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Abstract

Significance: Endoscopic optical coherence tomography (OCT) enables real-time optical biopsy
of human organs. Endoscopic probes require miniaturization of optics, which in turn limits field
of view. When larger imaging areas are needed such as in the gastrointestinal tract, the operator
must manually scan the probe over the tissue to extend the field of view, often resulting in an
imperfect scanning pattern and increased risk of missing lesions. Automatic scanning has the
potential to extend the field of view of OCT, allowing the user to focus on image interpretation
during real-time observations.

Aim: This work proposes an automatic scanning using a steerable OCT catheter integrated with
a robotized interventional flexible endoscope. The aim is to extend the field of view of a low-
profile OCT probe while improving scanning accuracy and maintaining a stable endoscope’s
position during minimally invasive treatment of colorectal lesions.

Approach: A geometrical model of the steerable OCT catheter was developed for estimating the
volume of the accessible workspace. Experimental validation was done using electromagnetic
tracking of the catheter’s positions. An exemplary scanning path was then selected within the
available workspace to evaluate motion performance with the robotized steerable OCT catheter.
Automatic scanning is compared to a teleoperated one and a manual scanning with a nonrobo-
tized flexible endoscope. Spectral arc length, scanning area, spacing between scan trajectories,
and time are metrics used to quantify performance.

Results: The available scanning workspace was experimentally estimated to be 255 cm3. The
automatic scanning mode provided the highest accuracy and smoothness of motion with spectral
arc length of −3.18, covered area of 10.11 cm2, 1.54 mm spacing between 15 sweep trajectories,
maximum translation of 27.99 mm, and time to finish of 3.11s.

Conclusions: Automatic modality improved the accuracy of scanning within a large workspace.
The robotic capability provided better control to the user to define spacing resolution of scanning
patterns.
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1 Introduction

Optical coherence tomography (OCT) is an imaging technology that has been widely developed
primarily for ophthalmology.1 To achieve volumetric images of the retina, external galvo mirrors
are implemented to scan a near-infrared light over the posterior part of the human eye in a non-
contact way.2 The obtained detailed information about the structure of the eye in healthy and
diseased conditions enabled new treatment approaches that required extreme precision of
gestures.3 This motivated the first work combining robotics and OCT to assist in ophthalmic
procedures and to improve image acquisition through stabilization of the OCT probe with respect
to the target.4 Similar to ophthalmology, the vast majority of prior work in the use of OCT in the
digestive system was focused on improving the diagnosis of digestive diseases.5 The advance-
ment of new imaging methods enabled early diagnosis, which in turn allowed minimally invasive
treatment with flexible endoscopes in the gut.

Endoscopic OCT catheters are conventionally inserted into the digestive system using a
working channel of a white light (WL) endoscope.6–11 To obtain OCT volumetric information,
the side-focused optical probe inside of a static sheath is rotated and pulled back. The sheath can
have a form of a balloon, a low-profile tube, or a capsule.12–14 The working distance is typically
located few hundred micrometers outside of the sheath. A cylindrical area defined by the length
of the pullback stroke and the working distance of the optics defines the optical scanning area.
Endoscopic OCT with balloon catheters was commercialized for imaging of a distal section of
the esophagus where Barrett’s esophagus is typically located.15 In this design, a scanning area
ranges from 26.38 to 37.7 cm2, considering 6 cm pullback and balloon diameters between 14
and 20 mm.16 The scanning range of low-profile catheters, on the other hand, is much smaller,
with a coverage area of 4.40 cm2 for an outer diameter of 2.33 mm and pullback length of
6 cm.16 Thus the endoscope and WL images have to be used to position the OCT probe in the
area of suspicious lesions. Tethered capsule endomicroscopy (TCE) does not require an endo-
scope for insertions, and it provides the largest coverage area of 60 cm2 with an outer diameter of
12.8 mm and 15 cm of manual pullback length.14

With low-profile and balloon catheters, examination of larger sections of the internal organs
can be obtained by repositioning the probe, which still presents several challenges. The balloon
OCT catheters can be deflated, advanced in the esophagus, and inflated again but it does not
allow for insertion of any other tools and it blocks WL camera view during examination. Low-
profile catheters do not interfere with the endoscopic camera view, and the endoscope can be
used to manually move the probe over the tissue for scanning. However, such manual scanning
will cause the endoscope head to move, which can be a problem for visualization during endo-
scopic treatment procedures. TCE does not require an endoscope for insertion but its displace-
ment highly depends on the action of swallowing by the patient, peristalsis, and manual pulling
of the tether. It is also expected that manual scanning will have limited capabilities, especially in
terms of sampling uniformity. As an example, a manual pullback in TCE was not sufficient for
en-face reconstruction, and a short inner pullback was proposed to overcome this problem.17

Correct sampling is crucial in any medical imaging technology for optimal image reconstruc-
tion and visualization.18,19 As OCT collects a one-dimensional information in a single measure-
ment, scanning is needed for obtaining volumetric information. In comparison to ophthalmic
imaging, endoscopic OCT requires miniature scanning mechanisms. Depending on the design,
various scanning patterns can be found in the literature, such as raster, circular, spiral, and
Lissajous scanning.20–25 In order to achieve such microscan patterns, micromirrors have been
implemented with microelectromechanical systems (MEMS) based on electrostatic,24,25 electro-
magnetic (EM),26 and electrothermal actuation,27,28 as well as actuation of lensed fibers using
piezoelectric devices,29,30 micromotor,31 and proximal actuated fiber optic rotary joints.32

