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Abstract

Binocular disparity provides one of the important depth cues within stereoscopic
three-dimensional (3D) visualization technology. However, there is limited research
on its effect on learning within a 3D augmented reality (AR) environment. This study
evaluated the effect of binocular disparity on the acquisition of anatomical knowledge
and perceived cognitive load in relation to visual-spatial abilities. In a double-center
randomized controlled trial, first-year (bio)medical undergraduates studied lower ex-
tremity anatomy in an interactive 3D AR environment either with a stereoscopic 3D
view (n = 32) or monoscopic 3D view (n = 34). Visual-spatial abilities were tested with
a mental rotation test. Anatomical knowledge was assessed by a validated 30-item
written test and 30-item specimen test. Cognitive load was measured by the NASA-
TLX questionnaire. Students in the stereoscopic 3D and monoscopic 3D groups per-
formed equally well in terms of percentage correct answers (written test: 47.9 + 15.8
vs. 49.1 + 18.3; P = 0.635; specimen test: 43.0 + 17.9 vs. 46.3 + 15.1; P = 0.429),
and perceived cognitive load scores (6.2 + 1.0 vs. 6.2 + 1.3; P = 0.992). Regardless
of intervention, visual-spatial abilities were positively associated with the specimen
test scores (;12 = 0.13, P = 0.003), perceived representativeness of the anatomy test
questions (P = 0.010) and subjective improvement in anatomy knowledge (P < 0.001).
In conclusion, binocular disparity does not improve learning anatomy. Motion paral-
lax should be considered as another important depth cue that contributes to depth
perception during learning in a stereoscopic 3D AR environment.

KEYWORDS
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INTRODUCTION (McKeown et al., 2003; Spielman & Oliver, 2005; Prince et al., 2005;

Bergman et al., 2008). The ability to translate this knowledge highly

Anatomical knowledge has been reported to be insufficient among depends on their level of visual-spatial abilities. It is defined as the

medical students and junior doctors, who still experience difficulties ability to construct visual-spatial (three-dimensional [3D]) mental rep-

in translating the acquired anatomical knowledge into clinical practice resentations and mentally manipulate them (Gordon, 1986). Previous
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research has shown that visual-spatial abilities are associated with
anatomy knowledge assessment and technical skills assessment in the
early phases of surgical training (Langlois et al., 2015, 2017). Three-
dimensional visualization technology (3DVT) has a great potential to
fill this gap, especially in students with lower visual-spatial abilities
(Yammine & Violato, 2015; Peterson & Mlynarczyk, 2016). Its contri-
bution is becoming even more necessary in times of decreased teach-
ing hours of anatomy and exposure to traditional teaching methods,
such as cadaveric dissections (Drake et al., 2009; Bergman et al.,
2011; Bergman et al., 2013; Drake et al., 2014; McBride & Drake,
2018; Holda et al., 2019; Rockarts et al., 2020). However, to know
whether 3DVT is effective, is currently not enough. There is a need to
know how this technology works to be able to implement it in every-

one's unique educational setting (Cook, 2005).

Stereoscopic versus monoscopic three-dimensional
visualization technology

In real life, stereoscopic vision is obtained due to positioning of the
human eyes in a way that generates two slightly different retinal im-
ages of an object, also referred to as binocular disparity (Cutting &
Vishton, 1995). The same effect can be mimicked within 3DVT by
presenting a slightly shifted and rotated image to the right and left
eye. Stereoscopic vision can be obtained by supportive devices such
as autostereoscopic displays e.g., Alioscopy 3D Display (Alioscopy,
Paris, France), anaglyphic or polarized glasses, or by head-mounted
displays e.g., HoloLens™ (Microsoft Corp., Redmond, WA), Oculus
Rift™ (Oculus VR, Menlo Park, CA), or HTC VIVE™ (High Tech
Computer Corp., New Taipei City, Taiwan). Hololens™ is used to
create interactive augmented reality (AR), also referred to as mixed
reality. Oculus Rift™ and HTC VIVE™ are predominantly used to cre-
ate virtual reality environments. A binocular vision of the viewer,
though, is required to perceive the obtained visual depth. In the
absence of stereoscopic vision, 3D effect is mimicked by monocu-
lar cues, such as shading, coloring, relative size and motion parallax
(Johnston et al., 1994). The examples of monoscopic 3DVT include
3D anatomical models that can be explored from different angles on
a computer, tablet or phone (Moro et al., 2017).

