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Inter-Operative Biopsy Site Relocalization in
Endoluminal Surgery

Anant Suraj Vemuri, Stephane Nicolau, Adrien Sportes, Jacques Marescaux, Luc Soler, and Nicholas Ayache

Abstract—Barrett's oesophagus, a pre-malignant condition of suspicious areas in combination with systematic random four
the oesophagus has been on a rise in the recent years. Thequadrant biopsies (4QBs) every 2 cm along the length of the
standard diagnostic protocol for Barrett's involves obtaining Barrett's segment [2], [3]. In a typical surveillance endoscopy
biopsies at suspicious regions along the oesophagus. The localiza; . S . . o
tion and tracking of these biopsy sites “inter-operatively” poses the prlmary Ob_JeCt'Ve 'S_ the inter-operative relocallzathn (_)f
a Signi cant Cha”enge for providing targeted treatments and these blOpsy sites to gu|de the treatment. Often reloca“za“on
tracking disease progression. This paper proposes an approachis performed using the markings on the endoscope which
to provide guided navigation and relocalization of the biopsy is not accurate for three reasons. 1) The markings on the
sites using an electromagnetic tracking system. The characteristic endoscope are every 5 cm; 2) Depending on the position of the
of our approach over existing ones is the integration of an . ey '

EM sensor at the exible endoscope tip, so that the endoscopic patient the length inside th(_a oesgphagus can change b_etween
camera depth inside the oesophagus can be computed in real-two procedures; 3) The orientation of the endoscope is not
time, allowing to retrieve and display an image from a previous Xed inside the oesophagus (particularly the roll angle), so
exploration at the same depth. We rstly describe our system the accurate location of biopsy is hard to determine. The aim
set-up and methodology for inter-operative registration. We then of this paper is to provide a novel solution to such inter-

propose three incremental experiments of our approach. First, fi | lization i doluminal d involvi
on synthetic data with realistic noise model to analyze the error opeérative relocalization in endoluminal procedures involving

bounds of our system. The second orin-vivo pig data using Surveillance endoscopies.
an optical tracking system to provide a pseudo ground-truth.

Accuracy results obtained were consistent with the synthetic

experiments despite uncertainty introduced due to breathing A. Related Work

motion, and remain inside acceptable error margin according to “Inter- tive | lizati . . hall .
medical experts. Finally, a third experiment designed using data nter-operative localiza |9n In surgery 1S a cha englng.
from pigs to simulate a real task of biopsy site relocalization, and Problem. In gastroenterological procedures, the surgeon relies
evaluated by 10 Gl experts. It clearly demonstrated the benet on the anatomical landmarks (such as vasculature) and the

of our system towards assisted guidance by improving the biopsy distance from the gastro-oesophageal junction as recorded
site retrieval rate from 47.5% to 94%. using the markings on the endoscope to determine his or
Index Terms—Computer assisted intervention, gastro-intestinal her previous location. This approach heavily relies on the
(GI) endoscopy, Barrett's Oesophagus, biopsy relocalization, surgeon's experience to track a disease. One of the most signif-
electromagnetic tracking, video synchronization. icant dif culties arise from application of localized diagnostic
tools such as confocal microscopy [4], [5] or optical coherence
. INTRODUCTION tomography [6]. These tools, image at a surface area of about

ARRETT'S oesophagus is the pre-malignant dysplastﬁ:A' mm? and the su.rface to be explor.ed is more than 1200
condition that is considered to be the cause for o 1m? (note that a typical oesophagus diameter is a.b"“m?"’
sophageal adenocarcinoma [1]. The sequence of events fI’&W)' The_ lack of an _approach to _Iocate the previous biopsy
Barrett's oesophagus to adenocarcinoma has several stSlgs precl|sely has limited the localized tracking and treatment

encompassing low grade intra-epithelial neoplasia, and hi8 Barrett's oesophagus. . L

grade intra-epithelial neoplasia. Since its evolution SpanSSev_eraI, ap_proaches to track the b"?psy sitestrd-
many years, endoscopic surveillance for patients with BAtPeratively exist [7}-[11]; each of them relying on the recov-
rett's oesophagus has been advocated to detect neoplasif%f! the 3D structure of the anatomy and/or the repeatability
early and curable stages. In recent years endoscopic imadfidMage features, to map and track the biopsy sites as they
techniques have improved greatly. However, according to tJ&V€ in and out of the eld-of-view of the endoscope frame.
Seattle protocol, the gold standard approach of Comprehenéﬁ}@m et al. [10] employ epipolar geometry, Mountney et al.