Various side-viewing and forward-viewing designs of endoscopic probes have been demon-
strated in the literature.5,33 The field of view provided by microscanners is limited to a few milli-
meters due to the miniaturization requirements to fit the probes into endoscopic channels, typical
outer diameters of 2.8 mm are used in gastroscopes.5 OCT probes have also been implemented in
smaller devices such as needles with diameters under 1 mm.34 When imaging larger areas is
required, as in the case of the digestive system, the limited field-of-view forces the operator
to manually move the probe to reach nonvisible areas so that precisely controlling the motion
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of the probe from a long distance is difficult due to lack of fine control and lack of 3D perception.
Moreover, friction in the mechanisms hinders scanning uniformity, resulting in an irregular
pattern. Similar problems are also typical for other microscopic techniques, like probe-based
confocal endomicroscopy (pCLE). Zhang et al. integrated pCLE and OCT for control of the
da Vinci surgical robot and performed extended field-of-view image scans with both optical
technologies during laparoscopic procedures.35 Giataganas et al.36 described a robotic scanner
capable of performing programmed trajectories exceeding pCLE field of view and achieving
3 mm2 of scanning area for breast tissue. Giataganas et al.37 also proposed a force-controlled
pick-up probe for integration with the robotized da Vinci instruments in intraoperative endomi-
croscopy imaging. The device is intended to maintain constant contact between the porcine
colon tissue and the imaging probe, improving optical scans over large and complex surfaces.
Draelos et al.38 reported the implementation of a robotized OCT probe to align and stabilize OCT
image acquisitions of a moving target for ophthalmology.

Image stitching techniques have been proposed to reconstruct the imaging area of an
extended field of view.39–43 As an example, Lurie et al.30 demonstrated expanding the field
of view of a scanning forward-viewing endoscopic OCT catheter from 0.95 mm2 spiral pattern
to cover an area of 19 mm × 10.4 mm intended for cystoscopy. The extended field of view was
achieved by stitching images obtained after manual repositioning of the probe. To extend the
field of view of endoscopic micro-optical imaging devices, automatic scanning systems have
also been proposed. For instance, Rosa et al.44 developed a robotic imaging system to increase
the field of view of a probe-based confocal laser endomicroscopy from 200 μm × 240 μm
diameter to 1700 μm × 1700 μm by performing automatic raster scanning over ex vivo
abdominal tissue.

The aforementioned solutions to extend the field of view of optical imaging benefit from the
robotic systems developed to decrease complexity of minimally invasive surgical procedures.
One such system is a robotized flexible endoscope designed for minimally invasive endoscopic
treatment by endoscopic submucosal dissection of an early-stage colorectal cancer.45 This
robotized system, however, relies only on WL camera imaging to find and delineate the lesion.
OCT has the potential of providing in situ optical biopsy, but considering that the diameter of the
colon can be up to 9 cm in the cecum46 extended field of view is crucial to assist during the
procedure.

Here we propose an automatic scanning with a steerable OCT catheter to improve imaging
performance while scanning areas larger than the field of view of a low-profile OCT probe. The
device implements custom endoscopic OCT system with proximal rotational scanning for im-
aging in gastrointestinal applications. First, we formulate a geometrical model of the steerable
OCT catheter that we use for the estimation of the volume of the accessible optical scanning
region, which corresponds to the steerable catheter workspace. The model is based on previously
published modeling of active catheters,47 a common concept in robotics and being adapted here
for optically imaging catheters. The OCT imaging workspace that can be achieved thanks to
three degrees of freedom (DoF) is a volumetric region validated experimentally using an
EM tracking of the catheter’s position. We select from the available workspace a scanning path
designed for examination of lesion margins with the robotized flexible endoscope and the steer-
able OCT catheter. We compare the trajectory performance obtained in the automatic mode to the
performance obtained by a trained user operating the device in the teleoperation mode. We also
compare it with the performance using a conventional manual endoscope equipped with a
nonsteerable low-profile OCT catheter. To analyze the performance of different scanning settings
we propose to use the spectral arc length as a quantitative metric for smoothness of motion.
This metric measures the arc length of the Fourier magnitude spectrum of the speed profile
of a robotic tool. Spectral arc length quantifies smoothness of motion and it is independent
of the amplitude, duration, and trajectory. It has been previously demonstrated to be robust and
consistent for analysis of smoothness of motions in sport science, psychology, and neuro-
rehabilitation,48 as well as for skills analysis in surgery49 and assessment of performance in
robotic systems.50,51 The smoothness of motion is an indicator of the distribution uniformity
of data acquisition. Scan area, spacing, number of sweep trajectories achieved, translation, and
time to finish are also considered in this work to measure scanning performance.
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2 Methods

2.1 Workspace Model

The workspace of a robotic system is defined by Waldron and Schmiedeler as “the total volume
swept out by the end-effector of a robotic manipulator as it executes all possible motions.”52

The end-effector in the steerable OCT catheter corresponds to the focusing optics at the distal
end of the probe. In this paper, we call scanning workspace the total volume that can be reached
by the robotic OCT manipulator as all DoFs sweep their complete stroke with respect to the
output of the instrument channel. The steerable OCT device is an active catheter of piecewise
constant curvature53 that consists of 11 links in the distal end54 driven by two antagonist cables
(Fig. 1). The position of the OCT imaging probe depends on a bending section of length L that
can be bent by an angle β in a plane, whose orientation can be defined by rotation ϕ. Moreover,
the tool can be translated by a quantity ΔT in the bending plane. The radius of curvature of the
bending section is denoted as R with L ¼ Rβ.

