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Abstract—Vitreoretinal surgery procedures demand high pre-
cision and have to be performed with limited visualization and
access. Using virtual fixtures in conjunction with robotic surgery
has the potential to improve the safety and accuracy of these
procedures. A cornerstone of many of these virtual fixtures is
reconstruction of the retinal surface with respect to the surgical
tool, which is difficult to obtain due to the inadequacy of
traditional stereo vision techniques in the intact eye. A structured-
light technique applied using an actuated handheld instrument
has been proposed to combat this problem, but it only provides
a reconstruction at the start of the procedure; it cannot update
it as the eye moves during surgery. We propose updating the
initial estimate of the retinal plane a single point at a time, by
continued detection of a laser aiming beam in each camera frame,
as in the initial structured-light approach. This paper presents
the technique and demonstrates it via experiment.

I. INTRODUCTION

Vitreoretinal surgery procedures involve manipulating small,
delicate structures within the eye and demand high precision.
For example, during membrane peeling, the 5-10 pm-thick
internal limiting membrane (ILM) has to be removed around
macular holes and requires repeated attempts by surgeons over
several minutes [1]. Another procedure, retinal vein cannula-
tion, involves drug delivery to retinal vessels less than 100
microns in diameter [2]. In addition to precision requirements,
these procedures have to be performed with limited visualiza-
tion and constrained access, and hence are quite challenging
for surgeons. Many robotic platforms have been developed
specifically to address these challenges. These include the
Preceyes Surgical System [3], the JHU Steady Hand Robot
[4], and Micron, an active handheld micromanipulator [5].

Virtual fixtures during robotic vitreoretinal surgery can
improve both the safety and accuracy of these procedures [6].
However, an accurate estimate of the position of the retina
with respect to the tool tip is a requirement for the success
of many of these visual fixtures. Retinal surface estimation
is difficult because traditional stereo surface reconstruction
methods cannot be used successfully. This is because, during
surgery, the optical path involves the cornea, the lens, saline,
and also a BIOM (Binocular Indirect OphthalmoMicroscope)
lens.

Due to the shortcomings of traditional reconstruction meth-
ods in the intact eye, many authors have proposed alternative

978-1-5386-7825-1/19/$31.00 ©2019 IEEE

Joseph N. Martel

Department of Ophthalmology
University of Pittsburgh

Cameron N. Riviere
The Robotics Institute
Carnegie Mellon University

Fig. 1. Micron system setup, showing Micron handheld vitreoretinal surgical
instrument, ASAP optical tracker, stereo operating microscope, and cameras.

methods of registering the position of the retina to the surgical
tool tip. In [7], the authors use the distance between the tool
tip and its shadow in the acquired images to detect proximity,
but the method does not provide the exact distance of the
tool tip from the retina. A focus-based 3D localization method
using the Navarro schematic eye is developed in [8], but the
localization error is limited to a few hundred microns.

In all of the above methods, the tool tip is localized using
visual feedback. On the other hand, the tool tip of the handheld
robot Micron can be tracked at all times using a custom built
optical tracking system called Apparatus to Sense Accuracy of
Position (ASAP) [9]. Taking advantage of this information, a
new method for retinal surface reconstruction was introduced
in [10] using structured light applied by a laser aiming beam.
This method involves moving the Micron tool tip in a circular
trajectory, which is practical only before beginning a surgical
procedure, and not during it. Thus, it can only provide an
initial estimate of the retinal plane and is not suitable for



Fig. 2. Laser interfaced with the Micron end-effector.

intraoperative updates.

During vitreoretinal surgery the patient is sedated rather
than anesthetized, and movements of the eye are common.
To account for movement of the retinal surface, we propose
a method that updates the estimate of the retinal plane in
real time. At every iteration, the update method computes the
position of a single point of the laser aiming beam on the
retinal surface in the coordinates of the optical tracking system
[9]). However, due to inaccuracies in camera calibration and
location of beam center in each frame, these points are noisy.
Our method uses these noisy points to update the value of
the previous plane estimates. This paper presents the method,
and demonstrates the general feasibility wherein a lof updating
the retinal plane using a single point per camera frame in an
“open-sky” experiment.

II. METHODS

Micron is an active handheld robotic instrument for accu-
racy enhancement that can provide active compensation for
the surgeons physiological hand tremor [5] as well as a variety
of virtual fixtures [10]. The version of Micron used for this
experiment is a six-degree-of-freedom (6DOF) system with the
end-effector attached to a prismatic-spherical-spherical Gough
Stewart platform that uses piezoelectric linear motors [5].
The end-effector has a cylindrical workspace that is 4mm in
diameter and 6mm long with its null position at the centroid
of the space. The device has a set of 3 LEDs fixed to the
handle, which are optically tracked by ASAP at a sampling
rate of 1 kHz. The full 6DOF pose of the handle is computed
by triangulating three frequency-multiplexed LEDs mounted
on the instrument [9].