endoscopic biopsy protocol involves direct sampling frorf ] Propose a simultaneous localization and mapping (SLAM)
based method. Atasoy et al. [8], propose a probabilistic

Anant S. Vemuri is with the IHU, Strasbourg at 1, Place d'Hopital, 67000egion matching approach in narrow-band images by using
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the biopsy sites. However, it is unclear how they providpreviously conducted intervention on a patient, we display a

spatial relations of the extracted segments inter-operativeljdeo frame from the previous intervention, that corresponds

Hence, the application of their result in the clinical contexb the location of the endoscope in the oesophagus during the

for relocalization seems limited. All the previously describelive intervention.

approaches have relied entirely on image based tracking oifn this section, II-A discusses the limitations of [17] and

image feature cues to provide tracking in Gl procedures. Howroposes a method to overcome them. II-B describes the data

ever, inter-operatively, temporal changes in tissue texture amchuisition and details the notation used in the rest of the

large deformation of the endoscopic scene are observed. Hepaper. Section II-C introduces the inter-operative registration,

repeatability of feature extraction, matching and tracking posk<D presents the estimation of orientation difference between

a signi cant challenge. matched locations in the trajectories and II-E brie y describes
To overcome some of these dif culties we propose herethe interface presented to the clinician.

method utilizing an Electromagnetic tracking system (EMTS)

for inter-operative re-localization. EMTS have been uses] Limitations of our previous approach

previously for medical applications [12]-[14]. EMTS offers

2 distinct advantages: rstlv it does not suffer from line- In [17], we used a single sensor, inserted into the endo-
f : kllt v dl g’t ' by ! v int Ltj d int I'bI scope channel, which posed dif culties in clinical settings.
orsight, secondly, 1t can be easlly Integrated Into exi efpter—operative registration was performed using the complete
instruments and thus employed for tracking under deforma%gsophagus trajectory from the exploration with the gastro-

conditions. Several studies have been published demonstra%r%%ophageal junction (GOJ) as the anatomical landmark. This

the_accuracy .OT EMTS. I-_|owever_ depgndmg on the SurgICr%quired the expert to necessarily reach the GOJ rst before
environment, it is susceptible to distortions, but methods ha ceiving any guidance. This however is not always possible;

been proposed in literature [15], [16] to overcome thesnei case of oesophagus stenosis due to a tumour, for instance. It

Chﬁ:'?;]igesé er propose a solution for two aspects of the ris_also a constraint since the clinician may come across lesions
IS paper prop e P Before reaching the sphincter, and may prefer to treat them
localization problem, rstlyw.r.t position in the oesophagus.

. ) . iately. Additionally, th i iation in h
and secondly the orientation at that position. We present hérpemedlatey dditionally, the combined variation in head and

_ : . Heck orientation introduces an uncertainty that is dif cult to
a signi cant extension on an earlier work [17], where we ha

- . . model. In fact, the patient is not always lying in supine position
g:'g;?]?slg dlztsrc;g”gvevi tm s”as)vp;r(r)]?c:li L??hreel?:nﬁgttigispgfga rélsnd can be set in decubitus lateral, depending on the surgical
9 ' ' gniig conditions making the orientation compensation (II-D) from

previous approach and propose usage of two supplementﬁl{ 3D endoscope trajectory alone unreliable.

fne(:ti(())rds Itrc]) g\lj(rarcs:g:r-\:p'thzlogr%b\lﬂgx %Srec;t:tfr?] Lz?:lsgtr"’:%]Here we propose an alternative using two additional sensors.
o . : o ) ne sensor is attached at the Suprasternal (or Jugular) notch.
qualitatively evaluated with a.qu.est|onna|r.e in [17]; we P9 is the anatomical landmark located at the superior border of
pose here two sets (.Df quan't|tat|ve experiments on synthet%% manubrium of the sternum, between the clavicular notches.
and real-data from pigs to rigorously evaluate our guidan e second sensor is attached along the sternum about 10-15
platform. Finally, in IV, we prov_ide a re_al_istic qualitative_cms below the Jugular notch. The third sensor is inserted in
assessment of our system on pigs by clinical experts USIB%% of the channels of the endoscope, as in our previous work.

biopsy sites simulated by coagulation device. Fig. 1 shows the placement of the sensors on the patient.
Il. SYSTEM SETUP AND APPROACH

