 7. To evaluate the repositioning error of liver and skin we rstly register the
spines from CT1 and CT2. Then we apply the found rigid transfamation to liver
and skin surfaces and measure the distance between both sades.

First half Second half

Needle
deflection

Fig. 8. To estimate the needle bending, we split its CT segmetation in two halves.
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ration phase) and the needle registered in CT1.

Liver CT1 Liver CT2 + needle

Registered livers with ICH

oot
o\

The needle position is
known in CT1 frame

3D/2D Registration of CT1+needle in the camera frame
using the radio-opaque markers

The discrepaﬁcy between the needle tracked in the
camera and the needle registered in CT1 is an
evaluation of the system accuracy

Fig. 9. lllustration of the passive protocol to evaluate the system accuracy.

Fig. 9 summarizes this evaluation protocol. We emphasize dhthis discrep-

ancy is an evaluation of the cumulated error of Z.cye, f=g, @nd the reposi-
. ) . ]
tioning error %, It does not include the error §;y.nce that corresponds to

the ability of practitioners to follow the guiding information provided by the
system. Consequently, our experimental protocol allows tevaluate all error
sources that only depend on the system and not on practitionability 2. Al-

2 In fact, we measure a slight over-estimation of system Since the needle registration
from CT2 to CT1 is not perfect although of high quality (we wil | check it in the
next section).
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ternatively, the measured error corresponds to the nal sysm error if the

needle insertion is robotized (in that case g ance iS Negligible).

4.3 Evaluation of the system on eight clinical cases

Eight patients (6 males and 2 females, aged between 50 and 6@yve par-
ticipated in our experiments after signing an informed comsit. They all had
tumors, the diagnosis of which led to a thermal ablation. Regution of CT
images was 1 1 2mm?3. Below are presented the results obtained for the
three experimental evaluations described in the previousilssection.

4.3.1 Veri cation of the needle rigidity assumption

The needle is rstly segmented in the CT2 acquisition using rainteractive
localization followed by an intensity threshold. Then, we aluate the orienta-
tion of its rst half and its second half (cf. Fig. 8) and compue the angular
dierence between both orientations and the needle de ection. The pra
titioner sometimes bends the needle on purpose to avoid atmal structure.
For all the reported cases, the practitioner estimated thathis was not the
case. Consequently, we are measuring here the uncontrol&abending of the
needle.

One can see in Tab. 2 that the needle de ection is not negligdin 25% of
cases as it can reach 2.5 mm. Since the system assumes thanthedle remains
straight, the needle tip position provided by the system isystematically biased
when there is an important de ection. Visual illustrationsof needle de ections
are provided on Fig. 10.

Patient Nb 1 2| 3| 4 5 6 7 8

Angular deviation alpha (°) | 1.0 | 28| 05| 06| 11| 1.8 | 09| 1.0

Needle de ection (mm) 085/25|04|05|10|182|06|0.7

Table 2
Evaluation of the needle bending after its positioning in the patient.

4.3.2 Evaluation of the organ repositioning error (e,

To quantify the distance between two registered surface&y and S,, we com-
pute the RMS of the distance between each point o& to the surfaceS;:

i mizs, d(Mi; S)2 + i pi2s, d(Pi; S1)?

2 (card(S;) + card(Sy))

o<

d(S1; S2) =
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Patient 2

Patient 6

Fig. 10. lllustration of the needle bending for patients 2 ard 6. Left: lateral view of
the needle. Right: axial view of the same needle to highlighits important bending.

where the distancal(M;; S) between a pointM; and a surfaceS is interpolated
from the 3 closest points oM; belonging toS. Tab. 3 provides the distance
between the registered surface from CT2 in the frame of CT1.

Patient Nb 1 2|1 3| 4|5 ]| 6 7 8 || Average

Spine d(S1,Sz) inmm {08 08(09/09|11|12|07|11 0.94
Liver d(S;,S) inmm | 15/12]14|1715|18|12]|16 1.48

Skin d(S1,Sp) inmm | 16(18|29|18|32|17|15|19 2.05

Table 3
Distance between the registered surfaces of spine, liver drskin.

One can see that the distance between the liver surfaces ighin 2 mm for

each patient which is of the same magnitude as the segmentatiuncertainty

[40,34]. To check that the measured distances are not due tpare translation,

we display the relative position of both surfaces. Fig. 11 etvs clearly that
surfaces are closely interlaced for all patients. This sugsts that the observed
distance is essentially due to the segmentation error in tHéT acquisitions.

Oddly, distances between skin surfaces are not very low foaah patient. A
visual check (see Fig. 12) of registered surfaces shows that these patients
the skin of the lower part of the abdomen has moved between o€T acqui-
sitions. An inspection of both CTs indicates that a movemenbf gas or/and

22



Patient 1 Patient 2 Patient 3

Patient 4 Patient 5 Patient 6

Fig. 11. Visual check of the liver repositioning error on 6 paients. Two opposite
views of registered surfaces are provided for each patienDne can see that registered
surfaces are closely interlaced. This means that the repa#ning error of the liver
is close to the segmentation error, i.e. 1 mm.

bowels was responsible for this deformation (see Fig. 13).eVidighlight that

this skin deformation highly disturbs the system if we takete radio-opaque
markers on the deformed zone into account to compute the patit model
registration. Indeed, the system implicitly assumes thathte relative position
of the liver w.r.t. the markers remains rigid during the intevention. Con-

sequently, the skin deformation can lead to a wrong estimain of the liver
position.