The vision system comprises 2 CCD cameras mounted on
an operating microscope as shown in Figure 1. All experiments
are conducted under the microscope and in full view of the
two cameras. The cameras are connected to a desktop PC,
which handles image processing.

In order to use the structured-light technique for retinal sur-
face estimation described in [10], a surgical laser is interfaced

with Micron, and the end-effector can effectively be used as
a laser pointer as shown in Figure 2. The method involves
scanning of the micron end-effector in a circular trajectory,
resulting in an elliptical laser trajectory on the retinal surface.
Geometric analysis of the resulting elliptical pattern gives
an estimate of the retinal surface in ASAP coordinates. The
method was tested in various conditions and its feasibility was
established in a realistic eye model which incorporated optical
distortion by lenses.

The human eyeball is a part of a sphere with a diameter
of approximately 25 mm. However, the portion of the retina
directly visible under the microscope only consists of an area
around 4mm wide, which is a small part of this sphere and
has relatively lower curvature. Thus, the retinal surface under
the microscope can be approximated by a plane and the depth
error resulting from this planar assumption is less than 100
wm.

At any point of time ¢, we first estimate the point at which
the laser beam interfaced with micron intersects the retinal
surface in 3D ASAP coordinates. Given the noisy triangulated
beam points, we then outline a method to update the estimate
of a point on the plane and the plane normal. II; is used to
denote the estimated plane at the instant . For this study, the
initial estimate of the plane at time ¢ = 0, 1, is assumed as
given.

A. Estimation of a Single Point on Retinal Plane

As we are demonstrating the feasibility of our method in
open-sky conditions, we use stereo vision to triangulate the
position of a single point on the retinal plane. To do so,
we first calibrate each camera’s 2D image coordinate system
to the 3D ASAP coordinate system. To get correspondences
between the camera coordinates and ASAP coordinates, the
Micron tool tip is detected in each camera and its 3D position

1500 T T T T T

1000 b

M i \ WWM‘J

-1500 7

500 _j

DW
-500 ‘

-1000

Distance{um)

-2000 b

-2500 b

-3000 7

-3500
1] 20 40 60 80 100 120

Time(s)

Fig. 3. Distances of the estimated position of the intersection of the laser
beam and the retinal surface from the true retinal plane during the surface
tracking experiment. The plot demonstrates that the triangulated beam points
are noisy, and hence should be filtered.



in ASAP coordinates is recorded simultaneously. Using these
correspondences, the projection matrices of both cameras are
computed using DLT and RANSAC [6].

In order to optimize the speed of our algorithm, an initial
approximation of the center of the laser beam in the left and
right camera images, pjo, and p,o is computed using simple
thresholding operations. However, as the beam appears diffuse
under the microscope, this position may not be the exact
point at which the laser beam intersects the retinal surface.
We assume that the actual position of the laser beam differs
from the initial approximation in the left and right images by
constant offsets, p; and p,., respectively. Thus, if p; and p,
be the actual positions at which the laser beam intersects the
retinal surface, we have

D1 = Pio + P
Pr = Pro + Pr

For a set of planes II; and the corresponding beam
locations p;; and p, ;, we define the following terms:

D

T(p1i, pr.), the triangulated 3D point using p; i, pr;
d;, Signed distance between T'(p; ;, py;) and the plane II;
M (d;), Median over all d;

), % Trimmed mean over all |d;|

The offsets p; andp, are then computed by minimization of
the following objective function:

Flpr, pr) = 0.5|M(di)| + 0.5 us (|dil)| + \/pF + 02 D

Minimization of the first term ensures that the triangulated
beam points are distributed evenly above and below the true
retinal plane, thus avoiding any offsets during plane estima-
tion. Minimization of the second term reduces the distances of
the triangulated beam points from the true retinal plane. The
third term is simply used for regularization.

B. Surface Point Update

The triangulated beam points computed in II-A are noisy. In
order to filter out high-frequency noise components, we use a
moving average filter, and the estimate of a point on the plane
is computed as a weighted sum of the previous estimate and
the latest filtered beam point. If P; be the estimate of a point
on the plane at time ¢, then

t
Pt = Wp Z T<pl,i)p’r7i) + (1 - wp)Pt—]_ (3)

i=t—k,

where the parameters k, and w, are the filter window size
and the weight corresponding to the latest point update,
respectively.

C. Surface Normal Update

An intermediate value of the plane normal, n}, is computed
by fitting a plane to the last m,, triangulated beam points,
such that all points are at least a distance A,, away from from
each other. The estimate of the plane normal is computed as

Fig. 4. Fiducials used for estimation of the true plane during the surface
tracking experiment.

a weighted sum of the previous estimate and n}. If n; be the
estimate of a point on the plane at time ¢, then

ne = wpng + (1 — wy)ng_1 %)

where the parameter w,, is the weight corresponding to the
latest normal update.

