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times were 2.8 and 1.6 times faster in laparoscopic navi-
gation in space and suturing tasks respectively (p< .001). 
Comparing optimal 3D with suboptimal 3D viewing con-
ditions, mean performance times were 2.9 times faster in 
both tasks (p< .001). Mean workload in 2D was 1.5 and 
1.3 times greater than in optimal 3D viewing, for naviga-
tion in space and suturing tasks respectively (p< .001). 
Mean workload associated with suboptimal 3D was 1.3 
times greater than optimal 3D in both laparoscopic tasks 
(p< .001). There was no significant relationship between 
the magnitude of ghosting score, laparoscopic performance 
and workload. Our findings highlight the advantages of 3D 
displays when used optimally, and their shortcomings when 
used sub-optimally, on both laparoscopic performance and 
workload.

Keywords  2D · 3D · Two-dimensional · Three-
dimensional · Laparoscopy · NASA TLX · Ghosting · 
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During three-dimensional (3D) laparoscopy, surgeons 
wear lightweight glasses that polarize horizontal rows of 
pixels displayed on a 3D monitor, with each row alternat-
ing between images captured by individual right and left 
cameras. As left-camera images are blocked by right-eye 
glasses and vice versa, each eye ideally receives a com-
plete image from its respective camera. Crosstalk refers 
to the leakage of visual information from the 3D glasses, 
whereby each eye sees a mixture of the image intended 
for that eye, and some of the image intended for the other 
eye [1]. Crosstalk is precipitated by suboptimal viewing 
positions including head tilt from display elevation (look-
ing up or down at the screen) and acute eccentric viewing 
angles (looking sideways at the screen). Depending on the 

Abstract  This is the first study to explore the effects of 
crosstalk from 3D laparoscopic displays on technical per-
formance and workload. We studied crosstalk at magni-
tudes that may have been tolerated during laparoscopic sur-
gery. Participants were 36 voluntary doctors. To minimize 
floor effects, participants completed their surgery rotations, 
and a laparoscopic suturing course for surgical trainees. We 
used a counterbalanced, within-subjects design in which 
participants were randomly assigned to complete laparo-
scopic tasks in one of six unique testing sequences. In a 
simulation laboratory, participants were randomly assigned 
to complete laparoscopic ‘navigation in space’ and suturing 
tasks in three viewing conditions: 2D, 3D without ghosting 
and 3D with ghosting. Participants calibrated their expo-
sure to crosstalk as the maximum level of ghosting that they 
could tolerate without discomfort. The Randot® Stereotest 
was used to verify stereoacuity. The study performance 
metric was time to completion. The NASA TLX was used 
to measure workload. Normal threshold stereoacuity (40-20 
second of arc) was verified in all participants. Comparing 
optimal 3D with 2D viewing conditions, mean performance 
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severity of suboptimal viewing, crosstalk may manifest as 
subtle visual ghosting of images, or, in severe cases, images 
will appear similar to viewing the 3D display without 3D 
glasses. The effects of crosstalk include reduced stereovi-
sion, headache and fatigue [1, 2].

Despite the rising popularity of 3D laparoscopic tech-
nologies,[1–4] crosstalk is not widely appreciated in the 
surgical community. The impact of crosstalk on 3D laparo-
scopic performance has not been previously reported. The 
primary aim of this study was to systematically evaluate 
the effects of crosstalk by comparing the technical perfor-
mance and workload from using 2D and 3D laparoscopic 
displays in optimal and suboptimal viewing conditions. In 
this study, participants calibrated their exposure to cross-
talk such that in the optimal 3D condition, no ghosting was 
perceived. In the suboptimal viewing condition, crosstalk 
was calibrated by each participant to the maximum level of 
ghosting that could be tolerated without discomfort during 
laparoscopy. As tolerable levels may vary between partici-
pants, our secondary aim was to explore the relationship 
between the magnitude of perceived ghosting and laparo-
scopic performance.

Methods

Study design

We used a counterbalanced, within-subjects design in 
which participants were randomly assigned to complete 
laparoscopic tasks in one of six unique testing sequences. 
Three viewing conditions were evaluated: 2D, 3D with/
without ghosting.