Distinction between stereoscopic and monoscopic modalities
within 3DVT is essential to make since different processes are in-
volved. Research has shown that recognition of digital 3D objects
appears to be greater when objects are presented stereoscopically
(Kyto et al., 2014; Martinez et al., 2015; Railo et al., 2018; Anderson
et al., 2019). More importantly, the type of modality can significantly
affect learning. Monoscopic 3DVT has been demonstrated to have
disadvantages for students with lower visual-spatial abilities (Garg
etal., 1999a, b; 2002; Levinson et al., 2007; Naaz, 2012; Bogomolova
et al., 2020). The disadvantages are explained by the ability-as-
enhancer hypothesis within the cognitive load theory (Hegarty &
Sims, 1994; Mayer, 2001). Initially, it has been hypothesized that 3D
objects are remembered as key view-based two-demensional (2D)
images (Garg et al., 2002; Huk, 2006; Levinson et al., 2007; Khot

et al., 2013). Consequently, when an unfamiliar 3D object is viewed
from multiple angles, an increase in cognitive load occurs while
generating a proper mental representation of a 3D object. During
this process, individuals with higher visual-spatial abilities are able
to devote more cognitive resources to building mental connections,
while students with lower visual-spatial abilities get cognitively
overloaded (Garg et al., 2002; Huk, 2006). The latter leads to un-
derperformance among students with lower visual spatial abilities.
However, as research has shown, with stereoscopic 3DVT, students
with lower visual-spatial abilities are able to achieve comparable
levels of performance of students with higher visual-spatial abilities
(Cui et al., 2017). This can be explained by the fact that the mental
3D representations of the object are already built and provided by
the stereoscopic projection and perception. Consequently, mental
steps, that are required to build a mental 3D representation, can be
skipped while leaving a sufficient amount of cognitive resources. In
this way, students with lower visual-spatial abilities are able to allo-
cate these resources to learning.

The role of stereopsis

In health care, the benefits of stereoscopic visualization within 3D
technologies have been recognized for years (Kang et al., 2014;
Cutolo et al., 2016, 2017; Sommer et al., 2017; Birt et al., 2018).
Development and utilization of stereoscopic 3DVT is still growing,
especially in the surgical field. Several examples include preoperative
planning and identification of tumor with stereoscopic AR (Cutolo
et al., 2017; Kumara et al., 2017; Checcucci et al., 2019). Another
examples include stereoscopic visualization during minimal inva-
sive surgeries where stereoscopic view of the surgical field would
improve spatial understanding and orientation during laparoscopic
surgeries (Kang et al., 2014; Schwab et al., 2017). Stereoscopic vis-
ualization even showed to shorten operative time of laparoscopic
gastrectomy by reducing the intracorporeal dissection time (Itanini
etal., 2019).

The beneficial effect of stereopsis on learning anatomy has been
recently demonstrated in a comprehensive systematic review and
meta-analysis (Bogomolova et al., 2020). In the meta-analysis, the
comparisons between studies were made within a single level of in-
structional design, e.g., stereopsis was isolated as the only true ma-
nipulated element in the experimental design. The positive effect of
stereopsis was demonstrated across different types of 3D technol-
ogies combined together, predominantly using the VR headsets and
3D shutter glasses for desktop applications. How learning experi-
ence is affected by a particular type of stereoscopic 3DVT, remains
a topic for further exploration.

Stereoscopic augmented reality in anatomy education

Stereoscopic AR is a new generation of 3DVT technology that
combines stereoscopic visualization of 3D computer-generated

85UB017 SUOWIWOD SAIEaID 3|cedldde 8Ly Aq peusenob aJe ss(oiie O ‘8sN JO SaInJ 10} ARIq1T8UIUO 48] 1M UO (SUOIPLIOD-PUE-SWLBI WD A8 | M AReq Ul Uo//Sdiy) SUORIPUOD pue swie | au8es *[£202/70/70] uo AiqiTauliuo A8 |im ‘Uepe JO AisieAlun Aq 19Tz @5e/200T 0T/I0P/W0d A8 | Ake.q 1 jpul juo'sgndAwioteue/sdny woj pepeojumod ‘T ‘€202 ‘08L6SE6T



BOGOMOLOVA ET AL.