D. Noisy and Missing Points

If the distance between T'(p; ¢, pr,+) and the estimated plane
IT;_; is greater than a threshold Ay, or if the laser beam is
not detected in the camera images, we set p;; = p;;—1 and
Dr.t = Prt—1. P, and ny are then computed as usual using (3)
and (4). This ensures that the estimated plane is not stagnant
during such instances and keeps moving incrementally towards
the last position of the triangulated beam point. Hence, once
we again get a usable value of T'(p; ¢, pr¢); the plane update
resumes with a reduced lag.

E. Experimentation

A separate dataset spanning 100 seconds is used to compute
p1 andp, by optimizing (2). Using this method, we get p; =
[1.12, 1.70] pixels and p, = [-2.99, 0.69] pixels. For update of
the plane normals, we use the past m,, = 7 points, an update
weight of w,, = 0.015, and a minimum distance between fitted
points, A,, = 50um. For update of the points on the plane,
we use a filter window size of k, = 4 and an update weight
of w, = 0.2. The threshold for classifying a point as noise,
Ay is Smm. All parameters remain constant throughout the
experiment; their values were selected via trial and error.

An initial estimate of the retinal plane is provided at
t = 0, following which we track changes in this plane over
a period of 120 seconds. Over this time period, the plane
is rotated and translated manually. Hence, the plane motion
is noisy. As shown in Figure 4, four cross-shaped fiducial
markers are placed on the surface to be estimated. Ground
truth is computed by detecting the centers of the fiducials,



triangulating to obtain their positions in 3D coordinates, and
then fitting a plane to these points. This method to obtain
ground truth yields reliable estimates of the true retinal plane
during the experiment. In frames where the fiducial markers
are not visible from the camera due to sudden movements, the
ground truth plane is computed by interpolation.

III. RESULTS

Although the optimized offsets p; = [1.12, 1.70] pixels and
pr = [-2.99, 0.69] pixels are quite small, the median signed
distance | M (d;)| and the trimmed mean distance ys5(|d;]), as
defined in II-A, reduce by 95.75% and 64.36% in the test
dataset.

During the tracking period, we measure the displacement of
the updated plane along the ASAP coordinate system’s z axis
with respect to a stationary point on the initial plane, and find
that movement along this axis is compensated by 44.43%. As
the plane normal is almost perpendicular to the ASAP system’s
x and y axes, we do not measure displacement along these
other directions. Translations of the estimated plane and the
true plane along the z axis over the tracking period is shown
in Figure 6. We also measure the angles of the estimated and
true plane normals with respect to the ASAP system’s X, vy,
and z axes during this period. These values are plotted over
time in Figure 5 and we observe that for the most part, the
estimated normal follows the trends of the true plane normal.

IV. DISCUSSION

In this paper, we proposed an algorithm for updating the
retinal plane using noisy aiming beam samples, where only
one new point is obtained from each incoming camera frame.
We demonstrated the general feasibility of the method by
tracking a plane in an open-sky experiment using printed
fiducial markers as ground truth. We found that our method is
able to track changes in the retinal plane in a stable manner,
even when the plane is displaced by several millimeters.

Motion of the retinal plane perpendicular to the plane
normal does not change its geometrical position in space with
respect to the surgical tool tip, and hence cannot be tracked
by this algorithm. However, Braun et al. have presented
techniques for vision-based intraoperative tracking of retinal
vasculature, which can perform this function [11]. Future
work will involve combining these algorithms to tracking
movements of the retinal surface in six degrees of freedom.

For the surface-tracking experiment conducted in this paper,
the parameters used were constant and were selected via trial
and error. Although this demonstrated the general feasibility of
our method, future work will involve more systematic tuning
of these parameters in order to improve the accuracy of the
plane update and the lag that is visible in Fig. 5. Since this
experiment was conducted open-sky, we were able to use
stereo vision to determine the intersection of the laser beam
and the retinal surface. Going forward, we plan to investigate
finding this point of intersection in an intact eye, which will
require alternative means of obtaining ground truth.
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Fig. 5. Angles of the estimated and true plane normals from the x,y, and z
axes during the surface tracking experiment.
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Fig. 6. Plane displacement along z axis over the surface tracking period. The
displacement in the z axis is computed with respect to a stationary point on
the initial plane.

Application of this technique presupposes the presence of a
laser aiming beam in the instrument, which is presently true
only of therapeutic laser instruments. However, in principle
it is possible to incorporate a laser aiming beam within the
intraocular shaft of any type of instrument for any type of
intervention. Our group is presently working to incorporate
aiming beams into instruments for non-laser retinal operations.
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