Participants

Thirty-six voluntary individuals with a mean age of 30.5 
years took part in the study. Participants were junior doc-
tors from The University of Queensland Surgical Interest 
Group, and were the first 36 respondents from advertise-
ments placed on the Surgical Interest Group webpage. 
All participants had previously completed a laparoscopic 
suturing course for surgical trainees taught by a surgeon 
instructor at the Clinical Skills and Development Cen-
tre (CSDS), Brisbane, Australia. All participants had 
completed their surgical rotations and were also experi-
enced in laparoscopic assisting. A recent cross-sectional 
study of surgeons suggests that 10% may be stereoblind 
[5]. We therefore verified normal threshold stereoacuity 
(40 − 20  s of arc) in all participants using the Randot® 
Stereotest (Stereo Optical, Chicago, IL, USA).

Testing laparoscopic performance with 2 simulation 
tasks

Navigating in space (Fig. 1)

We used a custom apparatus developed to test fine lev-
els of laparoscopic depth perception. This task tests fine 
instrument control with a needle in 3D space, under time 
pressure. Participants were required to hold a laparo-
scopic needle holder with their dominant hand, and pass 
a curved needle fixed in its jaws through a 2  mm loop 
at the tip of a monofilament suture. The apparatus incor-
porated five such loops that participants were required to 
complete in a predetermined sequence. The time taken 
for the needle to pass through all five loops was recorded 
with a stopwatch.

Laparoscopic suturing

We used a standard Fundamentals of Laparoscopic Sur-
gery Suturing task module. This task tests fine instrument 
control with a needle and suture, as well as suturing tech-
nique in 3D space, under time pressure. Participants were 
required to handle one laparoscopic needle holder with 
each hand, and manipulate a curved needle on a 12-cm-
long 3.0 Prolene suture to repair a defect in a rubber tube. 
A black dot on the edge of each defect indicated where the 
suture must enter and exit. The time taken for a complete 
and flat laparoscopic knot (two, then one and then one 
throw) was recorded with a stopwatch.

For each viewing condition (2D, 3D with/without ghost-
ing), participants had to perform three repetitions of each 
simulation task before moving on to the next predetermined 

Fig. 1   The navigating in space task. This task tests fine instrument 
control and precision under time pressure
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viewing condition. For each participant, the mean time for 
each simulation task was used for data analysis.

The national aeronautics and space administration task 
load index (NASA TLX)

Workload is a term used in human factors science to 
describe the cost incurred by an individual during work 
activity. The NASA TLX questionnaire was initially devel-
oped to analyse the workload of pilots with the aim of 
redesigning processes to reduce technical errors, and has 
become the gold standard of workload assessment owing to 
its extensive validation in different industries. The NASA 
TLX has also been used to measure the workload of sur-
geons and physicians trialling new procedures and technol-
ogies designed to improve work efficiency and performance 
[6–9].

Laparoscopy display systems

Target images were captured by the Olympus Endoeye Flex 
3D laparoscope with left and right images relayed to indi-
vidual Olympus CV-190 processors. The Olympus 3DV-
190 visualization unit integrates these images to display 
a 3D image on a compatible Sony LMD-2451MT LCD 
HDTV monitor. (Olympus Co, Tokyo, Japan; Sony Corpo-
ration, Tokyo, Japan). The LCD panel has a high resolu-
tion (1900 × 1200 dots) and the monitor dimensions are 23 
¾ × 15 ¼ inches. The monitor is intended for medical use 
only. Target images can be displayed in both 2D and 3D 
with the same set-up.

Grading of visual ghosting

We used magnitude estimation, a standard psychophysi-
cal procedure in which participants graded the intensity of 
visual ghosting on a scale of 0 to 100 [2]. Participants were 
instructed that 0 = no ghosting and 100 = ghosting identical 
to viewing the 3D display without 3D glasses.

Viewing positions

During testing in the 2D and 3D (without ghosting) con-
ditions, each participant was tested in the optimal viewing 
position in which the centre of the plane of the display was 
adjusted perpendicular to the viewer’s line of sight. Partici-
pants confirmed the absence of visual ghosting in the 3D 
(without ghosting) condition. Viewing distance was 1  m 
and was taken as the straight distance from the back of the 
participant’s heels to the mid-point of a horizontal line on 
the floor parallel to the plane of the display monitor.