The position of the focusing optics is separated from the distal end of the bending section by a
rigid part with length I. This distance can be varied by an internal translation of the probe that
pulls back the focusing optics (ΔI) placed inside the static outer sheath. The position of the
focusing optics in the rigid section is then given by I ¼ I0 þ Imax þ ΔI. The four variable param-
eters have the following ranges: β ¼ ½−90;90� deg, ϕ ¼ ½0;360� deg, ΔT ¼ ½−Tmax; 0� mm,
and ΔI ¼ ½−Imax; 0� mm.

The position of the tool’s tip with respect to the base of the bending section is given by
Eqs. (1) and (2) in terms of the bending angle, whereas Eq. (3) sets the y-coordinate of the
tool’s tip in the bending plane with respect to the endoscopic channel illustrated in Fig. 1.
Deduction of Eqs. (1) and (2) is based on the work of Jones et al.47,53

EQ-TARGET;temp:intralink-;e001;116;441xI ¼
2L
β

�
sin

�
β

2

��
2

þ I sinðβÞ; (1)

EQ-TARGET;temp:intralink-;e002;116;384yI ¼
L
β

sinðβÞ þ I cosðβÞ; (2)

Fig. 1 Distal end of the steerable OCT catheter of piecewise constant curvature. It consists of a
bending section of length L made of 11 links and a rigid segment of length I.
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EQ-TARGET;temp:intralink-;e003;116;723y�I ¼ yI þ Tmax þ ΔT: (3)

In the case when the tool is straight (β ¼ 0) with no retraction translation (ΔT ¼ 0), then xI ¼ 0

and y�I ¼ Lþ I þ Tmax.
Figure 2(a) shows a cross-sectional view of the workspace described by Eqs. (1)–(3). The

steerable OCT tool is shown in three limit positions: straight with no translation (most extended)
of the tool (red), maximum bending with no translation (yellow), and maximum bending with
maximum translation, i.e., most retracted (blue).

The contour of the workspace in the bending plane can be decomposed into the following
paths (Table 1) that are presented as a function of the DoF PðΔT; β;ΔI;ϕÞ:

• P0 ¼ Pð0;0 deg; 0;0 degÞ is the position when the tool is straight and fully extended out
of the endoscopic channel.

• PA ¼ Pð0;−90 deg ≤ β ≤ 0 deg; 0;0 degÞ is the path achieved by bending from 0 deg to
−90 deg, and no retraction translation, pullback, or rotation.

• PB ¼ Pð−Tmax ≤ ΔT ≤ 0;−90 deg; 0;0 degÞ is the path achieved by translating from 0
to −Tmax while keeping the bending at β ¼ −90 deg, and no pullback of the OCT probe or
rotation of the tool.

Fig. 2 (a) 2D view of the workspace model of the steerable OCT catheter. The figure shows three
limits configurations: the straight position, maximum bending at 90 deg and at maximum trans-
lation–maximum bending at −90 deg. (b) 3D representation of the workspace. (c) 2D view of the
unreachable workspace.

Table 1 Path of the probe tip as a function of the DoF while keeping
ϕ ¼ 0 .

Path ΔT (mm) β (deg) ΔI (mm)

PA 0 −90 ≤ β ≤ 0 0

PB −Tmax ≤ ΔT ≤ 0 −90 0

PC −Tmax −90 −Imax ≤ ΔI ≤ 0

PD −Tmax −90 ≤ β ≤ 0 −Imax

PE < −Tmax −90 ≤ β ≤ 0 −Imax
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• PC ¼ Pð−Tmax;−90 deg;−Imax ≤ ΔI ≤ 0;0 degÞ is the path achieved by pulling back
the OCT probe from 0 to −Imax while keeping the tool at ΔT ¼ −Tmax, β ¼ −90 deg,
and no rotation.

• PD ¼ Pð−Tmax;−90 deg ≤ β ≤ 0 deg;−Imax; 0 degÞ is the path achieved by bending the
angle β from −90 deg to 0 deg while keeping retraction translation at ΔT ¼ −Tmax, OCT
probe pullback at ΔI ¼ −Imax and no rotation of the tool.

• PE ¼ PðΔT < −Tmax;−90 deg ≤ β ≤ 0 deg;−Imax; 0 degÞ corresponds to the case
where the tool is fully retracted into the endoscopic channel, this path is achieved by
performing a synchronized motion between retraction translation of the tool beyond
maximum translation −Tmax for ΔT < −Tmax and bending β from −90 deg to 0 deg,
whereas keeping the OCT probe pullback in ΔI ¼ −Imax in the bending plane ϕ ¼ 0 deg.

The tip of the tool can be positioned at any place enclosed into the limiting regions in
Fig. 2(a), where there is no kinematic singularity within the motion ranges of the actuators, thus
the entire workspace can be covered. A proof of no singularity can be found in chapter 8 in the
Elsevier Handbook of Robotic and Image-Guided Surgery.55 The dark gray color region in
Figs. 2(a) and 2(b) represents the region that is not reachable by the tip of the tool.

