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Abstract. In recent years, optical coherence tomography (OCT) has
gained increasing attention not only as an imaging device, but also as a
guidance system for surgical interventions. In this contribution, we pro-
pose OCT as an external high-accuracy guidance system, and present
an experimental setup of an OCT combined with a cutting laser. This
setup enables not only in situ monitoring, but also automatic, high-
accuracy, three-dimensional navigation and processing. Its applicability
is evaluated simulating a robotic assisted surgical intervention, includ-
ing planning, navigation, and processing. First results demonstrate that
OCT is suitable as a guidance system, fulfilling accuracy demands of
interventions such as the cochlear implant surgery.

Keywords: optical coherence tomography, laser, navigation system,
guidance system, cochlear implant surgery.

1 Introduction

The cochlear implant (CI) surgery is a surgical procedure during which an elec-
trode is inserted into the cochlea in order to electrically stimulate the auditory
nerve. Current research investigates the realization of a single-channel using
Robot Assisted Surgery (RAS) and the direct insertion from the outer lateral
skull to the cochlea. This surgical intervention demands an accuracy of 0.5 mm.
In this contribution, we focus on the use of OCT as intra-operative monitoring
and guidance system for this purpose.

OCT was established in 1991. Its working principle is based on the interference
of back-reflected laser light from a sample with reference laser light in a Michelson
interferometer. OCT typically has a resolution in the micron-scale and is highly
sensitive. It is contact-free and, therefore, a nondestructive imaging device, ca-
pable not only of scanning the surface, but also of obtaining three-dimensional
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tissue information. OCT is used in wide range of applications and usually as
qualitative imaging system. With an increased utilization in the field of medical
engineering, quantitative applications gain importance. The idea to use OCT as
a guidance system may be as old as OCT itself. The visualization using OCT
during a surgical procedure and its feedback, enables the user to control the
tissue processing at the micron-scale. Boppart et al. [I] used and proposed OCT
for surgical guidance by manually imaging a region of interest. Recently, more
sophisticated approaches combining OCT with other tools have been developed
and are used in a guided manner. In the field of opthalmology, the integration
of OCT in an microsurgical instrument enables the surgeon to perform OCT
guided retinal microsurgery by visualization of internal structures of the eye [7].
Zhao et al. [6] combined OCT with MRI for neurosurgery guidance. During the
insertion and while navigating with MRI, Zhao et al. use real-time 2D OCT
to image adjacent structures and navigate the surgeon. These examples have in
common, that the guidance is based on forward-imaging. The adjacent target
region of the instrument is imaged with OCT, which is used as internal guidance
system without a direct feedback to the planning.

In this contribution, we propose a novel setup of combined OCT and cutting
laser as a monitoring, navigation and processing system for RAS in hard tissue.
Moreover, we introduce OCT as an external navigation system for laser ablation.
Since OCT is used as stand-alone external guidance system, intra-operative OCT
data has to be matched to (pre-operative) planning data. In order to demon-
strate OCT’s suitability with regard to the stated accuracies, experiments are
performed by simulating a surgical intervention, including planning, navigation
and processing. The experimental setup, methods, and workflow are introduced
in section [2l The results are presented in section [3l and discussed in section [l

2 Setup and Methods

The following hardware components are part of the proposed system:

— tool for processing: cutting laser.

tracking system: high-accurate OCT.

— tracking landmarks: spherical artificial fiducial landmarks.
— positioning system: high-accurate parallel robot.

— sample: imaging and navigation phantom.

Recent approaches for navigated material removal involve state-of-the-art optical
tracking systems in an eye-to-hand configuration. When using OCT, an eye-
in-hand configuration is more appropriate due to the limitation of the OCT’s
working distance. In clinical applications, a suitable robot iteratively positions
the combined laser and OCT. The ablation procedure starts after reaching the
target pose with respect to the patient. In the present paper, however, and only
for the experimental setup, an eye-to-hand configuration is used to position the
sample and not the tool. Methodology and relative motion with respect to the
phantom nevertheless remain the same.
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Fig. 1. Eye-in-hand (left) and eye-to-hand (right) of the experimental system with its
components, coordinate frames and transformation matrices

2.1 Experimental Setup

The experimental system is sketched out in figure [l and shown in figure [ (left).

