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Abstract

Objective: Minimally invasive surgery (MIS) offers significant benefits, including short-term recovery and few complications.
However, surgeons face challenges, particularly with two-dimensional (2D) visualization systems. Recent advancements in
three-dimensional (3D) technologies can enhance depth perception and improve the training process. This study compares
three 3D visualization systems in laparoscopic peg transfer training: (1) head-mounted displays, (2) passive 3D glasses, and
(3) active 3D glasses. Methods: A randomized controlled trial was conducted with 24 participants performing a peg transfer
task under the three 3D systems. Performance metrics included task completion time, number of errors, and subjective ratings
of image quality and ergonomics. Results: Participants using active glasses completed the task faster (median = 4.1 min,
interquartile range [IQR] = 2.1 min) and with fewer errors (median = 6, IQR = 7) compared to the other systems (p < 0.01).
Subjective ratings also favored active glasses for image quality and ergonomics, though there were no significant differences
in visual fatigue across the systems. Conclusions: Active 3D glasses proved to be the most effective system for laparoscopic
training in terms of both performance and user satisfaction. Integrating them into MIS training could enhance surgical precision
and reduce learning curves.

Keywords: Laparoscopic surgery training. Peg transfer exercise. Three-dimensional image. Head-mounted displays. Passive
three-dimensional glasses. Active three-dimensional glasses.

Resumen

Objetivo: La cirugia minimamente invasiva ofrece beneficios como una rapida recuperacion y pocas complicaciones. Sin
embargo, los cirujanos enfrentan desafios con los sistemas de visualizacion 2D. Avances recientes en tecnologias 3D pueden
mejorar la percepcion de profundidad y el proceso de entrenamiento. Este estudio compara tres sistemas de visualizacion 3D
(gafas con pantallas, gafas 3D pasivas y gafas 3D activas) usando el ejercicio de entrenamiento para laparoscopia llamado
transferencia de aros. Métodos: Los 24 participantes del experimento controlado aleatorizado realizaron el ejercicio con los
tres sistemas de visualizacion. Las métricas de desempefio evaluadas incluyeron el tiempo de finalizacion de la tarea, la
cantidad de errores y la percepcion subjetiva de la calidad de la imagen y la ergonomia. Resultados: Los participantes que
usaron gafas activas completaron la tarea mds rdpido (mediana: 4.1 min) y con menos errores (mediana: 6) en comparacion
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con los que usaron los otros sistemas (p < 0.01). Ademas, la evaluacion subjetiva también favorecio a estas gafas. No hubo
diferencias significativas en fatiga visual. Conclusiones: Las gafas 3D activas demostraron ser el sistema mas eficaz en
términos de rendimiento y satisfaccion del usuario. Su integracion en la formacion en cirugia laparoscdpica podria mejorar la

precision quirdrgica y reducir las curvas de aprendizaje.

Palabras clave: Formacion en cirugia laparoscopica. Ejercicio de transferencia de aros. Visualizacion tridimensional. Gafas
con pantallas de proyeccion. Gafas 3D pasivas. Gafas 3D activas.

|ntroduction

Minimally invasive surgery (MIS) is a technique that
allows surgical procedures to be performed using nat-
ural pathways or small incisions in the skin to access
the human body organs. This technique requires the
surgeons to use a special visualization system." MIS
procedures are increasingly important to the scientific
and medical community due to their advantages in
reducing complications, enabling quick patient recov-
ery, resulting in less painful post-operative periods,
and leaving fewer esthetic marks, compared to other
surgical treatments."? However, they require a
demanding training process for surgeons.®

In many MIS procedures, observation is done on a
high-resolution two-dimensional (2D) flat monitor. This
is achieved by inserting an endoscope with a special
arrangement of lenses and optical fiber, which trans-
mits light generated by an external source to illumi-
nate the cavity where the procedure is performed
(abdominal, thoracic, joint, etc.).2* Since the projected
image is in 2D, the surgeon loses the sense of depth,
which complicates some operational tasks.* There-
fore, long training periods are necessary for surgeons
to infer the depth of the operative field.*¢