The y-axis distance that separates the endoscopic channel and the tip of the instrument
in PC is indicated as u, it delimits the unreachable workspace and also corresponds to the radius
of the bending section of the tool when β ¼ �90 deg. A 3D model of the envelope of the
workspace shown in Fig. 2(b) is obtained by varying the rotation angle of the tool
ϕ ¼ ½0 deg; 360 deg� for every path case of the upper half of the plane above the central axis
l2, this axis is parallel to the extended straight position of the tool described in Fig. 2(a) and
Table 1. The paths denoted by P 0

ðA;B;C;D;EÞ correspond to the mirror positions of the tool with

positive values of β.
The volume covered by the full rotation of the surface Sp delimited by PA, the axis l1

perpendicular to l2 (dashed lines) and l2 is denoted by VA, whereas VB refers to the volume
spanned by rotation of the surface covered by paths PB, PC, PE and axis l1, l2. VU corresponds
to the volume of the unreachable workspace in dark gray color. VUB is the union of vol-
umes VU ∪ VB.

The volume of the workspace covered by the robotized OCT device is given by Eq. (4),
where VT refers to the total volume and is composed by the addition of VA and the cylindrical
volume VUB and the subtraction of the volume of the unreachable workspace VU as illustrated in
Fig. 2(a)

EQ-TARGET;temp:intralink-;e004;116;325VT ¼ ðVA ∪ VUBÞ − VU: (4)

The volume VA is delimited by the hatched area Sp in Fig. 2(a), for which the bending angle is
actuated for the range β ¼ ½−90 deg; 0�, and by the full range rotation ϕ ¼ ½0°; 360°�, whereas
there is no retraction translation (ΔT ¼ 0) and no OCT probe pullback (ΔI ¼ 0). Therefore,
based on the theorem of Pappus for volumes of revolution,56 the volume VA can be computed
by taking the area Sp defined in Eq. (5) and performing full rotation about the y-axis [Eq. (6)]
following a circumference defined by 2πx, where x refers to the arithmetic mean of the positions
of the hatched area along the x axis

EQ-TARGET;temp:intralink-;e005;116;203Sp ¼
Z

0

−π∕2
ðyIðβÞ − uÞx 0

IðβÞdβ; (5)

EQ-TARGET;temp:intralink-;e006;116;140VA ¼ 2πxSp: (6)

In Eq. (5), u has been subtracted from yIðβÞ to compute Sp, this is based on Fig. 1 where yIðβÞ
represents the y component of the position of the tip, whereas x 0

IðβÞ the derivative of the x com-
ponent in parametric format. Figure 2 shows the position of the x–y base frame related to Fig. 1.
Computation of x is defined by Eq. (7) and its demonstration can be found in a general calculus
book, for this article we based our computation on the book Calculus 10th edition, page 395 by
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Anton and Davis.56 Positive values of bending angle β are used for simplicity in the integration
limits, as this will not affect the result.

EQ-TARGET;temp:intralink-;e007;116;711x ¼
R π∕2
0 xIðβÞðyIðβÞ − uÞx 0

IðβÞdβR π∕2
0 ðyIðβÞ − uÞx 0

IðβÞdβ
: (7)

The volume VUB is delimited by the cylindrical region formed by the surface enclosed into r1, u,
PB, l1, l2 [Fig. 2(a)] and spanning the full rotation angle ϕ ¼ ½0 deg; 360 deg� with the tool
about l2. VUB is defined in Eq. (8) as

EQ-TARGET;temp:intralink-;e008;116;626VUB ¼ πr21ðTmax þ jujÞ: (8)

The unreachable workspace VU is composed by the volume of the regions U1 and U2 in
Fig. 2(c). The volume VU1

is described by a ring geometry as

EQ-TARGET;temp:intralink-;e009;116;569VU1
¼ πðr21 − r22Þu: (9)

The volume VU2
is computed with the theorem of Pappus for volumes of revolution, taking the

area of the regionU2 and performing a revolution around the y axis. The radius R is kept constant
to R ¼ L∕ðπ∕2Þ, and ΔI ¼ −Imax in Eqs. (1) and (2) with −90 ≤ β ≤ 0. Then the computation
procedure is the same as for VA: computing the centroid x using Eq. (7) with u ¼ 0 rewritten in
Eq. (10), then computation of volume VU2

with Eq. (6). The volume of the unreachable work-
space is given by Eq. (11)

EQ-TARGET;temp:intralink-;e010;116;463x ¼
R π∕2
0 xIðβÞðyIðβÞÞx 0

IðβÞdβR π∕2
0 ðyIðβÞÞx 0

IðβÞdβ
; (10)

EQ-TARGET;temp:intralink-;e011;116;401VU ¼ VU1
þ VU2

: (11)

Finally, the total volume of the workspace is computed by adding VA to VUB and subtracting VU

as expressed in Eq. (4).

2.2 Experimental Workspace Validation

The experimental validation of the workspace was achieved using the Aurora EM tracker from
NDI Digital, Inc. and two sensor coils (610060). One sensor was positioned at the tip of the OCT
catheter, which matches the position of the optical probe at ΔI ¼ 0, and the other one was placed
at the exit of the endoscope channel [Fig. 3(a)]. This sensing configuration allows for the col-
lection of the optical probe positions with respect to the output of the instrument channel while
performing motion patterns for the three DoFs of the tool: bending, rotation, and translation. The
sampling rate of the EM tracker was 40 samples per second. The experimental set-up is shown in
Fig. 3(b) with the steerable OCT tool set to a maximum bending of 90 deg.