The cutting laser is the erbium-doped yttrium aluminium garnet (Er:YAG)
laser of Pantec Biosolutions AG (model DPM-15). It is a pulsed solid-state laser
with a wavelength of Ajager = 2940 nm. The functionality of the laser is expanded
with scan components. Therefore, the entity of laser and scanner is converted into
a three axis laser system, defining a coordinate system (CF), ... The working
space of this entity, in the following just laser, has a working space of 10 mm in
each dimension.

The OCT used in the optical setup is the system GANYMEDE of Thorlabs,
Inc. The OCT has a center wavelength of A\oct = 930 nm. The maximum field
of view has been enlarged to image approximately 20 mm X 20 mm X 2.7 mm,
defining a coordinate system (CF)qp. Furthermore, a geometric calibration [2]
of this OCT has been performed in order to reduce the imaging error.

The optical paths of OCT and laser are combined by a dichroic mirror for
an approximate co-axial propagation of the beams and a spatial overlap of the
working spaces, keeping the relative configuration constant. This important fea-
ture enables an in situ imaging and control of the ablation process. We refer
to [M] for further information and first results.

Using OCT as tracking device requires to adapt the tracking landmarks to
this technology. In this contribution, we focus on artificial fiducial landmarks.
Due to previous results, we choose spheres of titan with a diameter of 1 mm. The
sample used for the evaluation of the navigation accuracy, i.e., the phantom, is
composed of two parts (see figure 2] (right)). The first part is the carrier for the
fiducial landmarks and the target area. This second part is a cuboid made of
wood. The artificial fiducial landmarks are positioned not only on the front, but
also on the flip side of the phantom for evaluation purposes, defining an upper
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Fig. 2. Experimental setup (left) with OCT (upper left), laser (upper middle), phantom
(middle), and robot (lower middle). Phantom (right) including fiducial landmarks and
wooden target.

and lower fiducial landmark plane, respectively, and defining a sample coordinate
frame (CF),,,.1o- The configuration of all fiducial landmarks has been measured
with the coordinate measurement machine Zeiss ZMC 550. Both parts have a
relevant depth of approximately 12 mm.

The phantom is positioned using a high accuracy parallel robot, the F-206.S
HexAlign™ 6 Axis-Hexapod of Physik Instrumente (PT) GmbH & Co. KG.

2.2 System Calibration

The aim of this subsection is the description of the methods used to determine
the transformation between rigid components. First, coordinate frames (CF),, ...
and (CF)ycp have to be registered, i.e., the homogenous transformation matrix
OCTT. .o has to be determined. An arbitrary material is positioned in the com-
mon working space. We perform the ablation by a limited number of single
pulses removing a small part of material. After appropriate filtering for noise
reduction, the surface including the ablation spot is segmented using snakes [5],
i.e., by choosing the curve in the image that minimizes an energy functional
composed of internal and external energy. For the external part, an energy map
based on the diffusion of the gradient vectors [J] have been used. Using the seg-
mented curves, the volume centroid is calculated. Ablation and image processing
is repeated while positioning the material in several different depths. The laser
is described by a point and a direction. We use the data of ablation spots to
calculate the point of origin by evaluating the spot size as a function of depth,
and the direction by calculating the line of best fit in terms of least squares.
Second, the homogenous transformation matrix EETsample between the robot’s
end effector (EE) and the sample has to be determined. The basic idea is to se-
lect different poses of the robot, such that the sample’s region of interest is in
the OCT imaging volume. After positioning the EE, OCT images are aquired of
the sample including the fiducial landmarks. The OCT data is processed auto-
matically. The centroids of the fiducial landmarks are calculated with a template
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matching algorithm using cross correlation. On the one hand, the localized center