The system setup consists of an NDI AurBrdracker. It
comprises of a box-type electromagnetic eld emitter (EMFE), The process of acquiring data during an intervention in-
three EM sensors (two Aurora 6-DOF Cable Tools and a@lves a synchronized capture of video from the endoscope
Aurora 6-DOF Catheter, Type 2), an EM control interfacednd tracking data from the EMTS. For each corresponding
a titanium arm to mount the EMFE and a dual channel Kappsition of the endoscope in the oesophagus, the corresponding
Storz exible endoscope. The EMFE is a box which generat@§sition of (all three) sensors is recorded into a database.
an EM eld to track the sensors. The range of the EMFE is i should be noted that the accuracy of the EMTS falls
cubic region of volume 50 x 50 x 56m? in front of it. An When tracking fast moving objects [18]. Hence, any tracking
EM sensor is a copper wire shielded in a rubber sheath ofiata above a certain velocity threshold (10 mm/sec, as was
mm (diameter). The EM tracker is connected to the EMFE astfggested in [18]) was discarded. We de ne a recording of an
EM sensors and provides an interface with the computer. Tiervention () as a collection of the following four items;

EM sensors provide 6-DOF pose information which includesl) The trajectory of the endoscopic sensor in the oesophagus
3D position and 4D quaternion. The EMFE is mounted onto T = fPE 2 R%RE 2 SO@3); i 2 [1;N]g for N

the titanium arm and is positioned 6 cm above the desired points recorded on the oesophagus trajectory, wtgFe;
working volume. = position andRE = orientation as generated by the EM

Our navigation system aims to provide inter-operative video sensor.
synchronization for a live intervention with an intervention 2) A collection of sensor positions for the external land-
performed a few months prior. The goal of our video syn- marks on the Jugular notcl. {) and the sternumL(g)
chronization approach is; given a video recording from a for each corresponding positioR) of the endoscopic

B. Data acquisition
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Sternum Sensao
Jugular notch Sense

Fig. 1. Placement of sensors (left) and System setup (right).

sensoriLag = fPA;PEB 2 R%RA;RB 2 SO(3); i 2 the reference frames of the EMTS in these two interventions

[1;N]g. have to be registered. We accomplish this by performing a
3) Set of images recorddd=[11;:::Iy] in the oesophagus rigid registration betwee; and D,. However, there is an
at each position of the endoscopic sensor. uncertainty in the positioning @2 andPE for planeD,, | =

4) Tag for the entryk 2 [1;N] in T and Lag , which [1;2]. Hence instead of performing a point based registration,
corresponds to the shortest distance from the endoscopie represent the planB, using a reference point and two
sensor to the sensor at the jugular notch. As we movectors as,
along the oesophagus, the distance of the pfatfrom
P2 rst decreases monotonically and then increases. The
index k marks the position at which this distance is a D, [PA:nl = PAPB:n, = nl PAPE] (1)
minimum. k identi es a reference planeX) formed by ] ] ] .
the three senso® = fPE;PA; P2 ;2 R3g as show in We use this representation to perform the inter-operative
in Fig. 1. The entrk is computed at the beginning of the'€gistration (1 with 1, T 2 SE(3)), which is performed
procedure. For notational simplicity we drop the sukx on-line, once at the beginning of the procedure. So, there are
and represent reference planel@s= fPE:PA:PB;2 NO additional steps to initialize the video synchronization. If

R3g. D is used for inter-operative registration as will bdhere is a signi cant movement of the patient as noted from
explained in II-C. change inDy, k, in item (4), is recomputed and registration is
The rst intervention acquisition usually contains many€rformed again.
back and forth movements inside the oesophagus, and the
entire recording thus contains plenty of quasi-superimposed
trajectories (within a distance of 1-2 mm). Here we assume
that the video has been sorted and only single smooth con
tinuous trajectory has been extracted and annotated. This' .
preliminary work of sorting the rst exploration is not the - Qs
focus of this paper and will be tackled in future work. Further
details will be discussed in V. In our experiments sSmooth... . ¢«
motion was performed to avoid such a situation. N