Advances in three-dimensional (3D) visualization
systems represent an opportunity to improve opera-
tive processes. This technology has been applied in
surgical procedures,” with evidence of advantages
over traditional 2D visualization.*®® Thus, to regain the
sense of depth in MIS, comparative studies of 2D and
3D vision systems in laparoscopic training have been
conducted,*®2 concluding that the depth vision sys-
tem allows shorter learning times and greater comfort
during surgery.’®'® Moreover, depth perception helps
perform laparoscopic tasks more precisely,'? which
could prevent post-operative complications.

Tests have been conducted with stereoscopic and
autostereoscopic visualization systems,** focusing on
the technology’s usage mode. Stereoscopic displays
require the user to wear or put on an element on their
head, such as glasses, whereas autostereoscopic

systems do not require any aids for 3D visualization.'
However, stereoscopic systems have greater commer-
cial application, generally incorporating image capture
with a dual-lens system'®'” and subsequently process-
ing and displaying it on a monitor capable of reproduc-
ing this type of video signal.’®

Significant benefits have been found in 3D visualiza-
tion systems in various medical areas, such as stere-
opsis for MIS surgical training.”” In addition,
comparative advantages have been identified in sur-
geon training with 3D visualization systems over 2D
systems, including improved image quality, shorter
average operative time, and reduced stress.?-2

Among the companies offering stereoscopic solu-
tions for laparoscopy is Olympus, which claims that
using a 3D visualization system improves the surgical
experience for medical staff, increases surgeon preci-
sion, and shortens learning time.2® Other companies
offer 3D monitors that enhance depth perception using
active or passive glasses, such as Sony,?* Pana-
sonic,? Philips,?® and Eizo.?” Furthermore, manufactur-
ers of head-mounted displays (HMDs) applicable to
MIS, such as eMagin, provide an immersive 3D
experience.?®

In summary, and based on the literature, there is
evidence that using 3D visual feedback in surgeon
training at different experience levels has advantages
over 2D visual feedback, along with the complement
of commercial applications for professional practice in
MIS. However, there is a lack of more definitive com-
parative studies, specifically between stereoscopic 3D
visualization systems for training in laparoscopic sur-
gery (abdominal MIS). Therefore, this study aimed to
determine which 3D visualization system, among pas-
sive 3D glasses, active 3D glasses, and HMD, would
achieve better results in an MIS training exercise
named peg transfer. The variables used to compare
the systems were: time elapsed to complete the exer-
cise, the number of errors made during the exercise,
and a subjective evaluation of image quality and ergo-
nomics of the visualization device.
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Methods

Description of the systems

To compare the 3D visualization systems, the peg
transfer exercise was chosen from the fundamentals
of laparoscopic surgery (FLS) training standard. This
exercise allows for working in multiple spatial planes
and performing ambidextrous coordination, enabling
analysis of the effect of depth perception. The peg
transfer task involves moving six rings from an
arrangement of bars on the left side to bars on the
right side, transferring them from one hand to the
other while elevated, and then returning the six rings
to the left side, regardless of the transfer order. As
shown in figure 1, a custom Pelvitrainer box was
designed to be large enough to contain a Sony 3D
video camera with dual full HD lenses, a white LED
lighting system, and the training exercise. Two John-
son and Johnson laparoscopic forceps were intro-
duced by the upper access points of the Pelvitrainer
for the participants to perform the exercise, following
FLS recommendations. The video camera was
selected to ensure that the objects to be projected
would be close to the camera lenses, guaranteeing
the capture of the Pelvitrainer’s workspace without
needing calibration for each test subject.