2.3 Automatic Scanning Strategy

One of the advantages of the robotic OCT catheter is the capability of implementing pro-
grammed trajectories preoperatively defined by the user, which can then be performed automati-
cally under the supervision of the user. To assess this point, we proposed an experiment where
the steerable OCT catheter will automatically follow a given reference trajectory. We compare
the automatic scanning to a scanning effectuated under direct user control using a teleoperated
robot, and manually using a conventional endoscope (Fig. 4). The proposed experiment requires
three elements described below: a reference trajectory to be followed, performance metrics for
evaluation, and a dedicated experimental setup.
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2.3.1 Reference trajectory

The reference trajectory was designed in order to allow scanning a given area and detect small
lesions. It is shown in Fig. 5(a). The reference path is composed of 15 repetitions of an elemen-
tary back-and-forth sweeping, with a spacing of 2 mm in translation, therefore covering a total
distance of 28 mm. Note that during this motion of the tool, the OCT probe implements rota-
tional scanning to constantly acquire OCT frames. The elementary movement consists of the
bending motion of the OCT tool from the straight position to a maximum bending angle of
90 deg (later referenced as a sweep), then returning back to the straight position while performing
synchronized translation of the tool by ΔT ¼ −2 mm, the negative value indicating retraction

Fig. 4 Schematic drawing of the distal tip of the endoscopic system with inserted OCT probe (top
row) and operation type (bottom row) for (a) automatic, (b) teleoperation, and (c) manual
configuration.

Fig. 3 (a) Picture of the distal end of the robotized interventional endoscope with the steerable
OCT catheter, the tool is in a straight position with marked location of two sensors of the EM
tracker. (b) The steerable OCT catheter in 90 deg bending angle configuration.
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direction. ΔT was chosen so that the spacing between lines can be seen by the user on the WL
images in manual and teleoperated modes.

The speed of the reference trajectory is set so that a sweep is performed in 3s, which allows
recording sufficient datapoints for assessing the trajectory with the EM sensor on the tooltip,
whereas being possible to perform in the three control modes. It is, however, not constant.
Indeed, achieving a high smoothness of the scanning speed is important to avoid abrupt speed
scanning changes resulting in an irregular spatial sampling. We chose a sinusoidal variation of
the bending angle from 0 deg to 90 deg for tissue scanning [Fig. 5(b)] as reference for maximum
smoothness. Figure 5(c) shows the expected speed profile for one sweep.

2.3.2 Evaluation metrics

To compare the automatic scanning to the teleoperated and manual modes, we use the mean
spacing between sweeps s, the number of performed sweeps sw, the coverage area A, the time
per sweep t, and the spectral arc length ηSAL.

To calculate the spacing between actual sweep paths s, first a curve was fitted to each sweep
path recorded using the EM tracker to have a uniform spatial sampling of each path. Then the
smallest distance to the adjacent curve was found for points sampled on the path. The mean value
s of the spacing was computed for 11 points between each pair of curve paths. The same data was
used to compute the number of sweeps actually performed sw, (which can vary especially in the
teleoperation and manual modes), as well as the average time t. The coverage area A was com-
puted by subtracting the area resulting of integrating the curve represented by the higher posi-
tions from the curve with lower positions in Fig. 5(a).

Fig. 5 (a) Spatial reference trajectory with bending angle from 0 deg to 90 deg, translation of
28 mm and spacing of 2 mm. (b) Sinusoidal evolution of the bending angle for one sweep.
(c) Expected speed profile for each sweep trajectory of the probe tip. (d) Spectrum of the speed
profile.
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Smoothness of motion is an important element when considering micro-probe scanning. This
was quantified using the spectral arc length metric that measures the shape of the spectrum signal
of the speed profile in a given movement, and it is independent of its amplitude and duration. It
was previously introduced by Balasubramanian et al.48 and defined in Eq. (12) for a given move-
ment. ωc corresponds to the frequency band occupied by the movement, VðωÞ is the Fourier

magnitude spectrum of the speed profile, and V̂ðωÞ is the amplitude normalized magnitude spec-
trum. This metric has been used to measure motor recovery in patients affected by neurological
diseases, and also for quantifying robotic catheter performance50,51

EQ-TARGET;temp:intralink-;e012;116;638η ¼ −
Z

ωc

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1

ωc

�
2

þ
�
dV̂ðωÞ
dω

�2
s

dω V̂ðωÞ ¼ VðωÞ
Vð0Þ : (12)

To assess movement smoothness during the whole trajectory, but without undue influence of
abrupt trajectory changes at the beginning and end of each sweep, we compute the value of
η for each single sweep trajectory. The average spectral arc length for each sweep, was then
computed using Eq. (13) and reported as the average smoothness of motion performed during
the whole scanning trajectory

EQ-TARGET;temp:intralink-;e013;116;526ηSAL ¼ 1

sw

Xsw
i¼1

ηðiÞ; (13)

where ηðiÞ is the spectral arc length for a given sweep i.
Figure 5(d) shows the expected Fourier transform for the speed profile in Fig. 5(c) corre-

sponding to the one sweep reference trajectory in Fig. 5(a). A motion with lower smoothness will
add extra components to the spectrum, resulting in a longer spectral arc length, so that a value
closer to zero means higher smoothness of the motion. The theoretical highest value of ηSAL was
computed as −2.17 with Eq. (12), then using Eq. (13) to calculate the average of the spectral arc
lengths of all spectra corresponding to the reference sweep trajectories in Fig. 5(a), the speed
profile spectrum for one sweep trajectory is represented in Fig. 5(d). A spectral bandwidth of
20 Hz was used because the sampling frequency of the EM tracker is 40 Hz.

