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Abstract
BACKGROUND: Established methods for assessing surgical performance face limitations. Global

rating scales and procedure-specific checklists are resource intensive and rely on expert opinions.
Alternatives that use technology to track hand movements, such as magnetic and optical tracking
systems, are generally expensive and ill suited to the surgical environment.

METHODS: The authors present a new platform that integrates a novel, low-cost optical tracking
system, magnetic tracking technology and a videographic recording system to quantify surgical
performance synchronously across all modalities. The validity of this platform was tested by examining
its ability to differentiate between the performance of expert and novice participants on a basic surgical
task.

RESULTS: Each modality was able to differentiate between expert and novice participants, and
metrics were well correlated across modalities.

CONCLUSIONS: The authors have developed a platform for assessing surgical performance. It can
operate in the absence of expert raters and has the potential to provide immediate feedback to trainees.
Crown Copyright © 2012 Published by Elsevier Inc. All rights reserved.
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In surgical education today, there is increased awareness
of patient safety, coupled with ever increasing demands on
surgical faculty members. There has also been an exponen-
tial rise in the number of surgical techniques that must be
mastered by surgical trainees. These factors have created a
need for tools that can help trainees practice newly taught
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skills and that facilitate the assessment of surgical technical
competence without the need for direct faculty involve-
ment.1,2 Current assessment strategies for technical skills in
open surgery rely heavily on expert involvement, and there
is growing interest in replacing traditional subjective assess-
ment techniques with more objective methods.1 Global rat-
ing scales (GRS) and procedure-specific checklists are rou-
tinely used to assess surgical performance in both real and
simulated environments.3 Although GRS scores have been
hown to have high reliability and validity,3,4 they rely on

subjective judgments. GRS scores are also unable to provide
detailed feedback, which limits their usefulness as a forma-

tive tool. Checklists have lower reliability and validity3 but
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are less subjective. Both tools, however, require the pres-
ence of expert raters and are thus time-consuming and
expensive to administer.

Recently, surgical educators have turned to technology to
find new metrics for assessing technical performance on the
basis of the movements made by surgical trainees as they
execute surgical techniques. Parameters currently being ex-
plored include the number of movements (NM), rate of
movements, total path length (PL), movement variability,
time taken to complete the technique, as well as more
general parameters, such as average velocity and peak ve-
locity.5,6 These parameters are easily measured for laparo-
scopic procedures using computer-based simulators that
track the locations of virtual instruments at all times.7,8

Capturing movement parameters for open procedures, in
contrast, is more complex, requiring external technologies
to capture the movements of either hands or instruments.
These movements can then be deconstructed into basic
performance metrics9,10 or analyzed using gesture recogni-
ion.11 The most commonly used methods of capturing

movement data are video analysis, electromagnetic (EM)
tracking, and optical tracking,12 but each has its limitations
in the open environment. Video analysis and optical track-
ing both require a clear line of sight in an environment that
is typically highly obstructed, and EM tracking is highly
sensitive to environmental noise. In surgical education, us-
ing video for assessing technical skills has largely been
restricted to objective structured assessment of technical
skills examinations,4 in which examiners viewing the vid-
otape are blinded to the identities of the candidates. How-
ver, the validity and reliability of video-based examina-
ions remains an open question.13–15 EM and optical
racking technologies have been used to track the position of
he hands or instruments,16 from which basic parameters

such as PL, NM, and total time taken and more sophisti-
cated parameters such as adherence to optimal path, average
velocity, and peak velocity can be determined.8 PL, NM,
and total time taken have been found to correlate strongly
with scores on objective structured assessment of technical
skills exams and have hence been used as secondary mea-
sures of technical ability.5,9

In EM tracking systems, a varying magnetic field is
generated by an alternating current or pulsed direct current
source.17,18 Both alternating current and pulsed direct current
systems then use sensors that detect the fluctuating magnetic
field to determine the position of the sensors relative to a
known position. EM technology has been used to assess tech-
nical skills in a surgical environment by placing sensors on the
dorsum of a surgeon’s hand.9 However, metallic objects near
he sensor or field generator (such as some surgical instru-
ents), and devices that generate magnetic fields of their own

such as cautery), can cause additional, unpredictable fluctua-
ions in the magnetic field.19 These fluctuations decrease track-

ing accuracy and can lead to false results.20

Optical tracking systems use a calibrated system of

cameras to track the position, typically in 3 dimensions, a
of markers using a coordinate system that is common to
all cameras. The position of any object that is visible to
2 cameras can be calculated at any time using stereo-
scopic vision techniques.21 Commercial optical tracking
ystems are typically less susceptible to noise issues in
omparison with EM tracking systems and are frequently
sed for motion capture and analysis in other do-
ains.22–24 They are typically very expensive, however,

and require uninterrupted lines of sight between the
markers and cameras, which makes optical tracking sys-
tems impractical to use in a realistic surgical training
environment.