C. Inter-operative synchronization _ _ _ _ _
. . . . . . . Fig. 2. Formation of the reference frame for an interventipn The point
To synchronize (live) interventiohy, which is updated in c’is computed as barycentre of points in a sphere of radius 5mm (chosen

real-time, with|, (intervention performed 3 months prior),empirically) centred at the closest point found.
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After the registration of the reference frames of the patient
in 11 with I ,, a spatial correspondence between the sensor
position in live fromT; 2 1 1 is made withT, 2 1 5, by a
search for the closest neighbour (in euclidean space). Due to
small movement of the endoscope tip (yaw and pitch motion)
along the cross-section of the oesophagus, the trajectories are
not completely smooth. If we use only the euclidean distance
to compute the nearest neighbour, it can lead to false matches
along the oesophagus as depicted in Fig. 3. Globally, the
trajectory of the endoscope in the oesophagus is suf ciently
linear alongn), computed in Eg. (1). Hence to alleviate
the false matches during synchronization, the search space
is constrained along} (= 4mm chosen empirically) using
T,Prelected a5 in Eq. (2) and as shown in Fig. 3.

Actual

False Match

. Recordec
w

- \ Constrained .
search space ann'

T,Prolected = hnki 12 [12] )
Th | t iahb th . th di bFi . 3. False match using euclidean distance. The dotted line indicates the
€ closest neighbour then gives the corresponding DEpkest matched point using euclidean distance. However, the actual match is

matching image of the region in the oesophagus. Let thether away as shown above.
function for nding the closest neighbour be denotedfhyin
particular, the matched images that were tagged (perforn=®
of ine by the GI expert) to contain locations of biopsy sitesg
provide the Gl specialist a more localized region for reviev
Fig. 4 presents an example result of the synchronization.

D. Orientation Correction

Depending on the orientation of the patient (decubitt
lateral or supine), the EMTS setup, and the orientation of tl
endoscope in the oesophagus; the view inside the oesophe
could be rotated when matching the live and a record:
interventions. After the inter-operative synchronization, col
sidering a match for the™ pointfPE;RE g 21, andv™
pointfP\szEzg 2 1, was obtained; we propose to estimat.
the correction in orientation of |magk$ 2 12 wrt image Fig. 4. Application view as presented to the Gl expert. (a) Frame indicating

152 11. Now for RE;l and RE;z (corrected withT from II-C),  the 3D view containing the trajectory of the sensor in the oesophagus. (b)
the residual orientation can be computed as, Live video frame from the endoscope. (c) The corresponding matched image
from a previous intervention. (d) Displays the map of biopsy sites from
_ E 1 E interventionl » in dark black circles and the current position and orientation
R= ( Ru; 1 ) I.'?v;z (3) of the endoscope in the oesophagus by bright green circle.
The image orientation correction can then be estimated from
lthe_ roll angle (¢) by_ decomposinj_& intp Euler angle. fqrmu- E. Application interface
ation. However, this decomposition is not stable; since the
estimation of . depends on the complete decomposition into Fig. 4 presents a view of the application available to
yaw-pitch-roll. Since, during an intervention the endoscogbe clinician during the procedure. There are four parts to
can perform yaw and pitch motion which would affect théhe interface; 1) The 3D-view, depicting the recorded 3D
estimated roll angle in case of a direct estimation frBn position of the EM sensors during the live interventionand
An ideal case would be to dissociate the effect of yaw-pitgbreviously recorded interventioh,, 2) the live endoscopic
combination when estimating the roll angle.X To achieve imagefl, 2 Iy : 11 2 | 19, 3) the corresponding matched
this we propose the following approach. imagefl, 2 1, : 1, 2 | ,g and, 4) the map of the biopsies
Considering the component vectors of the orientatiotaken duringl ;. The biopsy map is an important aspect of
RE1 = (ny ; ny; ny) andRE, = (ny ; ny ; ny). To the interface since it facilitates plotting the biopsy points in a
effectively estimate the rotation about by reducing the context clearly understood by a clinician. We brie y explain
effects due to angle betweery andnY, we compute rstly here the generation of this biopsy map.
the projectionsnyP and ny?p“’j on thenyny plane, as It consists of concentric circles, with each annuli depicting
shown in Fig. 5 and compute the roll anglg;=( + )=2, regions of depth of 5 cms inside the oesophagus. The circle
aboutn! required to align vectorgnyPro ; ny?pmj ) with in the centre depicts theline (gastro-oesophageal junction).
(ng; ny). This gives the estimate for orientation differenc®uring an interventiorl ;, each biopsy point is rst mapped
between the endoscope position in live interventianand onto the corresponding annulus. The orientation anglg ,

the corresponding match computed in II-C. is estimated as the angle between the patient's reference frame
