We have previously demonstrated that head height 
underneath the 3D display monitor produced a visual 

ghosting grade of 100 in most viewers [2]. Primary oper-
ating positions that conventionally adopt this suboptimal 
position include laparoscopic-assisted colorectal operations 
such as total mesorectal excision (taTME) and transanal 
minimally invasive surgery (TAMIS). In 3D (with tolerable 
ghosting condition), display monitor height (elevation) was 
raised relative to the optimal viewing position to generate 
increasing amounts of crosstalk. At the start of this condi-
tion, participants were instructed to calibrate the maximum 
level of ghosting that they could accept without discomfort. 
Participants were able to control the amount of crosstalk 
by adjusting display elevation. To provide clinical context, 
participants were also instructed to imagine that this was 
also the level of ghosting that they would allow 3D lapa-
roscopic surgeons to operate on themselves (if the partici-
pants were patients).

Procedure

The testing procedure was approved by the University of 
Queensland (UQ) Human Ethics Committee and the Pro-
gram Director of the UQ School of Medicine. Participants 
were individually tested.

To eliminate order bias, participants were randomly 
assigned into one of six possible combinations of viewing 
conditions (e.g. First: 3D without ghosting; second: 2D; 
last: 3D, with tolerable ghosting). Participants then com-
pleted the tasks in an order determined by random assign-
ment to one of six counterbalanced testing sequences (6 
participants per sequence). Random assignment was per-
formed using a computerized random number generator. 
The 6 sequences comprised a factorial combination of three 
viewing mode orders (applied to each individual techni-
cal task; testing mode: 2D/3D without ghosting/3D with 
ghosting or 2D/3D with ghosting/3D without ghosting or 
3D without ghosting/2D/3D with ghosting or 3D without 
ghosting /3D with ghosting/2D or 3D with ghosting/2D/3D 
without ghosting or 3D with ghosting/3D without 
ghosting/2D).

The order of laparoscopic technical tasks was predeter-
mined by increasing difficulty: needle threading and lastly 
suturing. Each participant was required to complete three 
repetitions of the navigating in space task, and then three 
repetitions of laparoscopic suturing before moving on to 
the next viewing condition.

Statistical analysis

Data were analysed using SPSS® version 22 (IBM, 
Armonk, New York, USA) with alpha set at 0.05. First, a 
repeated measures analyses of variance (ANOVA) was 
conducted on performance and workload data to assess the 
effects of viewing mode (2D vs. 3D without ghosting vs. 
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3D with ghosting). For each participant, the mean perfor-
mance in each simulation task was used for data analysis. 
Each significant interaction was followed-up with simple 
effects tests (paired t-tests) to compare the effects of laparo-
scopic task (navigation in space and laparoscopic suturing) 
and laparoscopic display (2D, 3D with/without ghosting). 
The effects of subjective intensity of tolerable ghosting 
on laparoscopic performance and workload were exam-
ined with Pearson correlation coefficients and alpha was 
adjusted using the Bonferroni correction.

Results

Stereoacuity

Normal threshold stereoacuity (60 − 20 s of arc) was veri-
fied in all participants using the Randot® Stereotest (Stereo 
Optical, Chicago, IL, USA).

Grading of visual ghosting

The median and modal grade of visual ghosting across all 
participants, in which they reported the maximum level of 
ghosting that they could tolerate without discomfort, were 
15 and 10, respectively.

Laparoscopic performance

Using repeated measures analyses of variance on the 
laparoscopic performance data, we found that laparo-
scopic performance was significantly different between 
2D, 3D without ghosting and 3D with ghosting condi-
tions (F (1.35) = 39.5, p < .001). As expected, we also 
found that laparoscopic performance was significantly 

different between navigating in space and suturing tasks (F 
(1.35) = = 73.9 p < .001).

Laparoscopic performance in navigating in space and 
suturing tasks, using 2D, optimal 3D and 3D displays with 
tolerable ghosting, is presented in Fig. 2.

For the navigating in space task, mean performance 
time was 2.8 times faster in the optimal 3D condition 
(36.6 s, Std. error 2.3 s) than in 2D (101.8 s, Std.error 7.1 s, 
p < .001) and was 2.9 times faster in optimal 3D viewing 
than 3D viewing with tolerable ghosting (104.69  s, Std. 
error 12.3  s, p < .001). There was no significant differ-
ence between 3D viewing with tolerable ghosting and 2D 
(p = .83).