Motivated by the high costs associated with commercial
optical tracking systems, efforts have been made to develop
a lower cost alternative. Several groups have turned to
gaming technology and have developed relatively low-cost
infrared (IR) tracking systems using the cameras embedded
in Wii remote controls (Nintendo, Inc., Kyoto, Japan) and a
freely available camera calibration toolbox for MATLAB
(The MathWorks, Inc., Natick, MA).12,25

The cameras embedded in Wii remotes have optical
properties that make them particularly suited to environ-
ments that have short distances between the cameras and the
position sensors. These properties may make such cameras
more suitable for the surgical environment than other com-
mercial systems that require much greater distances be-
tween the cameras and the objects of interest, because re-
ducing the distance between the cameras and the markers
minimizes the likelihood that markers will be masked from
the cameras by other objects within the surgical field. Al-
though each tracking modality has its limitations, a perfor-
mance evaluation tool that uses multiple modalities (eg,
optical, IR, and video) to synchronously collect information
might free us from the limitations of each modality when
used on its own.

Our laboratory has developed a custom-designed data
collection platform using Wii remotes, a Polhemus Patriot
EM tracking system (Polhemus, Colchester, VT), and video
tracking, with an overall hardware cost of �CDN$6,000.
Four Wii remotes were placed at the corners of a 4 � 2 ft
operative field (see Fig. 1). The remotes were calibrated to
define a tracking volume using a customized open-source
calibration algorithm. The position of an IR marker within
the calibrated volume could then be determined by a trian-
gulation algorithm using information recorded from 2 Wii
remotes12,25 (4 remotes were used to maximize the likeli-
ood that markers would remain visible to �2 cameras
uring the task). The Patriot system was used for EM
racking, and the coordinate systems of the EM and Wii
racking systems were aligned. In addition, 2 standard video
ameras were used to record the task from 2 different
erspectives. A custom software application suite was de-
eloped using the LabVIEW development environment
National Instruments Corporation, Austin, TX), which al-
owed for synchronized collection and analysis of data from

ll 3 modalities.
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Methods

This study was approved by the research ethics board at
Mount Sinai Hospital, and informed consent was obtained
from all participants. We explored the validity of our plat-
form using a basic suturing task performed by 10 novices
(undergraduate students with no prior training in suturing
who were recruited from the Faculty of Arts and Science at
the University of Toronto) and 10 experts (senior residents
or practicing surgeons from the Faculty of Medicine at the
University of Toronto). Both groups of participants were
instructed to close a 10-cm incision on a standard silicone
simulated skin pad using 8 simple interrupted sutures with 3
square knots per suture and a minimum of 3 throws on the
first knot of each suture. Novice participants were first
shown a 20-minute training video that taught them the
required techniques and presented a series of unsupervised
practice exercises. To enable tracking during the task, IR
markers were taped onto the dorsa of participants’ dominant
hands, and magnetic markers were taped onto both hands.
Hand position data were collected using both the EM and IR
systems, and the NM, PL, and total time taken were calcu-

Figure 1 The experimental setup, showing the positioning of the
Wii remotes around the operative field. Remotes are placed at the
4 corners of the field to maximize the likelihood that markers will
remain visible to �2 of the remotes at all times.

Figure 2 Mean data for NM for the dominant hand (left), PL fo
10 expert participants. Expert participants used fewer movements
novice participants. Expert participants also received higher ratings

task were examined.
lated5 using LabVIEW and MATLAB software. These data
ere analyzed using Student’s t test for independent groups.
eparate analyses were conducted for each variable. In addi-

ion, relations between the data from the IR and EM tracking
odalities were examined using Pearson’s product-moment

orrelation tests. Video recordings were also analyzed using
linded expert reviewers, who were asked to score perfor-
ance using a procedure-specific GRS.

