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Abstract

Recording eye motions in surgical environments is challenging. This study describes the authors’ experiences with
performing eye-tracking for improving surgery training, both in the laboratory and in the operating room (OR).Three
different eye-trackers were used, each with different capabilities and requirements. For monitoring eye gaze shifts over
the room scene in a simulated OR, a head-mounted system was used. The number of surgeons’ eye glances on the
monitor displaying patient vital signs was successfully captured by this system. The resolution of the head-mounted
eye-tracker was not sufficient to obtain the gaze coordinates in detail on the surgical display monitor. The authors
then selected a high-resolution eye-tracker built in to a |17-inch computer monitor that is capable of recording gaze
differences with resolution of |° of visual angle.This system enables one to investigate surgeons’ eye—hand coordination
on the surgical monitor in the laboratory environment. However, the limited effective tracking distance restricts the
use of this system in the dynamic environment in the real OR.Another eye-tracker system was found with equally high
level of resolution but with more flexibility on the tracking distance, as the eye-tracker camera was detached from the
monitor.With this system, the surgeon’s gaze during | | laparoscopic procedures in the OR was recorded successfully.
There were many logistical challenges with unobtrusively integrating the eye-tracking equipment into the regular
OR workflow and data processing issues in the form of image compatibility and data validation. The experiences and
solutions to these challenges are discussed.
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Introduction

Successful performance in surgery requires a surgeon to
possess sophisticated skills for continual acquisition of
visual information from complex and dynamic environ-
ments."” Quantifying the eye motion behavior as in
Vickers’s studies on athletes provides information into
mental readiness and expertise for performing various
sport activities in the most competitive environment.’
Eye-tracking studies of anesthetists in a simulated oper-
ating room (OR) show that pupil size and heart rate are
related to workload.* Studies on laparoscopic surgeon’s
eye motions reveal differences between novices and
expert surgeons.”® Richstone et al’ showed that eye met-
rics such as pupil diameter, blink rates, and fixation rates
could be used as an objective measurement of surgical
skill. They used Eyelink II (SR Research Ltd, Kanata,
Ontario, Canada) head-mounted eye-trackers, which

sample the wearer’s eye gaze at a high frequency of 250
times per second, to obtain eye gaze motion data in a
simulated surgical environment and in the real OR, but
did not record where the surgeon was actually looking.’
Others have shown that knowing where to look would
improve overall surgical performance of residents more
than by receiving verbal feedback from an instructor or
just watching the video.” We too are concerned with
evaluating surgical performance.
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Table I. Common Research Goals and Scenarios of Gaze Studies in the Surgical Environment and Recommendation for

Choosing an Appropriate Eye-Tracker

Research Goal

Scenario and Requirement

Recommended Eye-Trackers

Situation awareness/
vigilance

Freedom to move head and eyes to scan objects
around the operating room; low resolution on

Head-mounted, lightweight (like
Locarna head-mounted)

screen; sampling rate 30 Hz acceptable

Surgical performance in
simulated tasks

Accurate gaze location on screen; subject at
constant fixed distance about 60 cm to screen;

Remote eye-tracker, like Tobii
1750, or Tobii X50

sampling rate minimum 50 Hz

Surgical performance
during live surgical tasks

minimum 50 Hz

Accurate gaze location on screen; surgeon
further than 70 cm from screen because of
concern about patient safety; sampling rate

Remote eye-tracker that has
separable cameras that can be
moved close to the surgeon,
like Tobii X50

Our long-term objective is to incorporate eye-tracking
technologies into the field of surgical education in order
to improve skills of surgeons performing image-guided
surgical procedures. Laparoscopy is one type of image-
guided surgery on the abdominal cavity, where the sur-
geon’s viewpoint is directed and controlled by an assistant
through a laparoscope. We aim to prove the value of using
eye-tracking videos of expert surgeons to teach residents
where to look during key steps of laparoscopic cholecys-
tectomy and maintain vigilance on patient safety while
engaging in surgical tasks. We hypothesized that gaze
tracking of the surgeon could prove useful, especially to
provide objective measures of the surgeon’s vigilance in
the OR and in measuring the surgeon’s eye—hand coordi-
nation on the operating scene.

To achieve our research goals, we required eye-trackers
that could capture the appropriate information for the
task. We found we needed 3 different eye-trackers: in
laboratory studies to measure the vigilance of sur-
geons,*'? during real surgeries in the OR, and in follow-
up laboratory studies.'"'? We report on our experiences of
using these eye-trackers with surgeons, and the difficul-
ties in obtaining high-quality eye gaze data in the real OR
setting.