We notice that this phenomenon essentially happened whengatitioners used
the US probe. In practice, if our system is used for needle pomning, a US
probe should not be necessary. However, if a US probe has torb@nipulated,
the system should be carefully used. In such a case, radicagpe markers
should be stuck on the upper part of the abdomen only, which & zone that
is not in uenced by gas movements.
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Patient 1 Patient 2 Patient 3

Patient 4 Patient 5 Patient 6

Fig. 12. Visual check of the skin repositioning error on 6 paients. Two opposite
views of registered surfaces are provided for each patienDne can see that regis-
tered surfaces are closely interlaced on the patient back. &f some patients (2,3,4
and 5), the abdominal skin surfaces are not interlaced at allA slight translation an-
tero-posterior within 1 mm explained this phenomenon for pdients 2 and 4, whereas
for patients 3 and 5 it was due to gas and bowel movements.

4.3.3 Inuence of breathing on the system accuracy

During the 8 interventions, the needle and the patient were igdeo tracked
along several breathing cycles. Because of the gas and bowelements that
we observed on two patients, we choose not only to report thgséem accuracy
using all markers but also using the subset of markers that@anot on the lower
abdominal part. From the CT images we empirically observedchat only the
markers below the lower part of the liver had an in uence on té registration
algorithm.

Tab. 4 shows for each patient the system accuracy, the 3D/2Dnd 3D/3D
registration error of CT markers on the video markers averagl on expiratory
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Fig. 13. lllustration of the skin deformation due to gas movament in the bowels.
Top left (resp. right) images: slice from CT1 in the lower (resp. upper) part of the
abdomen. Middle left (resp. right) images: slice from CT2 inthe lower (resp. upper)
part of the abdomen. Bottom images: superimposition of the kces from CT1 and
CT2. One can see that the skin deformation is important in the lower part of the
abdomen (skin and bowels have moved) whereas it is very low aund the upper
ribs (skin and liver edge are almost identical).

phases that were video recorded. Additionally, we report ifig. 14 a sample
for patients 1 and 2 during 4 breathing cycles of the system @aaracy, the
3D/2D and 3D/3D registration error.

Results in Tab. 4 clearly indicate that the system accuracyuting expiratory

phases reaches 4.2 mm on average for patients who did not urgtegas and/or
bowel movements (patients 3 and 5). We highlight that if onlythe markers
above the liver are used for registration, the system accunaremains accept-
able (average of 5.1 mm). This means that if viscera movemeate suspected,
removing the markers below the liver from the registrationnputs will still

provide a su cient accuracy. Note that an important shape déormation can
be detected using the 3D/3D registration RMS that increaseabove 2 mm
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Fig. 14. Sample of system accuracy and registration errorseported during several
breathing cycles with patients 1 and 2.

Number of | RMS 3D/2D | RMS 3D/3D System
markers used (pixel) (mm) accuracy (mm)
Patient 1 15 (8) 1.3 (1.1) 1.5 (1.3) 4.0 (4.9)
Patient 2 13 (7) 1.0 (0.9) 1.7 (1.4) 4.2 (4.8) [3.5]
Patient 3 15 (6) 2.2 (1.2) 2.5 (1.4) 14.5 (5.2)
Patient 4 12 (7) 1.5 (1.3) 1.2 (1.0) 4.1 (5.0)
Patient 5 13 (8) 2.0 (0.9) 2.4 (1.5) 12.3 (4.8)
Patient 6 14 (9) 1.2 (1.1) 1.2 (1.1) 4.3 (5.1) [3.9]
Patient 7 15 (8) 1.3 (1.1) 1.8 (1.5) 4.4 (5.1)
Patient 8 14 (9) 1.1 (1.0) 1.7 (1.4) 4.1 (5.0)
Average | 13.8 (7.7) 1.45 (1.1) | 1.75 (1.32) 4.2 (5.1)

Table 4

Average for each patient of the system error, 3D/2D and 3D/3D registration errors

during expiration phases. Values in brackets correspond tahe results obtained

when only the markers above the liver are used for the registition. Values in square
brackets correspond to the system accuracy re-evaluated tafr a compensation of the
important needle bending (only for patients 2 and 6). The aveage system accuracy
with all markers does not include the results of patient 3 and5.
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during the entire breathing cycle.

For patients in whom the needle was bent, we have evaluated&hsystem
accuracy while taking the observed bending into account. Bm, we observed
that if the rigidity assumption of the needle was true, the sstem accuracy
would be slightly better (about 0.6 mm).

One can see in Fig.14 that RMS errors evolve cyclically, aspected, and
are always minimal in expiration phases. The system accusa@lso evolves
cyclically but is not always minimal in expiration phases. ndeed, since the
patient model registration is not perfect, the system can gster the needle
extracted from the CT at a position that corresponds to an intrmediate phase
of the breathing cycle (whereas it should be registered at@xratory position).