Results

Data from both IR and EM tracking modalities were
normally distributed and revealed clear differences between
expert and novice participants for NM and PL (t[18] � 3.4,
P � .01; see Fig. 2). In addition, we observed strong
correlations between the EM and IR systems for each vari-
able (RNM � .96, RPL � .95). Analysis of the total time
equired to complete the task revealed similar results. Ex-
ert rating (GRS) data from the video recordings followed a
imilar pattern, with experts being scored higher than nov-
ces for all subscales (t[18] � 4.8, P � .01). Of particular
nterest are the scores for overall performance (novices,
.9/5 [.74]; experts, 4.7/5 [.48]; t[18] � 6.5, P � .001)

and for the quality of the final product (novices, 3.4/5
[.52]; experts, 4.7/5 [.48]; t[18] � 5.8, P � .001). There

ere moderate negative correlations between the GRS
nd EM/IR data (R � �.49 to �.61), most likely because
f restricted range effects in the scores for our expert
articipants.

Comments

Our data show that we have produced an objective data
acquisition platform that is capable of differentiating be-
tween expert and novice performers for a basic surgical
task. In addition, we have shown that our low-cost, optical
tracking solution is capable, at least for this task, of pro-

ominant hand (center), and GRS scores (right) for 10 novice and
aveled shorter distances when completing the suturing task than
GRS by blinded reviewers when video recordings of the suturing
r the d
and tr
on the
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ducing data that are highly correlated with previously val-
idated EM tracking tools. The moderate correlation with the
expert rating scores shows potential for using this device for
both formative and summative assessments. The low cost of
our platform, coupled with the speed at which it can provide
feedback, and its ability to assess performance in the ab-
sence of expert raters, means that it could potentially be of
enormous value in supplementing existing assessment tools
and as a tool for postgraduate surgical training.

EM tracking systems have been shown to be able to
distinguish between novices and experts in areas such as
laparoscopic cholecystectomy,9,26 knot tying,27,28 and labor
epidural catheter placement.29 It is conceivable that the
ptical tracking component of our system presented here
ould also distinguish between different levels of perfor-
ance, making it a significantly lower cost alternative for

raining and assessment (the hardware cost of the optical
racking component of our platform was �$300, compared
ith �$5,000 for the EM tracking system).
With further development, our platform may also offer a

ower cost alternative to existing laparoscopic simulators,
hich are typically extremely expensive. However, optical

racking requires a clear line of sight, and EM tracking is
ubject to interference from metal surgical instruments. Our
ystem can certainly track hand motion on the basis of
arkers placed on the dorsa,30 but it could not be used to

accurately track instruments that are placed inside laparo-
scopic operating ports in its present form.

Our platform is also limited to tracking 4 markers simulta-
neously, which may limit the number and complexity of tasks
that can be assessed. Furthermore, it is not clear that basic
movement parameters are suitable for assessing performance
in complex procedures (eg, a greater number of sutures, and
thus more hand movements, may result in a more robust bowel
anastomosis than a smaller number of sutures while producing
scores indicative of novice performance), and more work is
required to explore the best parameters for assessing perfor-
mance in more complex tasks and surgical procedures. Pre-
liminary work from our laboratory suggests that measures
derived from gesture recognition algorithms, measures that
assess the variability and accuracy of movements for a given
task, and measures that incorporate information about the qual-
ity of the task (eg, the spacing of sutures) might offer more
meaningful metrics of performance for these more complex
tasks. These alternative metrics may also provide more useful
feedback to trainees seeking to improve their operative perfor-
mance than the raw NM and PL values and require further
exploration.

The present study presents data from only 2 different
levels of training (experts and novices). The sensitivity of
our platform to finer differences in performance remains an
open question. Nevertheless, our data provide compelling
evidence that our platform is capable of differentiating per-
formance, and providing feedback to trainees, for a basic

surgical skill in the absence of expert raters.
Future work will include enhancing the IR tracking mo-
dality to enable it to track more objects simultaneously,
exploring additional performance metrics, collecting data to
enable us to model “typical” performance for different
stages of training, as well as exploring the use of this
platform in more complex surgical tasks and procedures and
examining its sensitivity.
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