Background to Eye-Tracker
Hardware

Most commercial eye-trackers rely on locating the reflec-
tion of an infrared beam of light from the subject’s eyes
with an infrared-sensitive camera. The eye motion met-
rics calculated by the hardware contain samples over
time of the gaze location in space, the corresponding
fixations, the pupil diameter (if visible), and a parameter
indicating if the eye gaze data are valid for one or for
both eyes. Most eye-trackers require calibration before
use, where the subject stares at known locations. Modern

eye-trackers include head pose estimation to improve the
accuracy of the gaze location, around 0.5° of visual
angle, and gaze location samples are taken at 30 to 1000
Hz. There are 2 major types of eye-trackers: head-
mounted eye-trackers, where the camera is mounted on
eye glasses and the so-called “remote” eye-trackers,
where the camera is fixed near a computer screen. An
excellent review of eye-tracker hardware is given in
Duchowski’s book."

We use 3 different eye-trackers: a lightweight head-
mounted eye-tracker (Locarna Systems, Inc, Victoria,
British Columbia, Canada), a remote computer-attached
remote eye-tracker (Tobii 1750, Tobii Technology AB,
Danderyd, Sweden), and another remote tracker that is
separable from a computer screen (Tobii X50, Tobii
Technology AB). These eye-trackers are described in
detail below.

For the 3 surgical applications described in this article,
Table 1 summarizes the eye-tracker most suited to the
research goals of the study.

Study |:Surgeon’s Vigilance in
Simulation Setting

Motivation

In study 1, we wanted to record how aware the surgeon
was of the patient’s vital signs during a demanding lapa-
roscopic surgery, and whether novices detected changes
in the patient’s condition more frequently than experts.’
In this study, we were primarily interested in how fre-
quently the surgeon was able to shift their focus of atten-
tion from the monitor displaying the surgery site to the
monitor displaying the patient’s vital signs and were also
interested to test the association between blinks and gen-
eral workloads of surgeons assessed by a paper assess-
ment instrument (National Aeronautics and Space
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Figure |.The Locarna PT-Mini head-mounted eye-tracker

Administration Task Load Index, NASA TLX) rather
than their surgical performance, so we were not inter-
ested in details on where exactly they were looking on
the surgical screen.

Therefore we could not use a camera integrated with
the surgical display monitor, as that would not reveal the
gazes on the vitals monitor. Furthermore, the user can
move their head freely only using head-mounted eye-
tracker systems, a strong requirement in this study (all
remote eye-trackers allow only very small head move-
ments of the subject, as with large movements, the sclera
of the eye cannot be seen, and the gaze position is lost).
So we selected the head-mounted lightweight eye-
tracker (PT-Mini, Locarna Systems Inc, Victoria, British
Columbia, Canada) to fulfill the task goal (Figure 1).

Technology

The Locarna PT-Mini eye-tracker consists of 2 synchro-
nized cameras recording video at 30 Hz. One camera
capturing the scene of room can record the image at 720
x 480 resolution. The other camera aiming toward the
wearer’s pupil records eye motion at 352 x 240 resolu-
tion (Figure 1). The recorded video streams are postpro-
cessed using Locarna’s Pictus software (Locarna System
Inc, Victoria, British Columbia, Canada) to produce the
eye gaze coordinates and fixation locations.

This eye-tracking setup involves a lightweight head-
mounted Locarna eye-tracker to study participants’
gaze positions between a computer screen and nearby
physical objects on different viewing planes. As we did
not require very high sampling rates for this study, we
chose to use the head-mounted eye-tracker, which sam-
ples at 30 Hz. We found that this sampling rate was
sufficient to catch fixations of 80 ms or more on the
vital signs display.

The fixation parameters used for this study are mini-
mum duration of 3 video frames (100 ms) with a maxi-
mum radius of 40 pixels relative to the video frame
recorded from the scene camera, which is equivalent to
about 3.5° of visual angle. Moving fixations were han-
dled using velocity-based algorithms similar to those
described by Salvucci and Goldberg."* Fixations pro-
duced from the Locarna Pictus software were annotated
as gazing on the main laparoscopic display, the vitals
display, or elsewhere. Consecutive fixations on the same
item were then collapsed into a single extended dwell.
Any change in which item is being dwelled upon is clas-
sified as a saccade to the new item.