2.4 Experimental Setup for Testing Scanning Trajectories

The reference trajectory described in Fig. 5 has been experimentally effectuated in the automatic
mode and compared to teleoperation and manual scanning (Fig. 6). Both the automatic and tele-
operated trajectories were performed with a robotized flexible endoscope, based on an interven-
tional endoscope from Karl Storz. The steerable OCT catheter was inserted through one of the
two instrument channels. In the automatic mode, the predefined trajectory was scanned auto-
matically without any user intervention. In the teleoperation mode, the user manipulated the
OCT catheter using a remote master controller. The performance of the automatic and teleop-
erated OCT scanning was compared to scanning achieved with a standard of care manual endo-
scope (13821 PKS, Karl Storz) with a low-profile side-viewing OCT catheter that was inserted
through the working channel. The endoscope was operated by an expert gastroenterologist. The
same optical core with a proximal actuation was used with both manual and robotized endo-
scopes and cross-sectional OCT images were collected using an Axsun-based OCT system oper-
ating at 1300 nm.

In all modes, WL endoscopy video [Fig. 6(b)] and radial OCT images [Fig. 6(c)] were avail-
able to the operators to follow the trajectory. The OCT probe was scanned over a printed target
[Figs. 6(b) and 6(e)] with millimeter side frames that could be used by operators as guides to
reproduce the reference scanning pattern. The circular ink printed features with different char-
acteristics were added to the target to assure that recognizable OCT data was obtained. In addi-
tion, in all experiments the EM tracker data [Fig. 6(d)] were collected for a quantitative
comparison of the spatial positions of the probe and an external top view camera was used for
recording the motion of instruments [Fig. 6(e)].
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3 Results

3.1 Experimental Workspace Validation

To measure the total accessible volume of the steerable OCT catheter delimited by the regions
described in Figs. 2(a) and 2(b)], the robotized steerable OCT device was programmed to auto-
matically follow trajectories of sequential bending, translation, and rotation. The trajectories
were programmed to place the tip of the probe at different positions enclosed in the volumetric
regions described by the geometrical model in Figs. 1 and 2. The sweep pattern in one plane was
performed by step 1: applying full bending of the catheter, step 2: translating it in 3 mm steps
between each sweep over the actual limit length of 29.7 mm; the greater translation was achieved
due to space between the inner diameter of the instrument channel and the outer diameter of the
tool [Fig. 7(a)]. The achieved bending range was from −60 deg to 90 deg. The incomplete
bending in one direction was caused by asymmetry of the configuration of end stops on the
cable driving system controlling bending. In the next step 3: the orientation of the steerable
OCT catheter was rotated until the full turn (Δϕ ¼ 360 deg) was achieved. Figure 7(b) shows
the rotational trajectory of the steerable tool for a bending angle of 90 deg. The maximum rota-
tion of the tool achieved in one direction was 353.08 deg. It is important to mention that the OCT
tool can be rotated in both directions to reach 360 deg of rotation. The sweep pattern repeated in
steps of Δϕ ¼ 36 deg representing 10 angular positions until completing Δϕ ¼ 360 deg was
used to employ the three available DoF of the OCT catheter to test the available scanning volume
[Fig. 7(c)]. The point cloud data collected from EM tracker was processed and analyzed by
computation of the convex hull of the points set using MeshLab [Fig. 7(d)].57,58 The estimated
volume was 255 cm3, which corresponds well to the volume of 263 cm3 calculated based on the
real dimensions of the tool and the model described in Sec. 2.1.

3.2 Automatic Scanning Trajectory

To test a predefined automatic scanning and compare it to teleoperation and manual modes the
printed scanning target was placed in a closed box to assure that the operators would be using

Fig. 6 (a) Experimental setup with (b) endoscopic view showing the EM tracker sensor, the OCT
probe, and the printed target features. (c) The OCT image view of the printed 4 mm ring-like fea-
ture. (d) The collected trajectory data from the EMT tracker. (e) External top view of the robotized
endoscope, the steerable OCT catheter, and printed target features. The EM tracker is composed
by the system control unit (SCU), the magnetic field generator and two sensors connected to the
tip of the optical device and output of the surgical channel.
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WL endoscopy video for orientation (left column in Fig. 8) and OCT real-time images (right
column in Fig. 8) to assure good quality of the data. In addition, in all three configurations
(automatic, teleoperation, and manual), a top view camera was used to confirm the tip position
in post-processing (Fig. 8), but this visualization was not available for the user during the scan-
ning tasks. In the OCT cross-sections, three different circular features from the printed target can
be seen. Figure 8(a) shows a cross-sectional image of a black ink ring, the black borders of the
circle can be clearly visualized thanks to a high absorption of the ink (see arrow marks in image).
Figure 8(b) shows another feature composed of a full black ink circle (see star mark in the image)
surrounded by a black ring outer circle imaged. In Fig. 8(c), a full filled black ink circle is visu-
alized in the OCT image, obtained during the manual scanning test. The features were useful for
scanning and position guidance of the OCT device.

Before performing the scans, the endoscopic system was placed close enough to the target
features to ensure the imaging plane was within the imaging range of the OCT system. As a
result, the target features were visualized in all 3738, 4883, and 2724 frames obtained during
automatic, teleoperation, and manual scanning, respectively, as confirmed a posteriori from
recorded sequences.