For the laparoscopic suturing task, mean performance 
time was 1.6 times faster in the optimal 3D condition 
(118.8  s, Std. error 7.3  s) than in 2D (184.3  s, Std.error 
11.6 s, p < .001) and was 2.9 times faster than 3D viewing 
with tolerable ghosting (212.7 s, Std. error 19.3 s, p < .001). 
There was no significant difference in performance time 
between 3D viewing with tolerable ghosting and 2D 
(p = .06).

Using a Pearson correlation analysis, we found no rela-
tionship between subjective intensity of tolerable ghosting 
on laparoscopic performance in the conditions described 
above.

Laparoscopic workload

Using repeated measures analyses of variance on the 
laparoscopic workload data, we found that the workload 
among participants was significantly different between 2D, 
3D without ghosting and 3D with ghosting conditions (F 
(1.35) = 47.73, p < .001). We also found that the workload 
among participants was significantly different between 
navigating in space and suturing tasks (F (1.35) = 9.78, 
p = .03).

Fig. 2   A–B Group performance data for participants. Y axis—time 
in seconds. 2D—two-dimensional laparoscopic display. 3DX—three-
dimensional laparoscopic display with tolerable levels of ghosting 
from crosstalk. 3D—optimal three-dimensional display. X axis—three 

laparoscopic conditions: 2D; 3DX and 3D. 2A: Performance related 
to navigating in space technical task. 2B: Performance related to 
suturing technical task
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Laparoscopic workload associated with navigating in 
space and suturing tasks, using 2D, optimal 3D and 3D dis-
plays with tolerable ghosting, is presented in Fig.  3.

For the navigating in space task, mean reported work-
load was 1.5 times higher in 2D (65.2, Std. error 2.8) than 
in the optimal 3D condition (44.7, Std.error 2.8, p < .001). 
Mean workload was 1.3 times higher in 3D viewing with 
tolerable ghosting than optimal 3D viewing (63.1, Std. 
error 2.3, p < .001). There was no significant difference in 
workload between 3D viewing with tolerable ghosting and 
in 2D (p = .48).

For laparoscopic suturing, mean workload was 1.3 times 
higher in 2D (68.7, Std. error 2.9) than in the optimal 3D 
condition (54.3, Std.error 2.9, p < .001). Mean workload 
was 1.3 times higher in 3D viewing with tolerable ghost-
ing than optimal 3D viewing (72.8, Std. error 2.0, p < .001). 
There was no significant difference in workload between 
3D viewing with tolerable ghosting and 2D (p = .08).

Discussion

This novel simulation-based study has systematically evalu-
ated the effects of crosstalk during 3D laparoscopy by com-
paring the technical performance and workload in optimal 
and suboptimal viewing conditions. Specifically, this study 
evaluated mild intensities of crosstalk that may potentially 
be tolerated by surgeons during real-world 3D laparoscopy.

First, this study has demonstrated that in terms of tech-
nical performance and workload, there was no significant 
difference between 2D displays and suboptimally used 3D 
displays. Our findings may help explain how prior trials 
may have underestimated the full benefit of modern laparo-
scopic 3D displays [1].

Second, this study has shown that under optimal con-
ditions, laparoscopic 3D displays offer considerable 

advantages over 2D displays. When tested in optimal 3D 
viewing conditions, mean performance times were 2.8 and 
1.6 times faster in navigating in space and suturing tasks, 
respectively; mean workload in the 2D viewing condi-
tion was 1.5 and 1.3 times greater than in the optimal 
3D condition, for navigating in space and suturing tasks, 
respectively.

Third, this study has shown that 3D displays in optimal 
conditions offer significant and considerable performance, 
and workload improvements over suboptimally used 3D 
displays, even though the calibrated levels of ghosting were 
mild, and not perceived as unsafe or uncomfortable. The 
majority of participants could tolerate a visual ghosting 
grade of 10 without any discomfort, where a grade of 100 
consisted of an image identical to viewing the 3D display 
without 3D glasses. In the optimal 3D viewing condition, 
mean performance time was 2.9 times faster in optimal than 
suboptimal 3D conditions, in both navigating in space and 
suturing tasks. Mean workload in the suboptimal 3D condi-
tion was 1.3 times greater than the optimal 3D condition, 
in both laparoscopic tasks. We could not find a significant 
relationship between the magnitude of ghosting score, lapa-
roscopic performance and workload. Put together, these 
results suggest that any level of ghosting, if encountered, 
should not be accepted.