Main Findings

A total of 23 surgeons (13 experts and 10 novices) par-
ticipated in the study in a laboratory setting using a
computer-based simulator (SurgicalSim VR, METTI Inc,
Sarasota, FL), to create virtual cholecystectomy cases
and a patient simulator for the patient. The setup and
details are given elsewhere.®

Compared with expert surgeons, novices performed
surgical tasks in the simulated cases with satisfactory
results. However, they concentrated intently on the sur-
gical task and performed few eye glances to the anes-
thesia monitor displaying the patient’s vital signs. In
contrast, experts glanced more frequently at the anes-
thesia monitor and with longer fixation time.” Furthermore,
we identified that surgeons who blinked more fre-
quently and with longer duration blinks, reported a
lighter workload.'” These results show promise for
using eye-tracking technology to measure surgeons’
vigilance during an operation. Eye-tracking observa-
tions can lead to inferences of surgeons’ behaviors for
patient safety, which may surpass measures on sur-
geon’s technical skills.

Technology Limitations

The quality of recording with head-mounted eye-trackers
seemed variable for different wearers, leading to noisy
data. The calibration process was potentially lengthy and
intrusive, as the 2 cameras on the headgear had to be
manually focused by twisting a barrel for each new
wearer. Since the gaze data were only recorded for post-
processing, there was no way to detect and correct
adverse events that occurred during recording, such as
an instance of a sudden head movement that caused the
position of the gear to shift on the wearer’s head.

Although the PT-Mini allowed us to track the simu-
lated surgical environment directly from the wearer’s
point of view, it did so at a relatively low resolution,
which was insufficient for our future OR studies.
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Study 2: Surgeon’s Eye-Hand
Coordination in Laboratory
Setting

Motivation

In study 2, our goal was to investigate the surgeon’s eye—
hand coordination in performing laparoscopic tasks.
Explicitly, we investigated the temporal relationship
between the gaze locking on the target and initiation of
hand movement toward the target. In a previous study, we
showed that novices exhibit more tool-tracking rather than
target-locking behaviors than expert surgeons, in a computer-
based virtual training environment.® In this study, we
would like to see if such eye-tracking behavior also will be
revealed in a more realistic, physical training environment.
As a high-resolution image was required to locate the sur-
geon’s gaze on different surgical targets, we used the Tobii
1750 to display and record the surgeon’s gaze.

Technology

The Tobii 1750 consists of a 17-inch 1280 x 1024 LCD
monitor and 2 built-in infrared cameras at the bottom of
the monitor to capture the operators’ eye gaze on the
monitor, recording at 50 Hz (Figure 2). With the Tobii
1750’s remote tracking ability, a surgeon’s eye motions
can in theory be monitored unobtrusively while standing
at a comfortable viewing distance, usually 60 to 70 cm.
Surgeons do not need to wear special goggles, hence
avoiding interference with surgical tasks. Surgical video
images can later be played back with superimposed eye-
tracking signals in high resolution.

The surgical task was created with a standard laparo-
scopic training system (Laparoscopic Trainer, 3-D
Technical Services, Franklin, OH), which consists of a
closed box containing the task materials such as a peg
board or suture-tying rubbers, illuminated with a camera,
with the inside image displayed on a display monitor.
Graspers are inserted through ports and held with handles
outside the box. These are used to manipulate the materi-
als inside the box, viewed on the display monitor. The
subject performs the task standing up, as in live laparo-
scopic surgeries.

The task scene was captured with a TV tuner card
(Hauppauge Computer Works, Inc, Hauppauge, NY)
using a NTSC composite video connection at 352 x 288
pixels and was displayed directly on the Tobii 1750 using
Clearview 2.7.0’s “external video” stimulus.

Main Findings

Fourteen subjects were recruited to perform a simple
laparoscopic task, including 9 subtasks. We found a

Figure 2.View of the setup of the training box and the Tobii
1750 eye-trackers

The eye-tracker emitters are seen as 2 round purple lights
mounted below the display. The display shows the task materials
inside the box.

consistent delay of about 100 ms between commence-
ment of eye movement to the target and commencement
of the tool movement to the target.'"'? The target lock-
ing was initiated earlier in tasks that required a higher
level of precision (ie, reaching and grasping the object)
compared with low task requirements (ie, bringing
home the instrument).

Comment on Technology

The Tobii 1750 can be used directly to display and record
the eye gaze of the operator of the training box on the
display monitor, because the monitor can be easily
arranged to be at about 60 cm distance from the operator
in the laboratory setting.