points of the fiducial landmarks define the sample coordinate frame (CF)sample

with respect to the OCT coordinate frame (CF)yqr, i-€., ©CTTiample. On the
other hand, the transformation °Tgg is defined through the relative position of
robot EE with respect to robot basis. The workflow is repeated for different
poses of the EE, acquiring pair of matrices OTSE”) and OCTTS(;Qple for the m-th
repetition. Due to the hand-to-eye configuration, and in order to calculate the

unknown EETsample, the following set of algebraic equations

A -EE Tsarnple = EET’sample ' B, (1)
A - <oT<m>)*1 opm g _ <OCTT(m) )*1 0T () @)
EE EE > sample sample

is solved for a pair or set of matrices using methods introduced by Tsai et al. [g].

2.3 Navigation

The conventional workflow starts with an appropriate pre-operative imaging of
the patient in order to aquire data the planning is going to be based on. This
imaging, generally using CT, is omitted, since a ground-truth of the sample,
being the patients replacement, is well-known. We realize the planning by local-
izing artificial tracking landmarks Ly (k = 1,2,...), relative to which we define
an entry Ty and an exit target point Ty, i.e., a target transformation matrix
sampleTtarget. This enables us to define a target pose of the sample

OCTn(target) _ OCT laser sample -1 laser _
Tsample - Tiaser : TIcarget : ( P T:carget) ) Ttarget =L (3)

Intra-operatively, the iterative process is the alternation of tracking landmarks
and comparing actual to target sample pose. The residual error of these two data
sets is minimized performing a singular value decomposition of the weighted
mean fiducial covariance matrix. Tracking is realized through calculating the
centroid of the fiducial landmarks Ly (kK = 1,2,...) with a template matching
algorithm using,( ;:ross correlation. This results in the sample’s pose in the i-th
OCTT ?

sample- Lhe difference transformation between actual and target

iteration
sample pose

AT(i) _ (OCTT(i)

sample sample

)71 OCT T(target) (4)

sample

enables us to calculate the positioning of the robot’s EE for iteration step i + 1

OT}giEerl) = OTE(}Z EE T'sample : AT(Z) (EEnarnple)_1~ (5)

sample

The fiducial registration error (FRE) [3] of the two set of fiducials, target and
actual, as well as the estimated target registration error (TRE) [3] of the entry
target point are used as quality criterion. If these values fall below a certain
threshold, we stop the navigation and start with the ablation.

The evaluation is carried out by imaging the upper as well as the bottom part
of the sample after ablation and comparing actual and planned target points.
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Fig.3. 2D OCT image (B-scan) of ablation spot with segmented surface (left) and
segmented 3D surface (right)

The errors erry, and erry,; at the target entry and exit point, respectively, as
well as the angle error err, between trajectories are used for evaluation. The
erTor errssmm is extrapolated at a depth of 35 mm from the surface, which is
approximately the distance from the outer lateral skull to the cochlea, using the
intercept theorem and the entry and exit point.

3 Results

The registration of the OCT and laser has been carried out by positioning and
cutting a sample of wood at 9 different axial positions. The (laser) parameters
for current, puls duration, puls frequency, scanner coordinate have been chosen
to I =220 A, At = 180 s, f = 200 Hz, and Xjaser = (0,0,5)T mm, respectively.
Dense and calibrated volume OCT scans of the ablation spots with a spatial
resolution of 8.2 pm x 8.2 pm x 2.6 pm for a scan region of 3.0 mm x 3.0 mm x
2.7 mm have been acquired. An example of the image processing for calculating
the center of the ablation spot in the OCT image data is given in figure
(left), showing an original 2D OCT image of an ablation spot. The segmented
surface, i.e., the snake is superimposed. The segmentation of the surface of the
complete 3D volume is presented in figure [ (right). The real configuration of
both system components is unknown, so the results can only be evaluated in
terms of precision. The mean distance between localized ablation spots and line
of best fit is 3.5 pm having a standard deviation of 1.5 pm (see figure @ (left)).