The 3D video camera was compatible with all of the
following 3D stereoscopic systems that were evalu-
ated and subsequently compared:

- HMD. This technology is based on a multiplexed
location approach, in which images are projected
independently into each eye through separate
channels (lenses, mirrors, and fiber optics). Vuz-
ix900 virtual reality glasses were used in this
study. These glasses have a Video Graphics Ar-
ray (VGA) video input and simulate a 67” 3D
screen at 9.8 feet away.

- Passive glasses. It uses polarized multiplexing
technology that divides 3D images into two im-
ages, one for each eye, by orthogonally oriented
filters (linear or circular). They are known for be-
ing widely used in cinemas. For this system, a
47" LG SMART TV 3D LM67 with a high-defini-
tion multimedia interface input was used.

- Active glasses. In this case, the “persistence of
vision” effect (50 ms) is utilized to alternately and
synchronously block and unblock the eyes at the
same speed as the image changes, creating the
sensation of continuous 3D vision. The two

Figure 1. Upper view of the peg transfer exercise implemented in a
pelvitrainer (left). Participant performing the exercise (right).

images for the eyes are shown at different times,
at a frequency of 120 Hz or more. The device
used for this system was the BenQ 3D MX666+
projector.?

During the trials, the user was ensured to perceive
screens of the same size regardless of the visualiza-
tion system used. To achieve this, the visualization
systems were placed at different distances from the
user, according to the size of the image projected by
each, while maintaining the same projection ratio. As
shown in figure 2, the image projected by the active
system is the largest, at 53” high; the television image
is the smallest, at 23” high; and the HMD image has
a projection of 40.2” high, as if viewed from 118” away.
Based on this last value, the location distances for the
other two visualization systems were calculated.
Therefore, the television was placed 67.51” from the
user and the projector at 155.57.”

Protocol

The study was conducted using a randomized con-
trolled trial to reduce cognitive biases and ensure that
the different treatment groups were statistically equiv-
alent. Since the goal was to compare three stereo-
scopic visualization systems (HMD, passive glasses,
and active glasses) and each subject performed the
peg transfer exercise with each system in a random
sequence, a randomized complete block design
(RCBD) was conducted.®

Following the RCBD methodology, the person per-
forming the exercise is referred to as the subject, and
each of the three visualization systems is a factor
level. Randomization was applied to the order in which
each test subject used each factor level, reducing the
impact of confounding variables such as the person’s
learning curve and fatigue level when using a particu-
lar visualization system. Controllable confounding
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Figure 2. Distance from the participant to each of the display systems.

variables in environmental conditions, such as noise,
lighting, and the presence of people around the test
subject, were also minimized to be consistent for each
observation.

The protocol for the experiment was executed after
obtaining informed consent, and each session lasted
approximately 1 h. Subjects were first introduced to
the exercise with a direct view of the Pelvitrainer; then,
subjects performed the same training exercise but
with the Pelvitrainer closed, so they did not have a
direct view of the peg transfer platform. This approach
helped them better understand the task and the basic
handling of the laparoscopic forceps. Afterward, they
performed the same exercise using 3D visualization
systems: Active glasses, passive glasses, and HMDs
in random order. Before and after every system (while
the subject rested for 5 min), a survey of ocular sys-
tems based on the convergence insufficiency symp-
tom survey (CISS)*%2 was performed. Visual
performance data, including errors and completion
times, were recorded. In addition, after completing the
exercises, participants rated their experience, which
included ease of use and ergonomics.