‘ Anatomical Sciences

objects with the physical environment. The main distinguishing
feature from other types of AR is the ability to provide stereo-
scopic vision, e.g., to perceive the anatomical model in real 3D.
Additionally, it provides the ability to walk around the model
and explore it form all possible angles without losing the sense
of the user's own environment. This view can be obtained
with e.g., HoloLens®, a head-mounted display from Microsoft
(Supporting Information 1). In the previous study, authors evalu-
ated the effectiveness of stereoscopic 3D AR visualization in
learning anatomy of the lower leg among medical undergraduates
(Bogomolova et al., 2020). Learning with a stereoscopic 3D AR
model was more effective than learning with a monoscopic 3D
desktop model. Interestingly, the observed positive learning ef-
fect was only present among students with lower visual-spatial
abilities. Stereoscopic vision was hypothesized to be one of the
distinguishing features of intervention modality that could explain
these differences. However, since the comparisons were made
within different levels of instructional design, i.e., stereoscopic vi-
sion was not isolated as the only true manipulated element, the
actual effect of stereoscopic vision remained unrevealed. A similar
study design approach was used by Moro and colleagues (2021)
who compared the effectiveness of HoloLens with mobile-based
AR environment. Although both learning modes were effective in
terms of acquired anatomical knowledge, comparisons were still
made within different levels of instructional design.

In another recent study of the role of stereopsis in 3DVT,
Wainman and colleagues have isolated binocular disparity by cover-
ing the non-dominant eye of participants. Authors reported positive
effect of stereoscopic vision in VR, but not in AR (Wainman et al.,
2020). Although it was a simple and vivid way of isolating stereop-
sis, participants in the control group still remained aware of their
condition which could have influenced the outcomes. Additionally,
different effect measures of stereopsis in VR and AR suggest that
the type of technology is decisive for the learning effect caused by
stereoscopic vision.

Objectives and aims

Based on considerations described above and lessons learned from
previous research, this study aimed to evaluate the role of binocular
disparity in a stereoscopic 3D AR environment within a single level
of instructional design. Therefore, the primary objective was to eval-
uate whether learning with a stereoscopic view of a 3D anatomical
model of the lower extremity was more effective than learning with
a monoscopic 3D view of the same model among medical under-
graduates. The secondary objectives were to compare the perceived
cognitive load among groups, and to evaluate whether visual-spatial
abilities would modify the outcomes.

Authors hypothesized that learning within a stereoscopic 3D AR
environment would be more effective than learning within a mono-
scopic 3D AR environment. Authors also hypothesized that the per-
ceived cognitive load in the stereoscopic 3D view group would be
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lower than in the monoscopic 3D view group, and that the students
with lower visual-spatial abilities would benefit most from the ste-

reoscopic 3D view of the model.

MATERIALS AND METHODS
Study design

A single-blinded double-center randomized controlled trial was
conducted at the Leiden University Medical Center (LUMC) and
the Radboudumc University Medical Center (Radboudumc), the
Netherlands. The study was conducted within a single level of in-
structional design, e.g., isolating binocular disparity as the only
true manipulated element (Figure 1). The study was approved by
the Netherlands Association for Medical Education Ethical Review
Board (NERB case number: 2019.5.8).

Study population

Participants were first-year undergraduate students of Medicine and
Biomedical Sciences with no prior knowledge of the lower extremity
anatomy. The baseline knowledge was not assessed to avoid extra
burden for students and possible influence on learning during the
intervention and performance on the post-tests (Cook & Beckman,
2010). Participation was voluntary and informed written consent
was obtained from all participants. Participation did not interfere
with the curriculum and the assessment results did not affect stu-
dent's academic grades. Participants received a financial compensa-

tion at the completion of the experiment.

Randomization and blinding of participants

Participants were randomly allocated to either stereoscopic 3D
view or monoscopic 3D view groups using an Excel Random Group
Generator (Microsoft Excel for Office 365 MSO, version 2012).
Participants were not aware of the distinction between stereoscopic
and monoscopic 3D views and remained blinded to the type of con-
dition during the entire experiment. The intended goal of the study
and individual allocation to study arms was clarified and debriefed

directly after experiment.