The registration of the EE and sample has been carried out performing a
hand-eye calibration positioning the EE, and, therefore, the sample in ten poses.
The different poses have a translational width of maximal + 2 mm and rotational
width of maximal + 5 °. With the calibrated OCT measurement system, dense
volume scans of the sample have been acquired. A spatial resolution of 15.0 pm x
15.0 pm x 2.6 pm for a scan region of 15.0 mm x 15.0 mm X 2.7 mm has been
chosen. Figure @ shows for the i-th step the translational (middle) and rotational
(right) part of the matrix ]“ZETS(;I)DPle . (EETS(;ISILIe)*l, being EETS(QHPIQ the result
an hand-eye calibration with the the first ¢ poses. Both registrations show high
convergence and small residual errors.
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Fig. 4. Distance of localized ablation spots to line of best fit (left). Translational (mid-
dle) and rotational (right) error with respect to converged result (EETS(;I?])ple)_l‘ The
rotational error is the angle of the axis-angle representation of the difference matrix.

The key experiment including navigation and cutting has been carried out by
pre-positioning the (evaluation) sample laterally in the center and axially ap-
proximately at the focal distance of OCT and cutting laser, respectively. With
the calibrated OCT measurement system, dense volume scans have been acquired
choosing the same parameters as for the hand-eye calibration. The (laser) param-
eters for current, puls duration, and puls frequency remain unchanged avoiding
a possible ”pointing” of the laser. The ablation is carried out performing the
scanner a truncated cone geometry with a diameter of 3000 pm at the upper
and 200 pm at the lower end of the cutting geometry. The height is of 10000 pm.
The entry point T is planned to be the center point of the three landmark
fiducials on the upper side of the evaluation sample. The target exit point Ty
is defined through the intersection of the normal of the upper fiducial landmark
plane and the lower fiducial landmark plane at an approximate distance from
T of 12 mm. The navigation and cutting is performed ten times. Generally, the
iterations of the navigation, i.e., the repositioning of the robot, stop, when the
FRE and TRE fall below a threshold of 10 pm. Then, we start with the ablation.
The navigation errors at the last iteration step and the ablation errors are as
follows:

exp. exp. exp. exp. exp. exp. exp. exp. exp. exp.
1 2 3 4 5 6 7 8 9 10

FRE [pm] 40 41 151 75 93 79 97 71 43 10.1

TRE [pm] 12 31 103 37 19 15 20 24 13 76

erry, [nm] 322 46.6 51.2 53.3 49.1 58.2 39.9 31.3 21.3 225

erroyt [nm] 98.0 121.7 83.1 66.0 33.8 58.2 105.0 166.3 156.36116.2

errssmm [m] 226.1 336.9 341.3 237.1 133.0 179.5 379.2 473.7 462.1 312.5
erry [°] 0.3 05 064 044 0.28 0.27 0.68 0.76 0.76 0.49

The trials have been carried out in a series of two (exp. 1-2), four (exp. 3-6),
and four (exp. 7-10) experiments. Each of these series has been performed with
slight variations, e.g., with a different laser OCT registration. The three series
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show consistent results, with all experiments fulfilling the necessary accuracy for
CI surgery.

4 Conclusion

This contribution reports ten trials of OCT guided laser ablation, all of which
consistently resulted in an error of less than 0.5 mm. Although the number of
repetitions is not sufficient to assume statistical significance, the results fulfill the
accuracy demands of interventions such as CI surgery and, thus, lend preliminary
support to the assumption that OCT may be used as an external high-accuracy
guidance system. Simulating a robotic assisted surgical intervention, we demon-
strated the feasibility and potential of the combined setup of laser and OCT for
navigation and processing.
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