During each exercise, data on depth perception
errors (missed grip, transport, or ring placement) and
completion time were recorded manually and verified
later using recorded videos. Parameters for compar-
ing stereoscopic systems included:

— The number of errors: mistakes made during the
exercise were counted by reviewing video foot-
age, following the standard method

— Time taken to complete the FLS exercise: mea-
sured from start to finish using a stopwatch, fol-
lowing the FLS methodology (maximum time:
5 min)
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- Visual fatigue from using the visualization sys-
tem: before and after each exercise, the CISS
survey was used to assess fatigue, discomfort,
double vision, eye pain, headache, drowsiness,
dizziness, and blurred vision on a scale of 0-4,
using a 9-question survey. A score over 13 indi-
cates convergence issues

— Subjective perception of image quality and ergo-
nomics: participants rated image quality across
five factors, including image blending, depth per-
ception, image sharpness (brightness, contrast),
color quality, and comfort of the glasses on a
scale from 1 (Poor) to 7 (Excellent). Total scores
ranged from 5 to 35.

Statistical analysis

For statistical analysis, normality tests were per-
formed using the Shapiro-Wilk method due to its
power to detect non-normality in the data and the
sample size. For non-parametric analysis, the
Kruskal-Wallis test for independent samples was
used. Significance values were adjusted using the
Bonferroni correction for multiple tests. The significant
difference level considered was p < 0.05. The entire
process was carried out using the Statistical Package
for the Social Sciences software.

Results

Twenty-four participants without experience in the
peg transfer exercise took part in the comparative
test. They were aged between 18 and 35, with a mean
age of 23, including 6 women and 18 men.

The results for the number of errors made by par-
ticipants are shown in figure 3. A significant difference
was found between the use of active glasses
(median = 6, interquartile range [IQR] = 7) and the
other two systems; with a p < 0.01 compared to pas-
sive glasses (median = 11, IQR = 6.5) and a p < 0.001
compared to HMD (median = 12.5, IQR = 8.5).

On the other hand, the results for the time taken by
participants to complete the peg transfer exercise are
displayed in figure 4. Similar to the error variable, a
significant difference was observed between the use
of active glasses (median = 4.1 min, IQR = 2.1 min)
and the other two systems; with a p < 0.01 compared
to passive glasses (median = 6.25 min, IQR = 2.1 min)
and a p < 0.001 compared to HMD (median = 7.64 min,
IQR = 4.5 min).
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Figure 3. Comparison of the number of errors while using the visu-
alization systems. HMD: head-mounted display. *p < 0.01 and
“**p < 0.001.
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Figure 4. Comparison of the time factor according to the visualization
systems when performing the exercise. HMD: head-mounted display.
**p < 0.01 and ***p < 0.001.

The results of the survey on the participants’ sub-
jective perception regarding the image quality and the
ergonomics of each system (Fig. 5) show that the
active glasses systems (median = 28, IQR = 8) and
passive glasses systems (median = 31.5, IQR = 3)
were comparable, with no significant difference
(p = 0.077). However, the HMD system was perceived
as lower quality (median = 20.5, IQR = 11) with a sig-
nificant difference from the other two systems.

Regarding the eye fatigue variable, no significant
differences were observed in the results (Fig. 6). It
was also determined that none of the systems caused
ocular non-convergence in the users during the tests
conducted with the Pelvitrainer.

Discussion

This study demonstrates that, when comparing three
3D visualization systems (HMD, passive glasses, and
active glasses), the active glasses were found to be the
most effective system for participants performing a basic
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Figure 5. Comparison of users’ subjective perception regarding the
visualization systems. HMD: head-mounted display. **p < 0.01 and
“**p < 0.001.

Eye strain

92

6} -

HMD Active Pasive

Figure 6. Comparison of the results obtained regarding eye fatigue
generated by the visualization systems. HMD: head-mounted display.

training exercise in the FLS. This is supported by three
key findings: (a) Exercises performed with active glasses
were completed in less time than those with passive
glasses and HMD in the peg transfer exercise of FLS,
(b) exercises performed with active glasses resulted in
fewer errors than those with HMD in an FLS exercise,
although no significant difference was found compared
to passive glasses, and (c) exercises performed with
active and passive glasses resulted in a better subjec-
tive perception of image quality and system ergonomics
than those with HMD in an FLS exercise.