Figure 9 shows the analysis of the EM tracker results obtained in the three experimental set-
ups. Top row shows original positions obtained with the EM tracker during sweep scanning
trajectories achieved by bending from 0 deg to 9 deg with 2 mm translation motion parallel
to the y-axis. The middle row shows the superposition of the speed profiles corresponding
to each sweep and bottom row shows the superposition of the spectral arc lengths for each sweep.
In the automatic scanning trajectory 15 curves (sw) were obtained, matching the expected

Fig. 7 Point cloud data obtained from EM tracker during: (a) sweeping pattern with full catheter
bending in both directions and translation, (b) rotation pattern with translation, (c) combined bend-
ing, translation and rotation pattern covering the full available workspace. (d) Volume estimation of
the convex hull with MeshLab.
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number of sweeps from the reference trajectory shown in Fig. 5. The total translation was
27.99 mm (ΔT), mean spacing between sweeps 1.54 mm with standard deviation 0.57 mm
(noted s), and area coverage was 10.11 cm2. A spectral arc length (ηSAL) of −3.18 was obtained.
The total time of the sweeping trajectory was 46.6s. It can be observed that the speed profile
presents an overshoot when transitioning from 0 mm/s to the targeted speed, this is due to non-
linearities in the transfer from proximal motor motion to distal tip motion and cable tensioning,
which impacts the motor’s velocity servoing loop. In the teleoperation mode the operator ini-
tially placed the optical device in the first marker line, then performed a sweep trajectory from
one side to the another, following the return to the starting position advanced to the next guiding
line (2 mm) and repeated the same sweep scanning motion. A total of 11 curves (sw) correspond-
ing to the scanning trajectories were obtained, the total measured translation motion was
21.17 mm (ΔT), the mean of the spacing between trajectories 1.57 mm (s) with a standard
deviation 0.71 mm, the coverage area was 8.52 cm2 (A) and smoothness (ηSAL) was −4.27.
The total time reached 86.60s. In this mode, the robotized system is continuously receiving new
speed and position commands to follow the desired motion driven by the user, so it is expected to
observe strong irregularities in the shape of the speed profile in Fig. 9. In the manual scanning
data collection, seven curves (sw) corresponding to the scanning trajectories were obtained, the
total measured translation motion was 27.5 mm (ΔT), mean of the spacing between trajectories
was 4.20 mm (s) with a standard deviation of 1.98 mm, the area coverage corresponding to the
selected region (see below) was 6.33 cm2 (A) and smoothness (ηSAL) −5.76. The total time was
38.65s. Due to the complex geometry of the plots the fitting curves were computed from the
region limited by x-values −11.36 and 13 mm. This region was selected from the dataset where
the scanning curves show less tortuosity and all the computed metrics correspond to this range.

Fig. 8 Endoscopic view (left column), top camera view (middle column) and corresponding OCT
cross-sectional image (right column) obtained during (a) automatic, (b) teleoperation, and
(c) manual scanning of the printed target features. The arrows indicate the dark borders of the
ring while the center dark filled circle is indicated with a star.
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Table 2 summarizes the measured metrics obtained for the three modalities and including the
reference trajectory for comparison.

4 Discussion

In this paper, we described the capability of a steerable OCT catheter with three DoF to provide
extension of the scanning workspace. We proposed a method to quantify scanning performance
based on a workspace analysis typically used for robotic devices. The available scanning work-
space of most of the OCT imaging devices is limited to translation and rotation of the probe,
whereas for our system, the bending capability being a third degree of freedom adds a volumetric

Table 2 Summary of metrics.

Metric Reference Automatic Teleoperation Manual

ΔT (mm) 28.00 27.99 21.17 27.50

s (mm) 1.31 (0.67) 1.54 (0.57) 1.57 (0.71) 4.20 (1.98)

sw 15 15 11 7

A (cm2) 14.68 10.11 8.52 6.33

ηSAL −2.17 −3.18 −4.27 −5.76

tðsÞ 3 3.11 7.87 5.52

Motion of endoscope (camera) — No No Yes

Fig. 9 Scanning trajectory, speed profile and normalized magnitude of the spectrum of the speed
profile for automatic, teleoperation, and manual scanning trajectories.
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steerability to the workspace. The volumetric scanning workspace was theoretically estimated to
be 263 cm3 and confirmed experimentally to be 255 cm3. The proposed experimental validation
technique based on an EM tracker is appropriate for a steerable device where the tip position can
be measured in space and time. Endoscopic OCT probes are normally used as passive devices
that cannot be steered, requiring motion of the entire endoscope to direct the probe. The geo-
metrical model of the steerable OCT device has been presented in this article by adopting knowl-
edge from the robotic field and applying it to the field of endoscopic OCT. The use of this model
is relevant for defining feasible scanning trajectories taking advantage of the DoFs of the device
without the need of moving the main endoscope during automatic scanning. The steerable
capability and the extended scanning workspace of the proposed method can be interesting for
improving performance of optical imaging during examination of the colon since the large intes-
tine has a variable diameter that can be up to 9 cm in the cecum and is continuously changing
over its length of 1.5 m. Such scanning workspace can also enable microscopic imaging of other
organs, such as the stomach. Within the available workspace various scanning trajectories can be
selected. To address the problem of margin check during minimally invasive endoscopic treat-
ment we proposed the sweep scanning trajectory, which extended the field of view of the steer-
able catheter 116 times without the need for motion of the endoscope tip. The 2 mm spacing
between each sweep path was chosen to achieve good visibility of the target guiding lines in the
endoscopic WL camera image. However, scan separation smaller than 2 mm is possible to per-
form with the automatic scanning method.