Educational interventions

An interactive AR application DynamicAnatomy for Microsoft
HoloLens®, version 1.0 (Microsoft Corp., Redmond, WA) was de-
veloped in the Department of Anatomy at LUMC and the Centre
for Innovation of Leiden University. The application represented a
dynamic and fully interactive stereoscopic 3D model of the lower
extremity. Users perceived the 3D model as a virtual object in their
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FIGURE 1 Flowchart of study design. 3D, three-dimensional; LUMC, Leiden University Medical Center; n, number of participants;

Radboudumc, Radboud University Medical Center

physical space without losing the sense of their own physical en-
vironment. The object centered view, i.e., dynamic exploration,
enabled learners to walk around the model and explore it from
all possible angles. Active interaction included size adjustments,
showing or hiding anatomical structures by group or individually,
visual and auditory feedback on structures and anatomical lay-
ers, and animation of the ankle movements. The anatomical layers
included musculoskeletal, connective tissue, and neuro-vascular
systems. During this experiment, study participants studied the
musculoskeletal system. Prior to the experiment, participants com-
pleted a ten-minute training module (without anatomical content)
to get familiar with the use of application and device. The mod-
ule consisted of a practical exploration of a house where students
needed to remove and add various content including roof, walls and
doors.

In the intervention group, the 3D model of the lower extremity
was presented and perceived stereoscopically as intended by the
supportive AR device. In the control group, binocular disparity was
eliminated technically by projecting an identical, i.e., non-shifted
and non-rotated, image to both eyes. This adjustment resulted in

a monoscopic view of the identical 3D anatomical model. Students
observed identical model within an identical interface, as they
would on a 2D screen of a computer. The only difference with
the computer modality is that students were able to walk around
the monoscopic model and still perceive it from different angles.
Therefore, binocular disparity was isolated as the only true manip-
ulated element in this experimental design. All other features of the
AR application described above remained available and identical in
both conditions.

Baseline characteristics

Informed consent and baseline questionnaire were administered
prior to the start of the experiment. Stereovision of participants
was measured by a Random Dot 3 - LEA Symbols® Stereoacuity Test
(Vision Assessment Corp., Elk Grove Village, IL) prior to the experi-
ment to identify individuals with absent stereovision. Students were
asked to identify four symbols in four text boxes while wearing po-
larization glasses.
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Visual-spatial abilities assessment

Visual-spatial abilities were assessed prior to the start of the learning
session. Mental visualization and rotation, as the main components
of visual-spatial abilities, were assessed by the 24-item mental rota-
tion test (MRT), previously validated by Vandenberg and Kuse (1978)
and redrawn by Peters and colleagues (1995). This psychometric test
is being widely used in the assessment of visual-spatial abilities and
has repeatedly shown its positive association with anatomy learn-
ing and assessment (Guillot et al., 2007; Langlois et al., 2017). The
post-hoc level of internal consistency (Cronbach's alpha) of the MRT
test in this study was 0.94. The duration of this test was ten minutes

without intervals.

Learning session

Participants received a handout with a description of the learning
goals and instructional activities. The development of learning goals
and instructions was based on the constructive alignment theory
to ensure alignment between the intended learning outcomes, in-
structional activities and knowledge assessment (Bogomolova et al.,
2020) (Supporting Information 2A,B). Learning goals were formu-
lated and organized according to Bloom's Taxonomy of Learning
Objectives (Bloom et al., 1956). An independent expert verified the
alignment between the learning goals and the assessment accord-
ing to the constructive alignment theory and Bloom's Taxonomy of
Learning Objectives. Learning goals included memorization of the
names of bones and muscles, understanding the function of muscles
based on their origin and insertion, and location and organization of
these structures in relation to each other. Duration of the learning

session was 45 minutes.

Cognitive load assessment

Cognitive load was measured by the validated NASA-TLX ques-
tionnaire immediately after the session (Hart & Staveland, 1988)
(Supporting Information 4). The NASA-TLX questionnaire is a sub-
jective, multidimensional assessment instrument for perceived
workload of task, in this case the workload required to study the
anatomy of lower extremity (Hart & Staveland, 1988). The items in-
cluded mental demand, physical demand, temporal demand, perfor-
mance, effort and frustration level. Response options ranged from
low (0 point) to high (10 points). The total score was calculated ac-
cording to the prescriptions of the questionnaire and ranged also
between 0 and 10 points.

Written anatomy knowledge test

A previously validated 30-item knowledge test consisted of a com-
bination of 20 extended matching questions and ten open-ended
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questions (Bogomolova et al., 2020) (Supporting Information 5).
Anatomical knowledge was assessed in the factual (i.e., memoriza-
tion/identification of the names of bones and muscles), functional
(i.e., understanding the function of the muscles based on their
course, origin and insertion) and spatial (i.e., location and organi-
zation of structures in relation to each other) knowledge domains.
Content validation was assessed by two experts in the field of anat-
omy and plastic and reconstructive surgery. The test was piloted
among 12 medical students for item clarity. The level of internal
consistency (Cronbach's alpha) was 0.78. Duration of assessment
was 30 minutes.