Exercises with active glasses performed in
less time

According to the results, the peg transfer exercise was
completed significantly faster compared to the time
taken with passive glasses and HMD, with no significant
differences between the latter two in task execution



time. The analysis suggests that active glasses may
contribute to shorter execution times as they provide
better image sharpness and depth due to alternating
presentation in both eyes. In addition, they utilize the full
resolution of the screen, unlike passive glasses, which
use only half of it. On the other hand, the HMD used
has a lower resolution due to its VGA image format,
which performs less effectively compared to the digital
technology of the other two systems. The Peg transfer
training exercise could benefit from the use of active 3D
glasses due to their increased sharpness, visual com-
fort, and stereoscopic precision, thus potentially improv-
ing surgical performance in manipulation tasks.

Fewer errors with active glasses

The number of errors in FLS exercises with active
glasses was lower, although there was no significant
difference compared to passive glasses, unlike the
significantly higher errors observed with HMD. If the
goal is to shorten the learning curve for trainee sur-
geons, active glasses are considered an appropriate
technological support for such practices. Conse-
quently, the reduction in errors with this technology
would also imply less physical strain on the surgeon
and improved performance in this task. While errors
correlate with increased time, as found in previous
studies, they are not the sole cause of procedural
delays; factors such as eye fatigue, posture, motor
skills, etc., must also be considered.

Achieving reduced errors and operative time during
training through peg transfer exercises will be
enhanced by leveraging the benefits of 3D visualiza-
tion, such as improved image resolution and depth
perception.

Better perception of image quality and
ergonomics with active glasses

When evaluating the perception of image quality and
ergonomics in wearing and using the three visualization
technologies, variables such as sufficient mixing
between right and left images without shadows or dou-
ble vision, perception of depth, perception of object
movement, color quality, and comfort of the glasses
were considered critical. Any negative factor in this
regard may lead to reluctance to use the system and
negatively impact performance during the exercise.
Results may differ, tending toward better outcomes,
when performed by personnel with experience in
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laparoscopic surgery with 2D visualization. In addition,
the effects of using high-resolution screens with 4K and
8K technologies (in both 2D and 3D, if applicable) on
performance should be evaluated.

In this context, for a more comprehensive analysis
regarding the performance of HMD and the other two
systems, a larger number of participants is required
to generalize the findings, along with longer practice
times and guidance from an expert to assist in the use
and resolution of learning difficulties. Furthermore,
studies should be designed to estimate any retinal
effects of using these new technologies to understand
their impact on ocular health. Variables were assessed
in users not belonging to the surgical medical field
and were measured in an exercise conducted in a
controlled environment rather than in a real surgical
setting.

Conclusions

In the execution of the exercises, the shortest time
and the lowest number of errors were obtained with
active glasses, and users also benefited from perceiv-
ing depth in the image with clarity. The user’s skill,
combined with the various factors evaluated, influenced
the occurrence of errors in exercise execution. For the
study population, the time to complete the test, the
number of errors, and the system’s ergonomics were
more relevant in the results than demographic vari-
ables, eye disease, or experience in using video games.

For long periods of exercise execution in this study,
the weight of the vision device and the lack of periph-
eral vision, combined with discomfort in wearing the
device, hinder the training process. Therefore, the
HMD system is the least recommended for this pur-
pose, while active glasses are the ones that yield
better results.

Active glasses may allow for less fatigue in their use,
better eye-hand coordination, an acceptable degree of
sharpness-realism, less energy expenditure, less
fatigue, and, in their analysis, the results obtained in
the study reflect fewer errors, less time in task comple-
tion, and a better perception of the environment and
ergonomics. Therefore, they are identified as the best
option among the three devices evaluated.

As part of future tests, other FLS exercises should
be covered. In addition, consideration should be given
to evaluating the performance of other FLS exercises
and including personnel with experience in laparo-
scopic surgery at different levels of expertise in the
test.
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