Fig. 15. Augmented reality view of the patient 1. The registration was done with 15
markers. Left image: skin and liver models are superimposedn the video image.
Right image: only the liver is superimposed in transparency One can see that the
black dots are still highly visible despite the skin sterilization.

Finally, we provide in Tab. 5 the amplitude of the needle motin due to breath-
ing after its insertion. We sample on Fig. 16 the trajectory ba needle tip (pa-
tient 1, 7 cm in depth) during several breathing cycles. The ajor movement
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is always along the cranio-caudal axis with a magnitude arad 13 mm and a
repositioning error of 1.2 mm. These results are consistewith the existing
studies on the liver movement during shallow breathing [224].

Fig. 15 shows the augmented reality views obtained during éhintervention
on patient 1. One can distinguish the needle position insidée liver.

anterior | lateral | cranio | total | repositioning
posterior caudal error
(mm) | (mm) | (mm) | (mm) (mm)
Patient 1 2 2.2 10.5 10.9 1.2
Patient 2 1.9 21 134 13.7 14
Patient 3 1.2 19 15.2 15.3 1.0
Patient 4 14 2.3 9.5 9.8 1.1
Patient 5 1.8 21 11.9 12.2 1.7
Patient 6 2.1 2.2 12.3 12.7 1.2
Patient 7 2.3 1.9 14.3 14.6 1.5
Patient 8 2.0 2.3 16.8 17.1 1.7
Average 2.1 2.2 12.8 13.5 1.34

Table 5
Evaluation of the motion amplitude of the needle tip once inserted.

Fig. 16. Trajectory of the needle tip during 4 breathing cycles of the patient 1 as
measured by our tracking system. The needle was inserted 7 cin depth and the
patient was under general anesthesia. The main movement id@ng the cranio-caudal
axis Z (1 cm).

5 Conclusion

We have developed a video based augmented reality system todg liver per-
cutaneous punctures in interventional radiology. This syem tracks in real-
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time the puncture needle and automatically registers (at adlHz rate) the 3D
preoperative patient model in the camera frame using radiopaque markers
stuck on the skin. The patient model is reconstructed from a3 CT-scan
realized just before the intervention. To take the breathig motion issue into
account, we use a respiratory gating technique. We synchiiaa the preop-
erative CT acquisition and the guidance step with the expirtary phases of
the patient. Then, we assumegseudo staticconditions and rigidly register the
patient model.

A preliminary experiment realized on an abdominal phantomrowed that a 2
mm targeting accuracy could be achieved within 30 secondsvitro, showing

that the interface design (realized with practitioners) dbws a quick needle
positioning and that the registration process is accurateneugh under the
rigidity assumption.

It is crucial for practitioners to know the system accuracy o patients in clin-
ical conditions since it modi es their state of mind during & intervention.
Indeed, if the system error is below 2 mm, practitioners carotally rely on
the information provided, whereas if it is beyond 10 mm, theynay use the
system only to reinforce their initial opinion. However, araccuracy evaluation
is di cult to perform in the absence of ground truth data. In t he last part we
propose a passive protocol on carefully chosen patients trelows to obtain a
ground truth CT at the end of the needle insertion. It allows 8 to rigorously
assess the system accuracy on real patients and thgeudo staticassumption
along the intervention. Experimental results rstly show that the liver repo-
sitioning error is about 1 mm although it is sometimes much mre important
for the skin because of gas and/or bowel movements. This plwmenon can
dramatically decrease the system accuracy if markers on thieformed zone
are used to compute the patient model registration. This plm@meon can be
detected by monitoring the 3D/3D registration RMS that increases in case
of skin deformation. In that case, we show that removing the arkers below
the liver from the registration allows to maintain su cient accuracy. Secondly,
we have evaluated that the needle bending can cause a needéeking error
above 2 mm (although the practitioner thought it was not ben}. Despite these
uncertainties, we have nally evaluated our system accurgcduring the pa-
tient expiratory phases at about 4.5 mm, what ts medical regirements. To
our knowledge, it is the rst time that a guiding system in interventional radi-
ology for liver puncture is evaluated on real patients undeclinical conditions
corresponding to the focused application.

To avoid sticking radio-opaque markers, we are now inveséiting a structured
light approach to recover in real-time the surface of the p&nt skin during the
intervention. To reduce the inaccuracies due to the needleebding, we would
like to add a fast segmentation tool that would allow to meage the needle
bending from several peroperative CT slices and to competedor it when
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using the system. Secondly, we plan to investigate the integion of an elec-
tromagnetic tracker in the current system and to evaluate & accuracy when
ferromagnetic distortions are compensated (using for exae the method in

[41]). However, in order to be useful in our system, such an Etvacker should

have an accuracy better than 2 mm. Finally, we are con dent tat this sys-

tem associated with a breathing motion simulator such as thene recently
described in [42] could provide an accurate guidance infoation during the

entire breathing cycle of the patient.
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