Study 3: Recording Surgeon’s
Gaze During Live Laparoscopic
Surgeries in the Operating Room

Motivation

Knowledge gained from aforementioned studies in the
laboratory provides an excellent foundation for our
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Detached eye-tracker
camera can be moved
closerto surgeoninthe OR

Figure 3. Setup in the operating room with the usual surgery
display monitor and the eye-tracker camera below on an
adjustable sliding shelf

effort of recording eye-tracking of surgeon in the OR. To
create high-quality eye-tracking videos for teaching sur-
gical skills, we want to acquire precise data of the sur-
geon’s eye gaze on the surgical monitor during real
laparoscopic surgeries. This is a necessary step to our
goal of integrating eye-tracking into surgical educational
programs aiming to improve surgeons’ vigilance and
eye—hand coordination.

Technology

Because of this requirement for high-resolution eye-
tracking and the difficulty of sterilizing a tethered head-
mounted device for the OR, we abandoned the Locarna
PT-Mini and initially tried to use our remote eye-tracker,
the Tobii 1750. In our laboratory setting, the Tobii 1750
worked well—the surgeon stood in front of the training
box while looking at the monitor, and the eye gaze was
recorded with valid gaze location signals.

However, we encountered many logistical difficulties
when we moved to the actual OR. There was so much
equipment around the patient (Figure 3) that the monitor
could not be moved over the patient. If the surgeon stood
to one side of the patient, the distance to the monitor
would be at least 150 cm—far beyond the usual 70 cm
maximum recording range of the Tobii 1750. Therefore,
we used a Tobii X50 eye-tracker, similar to the Tobii
1750 but with the camera separated from the display
monitor.

We placed the Tobii X50 on an adjustable shelf at a dif-
ferent location than the monitor (Figure 3). We covered
the shelf with a sterile drape to follow hospital regula-
tions, and the cables were kept strictly out of the operating
field. Once the initial setup had been completed, we were

SV-2 monitor

VGA DvI

Stryker
Video router

A 4

—l

 I—
o
o

S-video

Laparoscope

Eyetracking PC

Figure 4. Stylized representation of the hardware
connections

The blue lines show our usual surgery connections, and the red lines
show the extra eye-tracking connections.

then able to slide the sterilized shelf and camera into posi-
tion over the patient to perform the eye calibration and
recording.

Display Setup Challenges

In the typical OR scenario at our institution, the endo-
scopic video from a 90° field-of-view laparoscope is fed
into a Stryker video capturing/processing unit, which is
connected to the surgical display via a VGA (video
graphics array) connection. The surgeon’s main display
is a 19-inch LCD SV-2 monitor with 1280 x 1024 native
resolutions (5:4 aspect ratio). This setup is shown sche-
matically in Figure 4 as the blue connections.

For safety concerns in case of an eye-tracking per-
sonal computer (PC) failure, we were not allowed to
interfere with the typical everyday usage, by inserting
the eye-tracking PC into the regular connection loop.
Therefore, when introducing the eye-tracking PC, the
connections above are left unchanged, and we had to
develop a parallel display path, shown as the red path in
Figure 4. The Stryker video router provides a NTSC
S-video signal to the capture card of the eye-tracking PC,
which we equipped with a Hauppauge HVR 1600 video
capture card, at 720 x 480 input resolution (3:2 aspect
ratio). The eye-tracking PC scaled the signal to the native
resolution of the display monitor (5:4 aspect ratio), and
sent the signal (with possible delays) to the display via a
digital video interface (DVI) connection (Figure 4).

The SV-2 monitor has a number of inputs on its rear
panel and has controls at the front that can switch input
modes at one touch of a button, so we could easily switch
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Figure 5. Calibration grid samples: (a) circle pattern grid and (b) square pattern grid

input signals between the VGA route direct from the lapa-
roscope, or via the eye-tracker PC.

To avoid conversion delay problems or the disaster of
lost signals, after we calibrated the surgeon using the DVI
connection, we switched the monitor to its VGA input as
soon as we started recording, so that the surgeon could
operate using the usual interface.

Scene-to-Screen Conversion

Having surgeon’s eye-tracking recorded in the OR with
the surgical video, we also need to display videos to
trainees with a teaching purpose. We found that the dis-
played image from the original VGA input differed from
our resized DVI image, because of the differences in
aspect ratio between the S-video capture card and the
display monitor, so the view seen by the surgeons while
operating was not necessarily the same view displayed
by the eye-tracking PC for recording. Because the eye-
tracking data are recorded under the assumption that the
operator sees what is displayed from the PC, it was
imperative to determine any differences between the
image displayed directly from the Stryker unit and the
image that had been additionally processed by the eye-
tracking PC.