The ideal position to view a 3D display is where the 
viewer’s line of sight is perpendicular to, and at the centre 
of, the plane of the display [2]. However, this position is 
not always adopted by surgeons during laparoscopic sur-
gery, in which viewing locations often change according to 
the stage and physical constraints of an operation. Members 
of a surgical team usually share visual information from a 
common display monitor, and primary surgeons may com-
promise the ideal viewing position so that the camera assis-
tant, assisting surgeons and scrub nurses (all having unique 
heights, elevations and horizontal (left/right) deviations) 

Fig. 3   A–B. Group workload data for participants. Y axis—NASA 
TLX score. 2D—two-dimensional laparoscopic display. 3DX—three-
dimensional laparoscopic display with tolerable levels of ghosting 
from crosstalk. 3D—optimal three-dimensional display. X axis—three 

laparoscopic conditions: 2D; 3DX and 3D. 3A: Workload related to 
navigating in space technical task. 3B: Workload related to suturing 
technical task
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may also visualize the screen [2]. The operating positions 
that conventionally adopt variations of the suboptimal posi-
tion used in our study include laparoscopic-assisted colo-
rectal operations such as transanal total mesorectal exci-
sion (taTME) and transanal minimally invasive surgery 
(TAMIS). In all of the above operations, surgeon crosstalk 
exposure during 3D laparoscopy can be avoided by raising 
the operating table such that the surgeon stands in the opti-
mal position whilst working. Surgeons may elect to tilt the 
screen downwards (directly facing the seated surgeon) to 
minimize the crosstalk that they experience. However, this 
orientation will only exaggerate the crosstalk experienced 
by other standing team members due to the incorrect orien-
tation of their polarizing glasses to the display. The use of 
platforms and separate displays for team members grouped 
in outlying positions should also be actively encouraged.

This study has limitations. We could not purposefully 
evaluate the negative effects of crosstalk during actual 
operations as surgeons and patients would be purposefully 
exposed to suboptimal conditions. We were thus unable to 
conduct a clinical study and used patient-centred metrics 
of laparoscopic performance. Instead, we conducted our 
study in a simulation laboratory, in which study variables 
were systematically and strictly controlled. However, we 
acknowledge that there is yet no simulation task specifically 
validated for 3D laparoscopy. This is due to the absence of 
performance metrics among participants with different ste-
reoscopic abilities controlled for laparoscopic experience, 
viewing distance, viewing elevation and horizontal viewing 
eccentricity [1]. Another limitation of this study was that 
the crosstalk encountered in our experiment was produced 
exclusively from differences in screen height (and not from 
differences in horizontal viewing angles which may also 
produce crosstalk [2]). Furthermore, in the 3D with cross-
talk condition, display height was not the same as the 2D 
and 3D conditions. However, the increase of elevation 
needed to produce the mild levels of crosstalk in our study 
was only small (about 5 cm) and may have had a minimal 
adverse effect on performance. There was no significant 
difference between 2D and 3D with crosstalk conditions 
despite their different elevations. Finally, we acknowl-
edge that expert laparoscopic surgeons were not tested in 
this study, and our results are representative of those that 
are still in training. We actively minimized floor effects 
through strict inclusion criteria which included standard-
ized training and experience. Our study specifically tar-
geted trainees because of the high risk of intraoperative 
complications during procedures performed by inexperi-
enced laparoscopists,[10–13] and our findings highlight the 
large and immediate impact of 3D displays in terms of lap-
aroscopic performance and workload. In the context of 3D 
colonoscopy, optimized 3D viewing conditions have been 
previously shown in training endoscopists to immediately 

improve the detection of diminutive, minimally elevated 
lesions by 25% [14].

In conclusion, this is the first study to characterize the 
negative effects from crosstalk in terms of laparoscopic 
performance and workload. This study has demonstrated 
that under optimal conditions, laparoscopic 3D dis-
plays offer considerable advantages over 2D displays. We 
acknowledge that we used a 3D laparoscopic system from a 
single manufacturer and could not ascertain if different pas-
sive-polarizing systems produce different amounts of cross-
talk. Nevertheless, this study demonstrates that any level of 
ghosting, if encountered, should not be accepted. Preopera-
tive ghosting checks, adjusting bed height, as well as using 
platforms and separate displays for team members grouped 
in outlying positions should be actively encouraged.
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