It is important to note that although the distal end optics can be placed at any point in its
workspace, the probe beam implements a lateral scan, which is advantageous when imaging flat
lesions where the target surface is parallel to the steerable OCT device, making a scanning tra-
jectory based on bending combined with a slower translation motion, as proposed in this article.
In the case of pedunculated polyp lesions, the lateral scanning beam could be used to observe the
posterior part of the lesion and by combining a translational motion with a slower bending
motion in order to follow the shape of the polyp. Open loop scanning is feasible if the target
is kept within the depth of field of view during motion. Repositioning the main endoscope can
also be used to bring the target inside the visible workspace or to change the angle of the tissue’s
surface with respect to the B-scan plane.

The preferential way to scan to ensure image quality is to follow the tissue close to its surface
without entering into contact with it. Indeed, in case of contact, the behavior of the instrument
may become difficult to control because it will depend on unknown parameters such as the stiff-
ness of tissue and frictions parameters. For this purpose, the angle ϕ should indeed be initially
tuned to ensure that the plane covered by actuating β and ΔT is close to parallel to the tissue’s
surface. Given the very light weight of the catheter and its stiffness, there is no significant effect
of gravity as long as the catheter does not exit the endoscope’s channel, which is physically
prevented by the relative positioning of the steerable catheter and endoscope at the proximal side.

The rotational speed and the automatic scanning speed must be determined based on appro-
priate sampling of the target considering the robot capabilities, OCT sampling rate, and its lateral
resolution. The circumferential scanning may not be optimal but given the fast acquisition of the
OCT system it was not a limiting factor. Future work will focus on finding a good trade-off
between smoothness, scanning duration, and rotational speed of the probe.

The automatic scanning trajectory was the most accurate with respect to the reference tra-
jectory and provided the best control of the scanning spacing. Because of subjective visual per-
ception and limited precision of movements, the operator of the teleoperated system and the user
of the manual endoscope covered similar scanning areas but with lower number of sweeps (11
and 7 instead of 15), which implies that smaller lesions could be missed in those cases. The
automatic scanning was also the fastest, with an average time of 3.11s per sweep, whereas the
teleoperation mode was more than two times slower. The manual mode was faster than teleop-
eration but slower than automatic scanning. The scanning pattern of the manual method was
tortuous and nonuniform, still the spectral arc length metric showed good smoothness of the
motion. It can be attributed to the excellent skills of the gastroenterologist to navigate the endo-
scope in a complex geometry of the digestive system. The smoothness of the automatic scanning
was the best, which would be crucial for reconstruction of OCT image in post-processing, and its
scanning speed can be further increased if necessary.
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The endoscopic system used for the telemanipulated and robotic scenarios (Anubiscope from
Karl Storz) is different from the conventional endoscope used for the manual scenario. It consists
of an endoscope associated with a steerable instrument. The Anubiscope system cannot be oper-
ated by a single user, therefore two persons are needed as shown by Diana et al.59 For this reason
and others related to manipulation difficulties, the manual version of the Anubiscope was aban-
doned by the manufacturer and the robotic version was proposed. On the other hand, the steer-
able catheter built on the basis of compatibility with the robotic system cannot be currently
associated with a standard endoscope because the diameter of conventional working channels
is not large enough. The comparison analysis presented in this article was based on the use of the
robotic steerable catheter versus conventional manual instrument used in gastroenteroloy for
diagnosis. It must be noted that in the teleoperated and automatic scenarios the main endoscope
is not used for controlling the motion of the OCT probe during scanning.

One limitation of this study is the fact that the automatic scanning was performed over a flat
target, which provides previous knowledge of the geometry of the sample. This enables captur-
ing high quality data throughout the whole scan thanks to correct positioning of the device at
the beginning of the scan. In the case of more complex and unknown tissue geometries, adding
closed loop control based on OCT imaging feedback for real time repositioning of the probe
with respect to the sample would be needed to realize image acquisition. In the teleoperated
and manual modes, correct positioning of the probe was assessed based on the endoscopic and
real-time OCT videos.

5 Conclusion

The robotization of the steerable endoscopic OCT catheter enabled scanning of a large field of
view with improved accuracy. We have presented the geometrical modeling and experimental
analysis of the extended scanning workspace enabled by the three DoF, estimated to a volume of
263 cm3. This model, originally developed for robotized catheters, was adapted to imaging devi-
ces and is compatible with other imaging methods and catheters. A specific automatic scanning
trajectory within the available volume, covering an area of 10.11 cm2, has been proposed and
compared to teleoperation and manual modes. The automatic scanning provided the best tra-
jectory accuracy in comparison with the theoretical reference trajectory. We also proposed the
spectral arc length of a speed profile to measure smoothness of motion performed during the
whole scanning trajectory. The highest smoothness of motion was achieved for automatic scan-
ning, which shows the potential for uniform OCT image acquisition and the possibility of OCT
image frame reconstruction in large area scans. Implementing automatic scanning could allow
the doctor to focus on analysis of OCT images for online diagnosis/detection since he/she does
not have to control the catheter device. For instance, the operator can have free hands to stop
scanning at some point to look more carefully without losing track of the current position.
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