To solve this problem, we performed a test recording
on calibration grids of known dimensions, and then scaled
our eye gaze data to properly match what the surgeon saw

on the display during the operation. Two printed grids
were used to observe and measure the Stryker video unit’s
scaling and display characteristics. A circular grid with
several inscribed circles was used to observe the scaling
method used by Stryker (Figure 5a), and a grid with uni-
formly spaced concentric squares was used to estimate
field-of-view adjustments made for different Stryker
video output modes (Figure 5b).

Nonuniform scaling of the image to fill the LCD
panel’s dimensions was the main focus of this proce-
dure. Since it was infeasible for us to determine exactly
the nature of the video stream from the laparoscope
before it reached the Stryker video unit, we used the
display seen using the VGA connection as the baseline
display mode.

Once the laparoscope and video equipment were set
up, the circular calibration grid was placed in front of
the laparoscope. A photograph of the LCD screen was
taken for each of VGA and DVI inputs, as well as a
frame grab of the S-video feed captured by the eye-
tracking PC. The circular grid was replaced by the
square grid without moving any other components and
the process was repeated.

With the circular grid (Figure 5a), it was observed
visually that the circles became identically vertically
elongated in the surgical display, using both Stryker
direct VGA input, and DVI inputs via the eye-tracking
PC software. However, the grid appeared circular in the
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captured video. When a screenshot of the captured video
was nonuniformly scaled to the LCD’s native resolution
using an image editing tool (horizontal resolution X
720/480, vertical resolution x 1024/480), the circle
became similarly elongated. From this we concluded that
the scaling performed by Stryker for the VGA display is
the same as the scaling done by Tobii Clearview for the
full-screen eye gaze stimulus over DVI.

Therefore, what the surgeon saw was what the eye-
tracker software assumed the surgeon saw, so we did not
need to correct any of the inputs because of this re-sizing
effect.

Using the square grid, it was found that the horizontal
field of view for the DVI and VGA inputs was slightly
different. More specifically, the image captured from
S-video and displayed using DVI had a wider field of
view in the same display area, causing the image seen
using DVI (and thus assumed to be seen by Clearview) to
be horizontally compressed compared with using the
VGA input. Using the square grid (Figure 5b), we mea-
sured the DVI field width at the top of the screen to be
approximately 137 mm from the center, and the field
width of the VGA input was approximately 127 mm from
the center. The vertical field of view was found to be the
same for both inputs. Because of the narrower field of the
VGA input, what is seen on the display during the opera-
tion is always a subset of the frame recorded in Clearview
but is offset by a linear factor as the gaze moves to the
periphery of the screen.

To make a correspondence between a Clearview-
recorded pixel (DVI input) to the pixel stimulus seen on
the display during the live operation (VGA input), the fol-
lowing transformation is applied to the recorded gaze
point’s X coordinate:

X . =[x

VGA DVI

~360) x (127/137)] + 360,

where 360 is the value of one half of the video capture’s
horizontal resolution.

The data in Clearview’s internal data file cannot be
altered. The transformation is thus used on Clearview-
exported plaintext files in GZD (gaze data), FXD (fixa-
tion data), and CMD (combined gaze/fixation data), for
our custom gaze analysis software.

Lessons Learned

Several types of eye-tracking systems are currently avail-
able for studying surgeons’ gaze during surgical proce-
dures, but each has limitations, requiring a careful
selection for different research objectives. When studying
surgeons’ vigilance over the entire operating room, we
can use head-mounted, lightweight eye-trackers to give
more freedom to the surgeons. A custom purpose-built

setup with a wireless capability would be appreciated in
the OR, as the tethered cables of our head mounted eye-
tracker can be a hazard in the live OR environment.

Although the Tobii eye-tracker is able to track eye
gaze under small head movements, the operating sur-
geons (either out of habit or by necessity) often make
large movements, causing Tobii to lose track of the sur-
geons’ eyes, leading to intervals of missing or unreliable
data in our recordings. These events could be identified
by adding a Webcam to the data collection, so we would
have a view of the surgeon’s face and actions.

After overcoming these technical difficulties, we suc-
cessfully recorded 11 cases in the OR with the surgical
video plus the synchronized eye-tracking. We have cre-
ated surgical videos augmented with the expert eye gaze,
for future analysis and use in training, as such videos
have recently been reported to be successful in surgery
training.”
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