Specimen knowledge test

Plastinated specimen test covered a total of 30 anatomical struc-
tures on 12 specimens distributed over ten stations (Supporting
Information 6). Content validation was assessed by one expert in
the field of anatomy. Each station included 3-4 structures that were
labeled on one or more specimen. Participants were asked to pro-
vide the name of labeled structures or the type of movement that
is initiated by a particular structure. The post-hoc level of internal
consistency (Cronbach's alpha) of the test was 0.90. Duration of this
assessment was 20 minutes with a maximum of two minutes per
station.

Evaluation of learning experience

Participants' learning experience was evaluated by a standardized
self-reported questionnaire (Supporting Information 7). The evalua-
tion included items on study time, perceived representativeness of
the test questions, perceived knowledge gain, usability of and satis-
faction with the provided study materials. Response options ranged
from “very dissatisfied” (1 point) to “very satisfied” (5 points) on a
five-point Likert scale.

Statistical analysis

Participant's baseline characteristics were summarized using de-
scriptive statistics.

The differences in baseline measurements were assessed with
an independent t-test for differences in means and chi-square test
for differences in proportions. Anatomical knowledge was defined
as mean percentage of correct answers on the written knowledge
test and the specimen test. Cognitive load was defined as the mean
score on the NASA-LTX questionnaire. Differences in outcome mea-
sures between groups were assessed with an independent t-test.
Additionally, a ANCOVA was performed to measure the effect of the
intervention for different levels of visual-spatial abilities by includ-
ing the interaction term “MRT score x intervention” in the model.
MRT score was also included as a covariate to measure its effect
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on outcomes regardless of intervention. Additional analyses were
performed for sex differences. Analyses were performed using SPSS
statistical software package, version 23.0 for Windows (IBM Corp.,
Armonk, NY). Statistical significance was determined at the level of
P < 0.05.

RESULTS

A total of 66 students were included (Table 1). All participants were
able to perceive spatial visual depth as measured by the stereoacuity
test. MRT scores did not differ between intervention groups.

As shown in Figure 2, participants in the stereoscopic 3D view
group performed equally well as the participants in the monoscopic
3D view group on the written knowledge test (47.9 + 15.8 vs.
49.1 + 18.3; P =0.635). Likewise, no differences were found for each
knowledge domain separately (factual: 34.1 + 19.5 vs. 34.3 + 19.0;
P =0.970; functional: 33.4 + 16.4 vs. 31.5 + 13.7; P = 0.611; spatial:
50.4 + 15.2 vs. 47.3 + 13.5; P = 0.384).

Percentages correct answers on the specimen test were not
significantly different between groups (43.0 + 17.9 vs. 46.3 + 15.1;
P =0.429) (Figure 2).

The observed similarities between groups on the knowledge
tests were reflected by the cognitive load scores that were similar in
both groups (6.2 + 1.0 vs. 6.2 + 1.3; P = 0.992) (Figure 2).

As shown in Table 2, there were no significant differences

in learning experience between stereoscopic 3D view and

TABLE 1 Baseline characteristics of included participants

monoscopic 3D view groups. All participants enjoyed studying
(4.4 +0.7 vs. 4.3 + 0.8; P = 0.492) and reported an improved ana-
tomical knowledge of the lower extremity (4.2 + 0.9 vs. 4.1 + 0.7;
P = 0.502). Five versus four participants reported the device to
be heavy on their nose after a longer period of study time in ste-
reoscopic and monoscopic 3D groups respectively (P = 0.794).
Headache and nausea were reported by one participant in the ste-

reoscopic 3D group.

The effect of visual-spatial abilities

In both study groups, mean scores on the written knowledge test and
for each knowledge domain separately remained similar for all levels
of MRT scores, as measured by the interaction term in the ANCOVA
analysis (written knowledge test: F(1,62) = 0.51, P = 0.393; factual:
F(3,62) = 0.15, P = 0.925; functional: F(3,62) = 1.04, P = 0.381; spa-
tial: F(3,62) = 0.92, P = 0.435).

Similar effects were found for the specimen knowledge test
(F(1,62) = 0.00, P = 0.998). However, regardless of intervention,
MRT scores were significantly and positively associated with the
specimen test scores, as shown in Figure 3 (F(1,62) = 9.37, Partial r]2
=0.13, P =0.003).

The perceived cognitive load scores remained similar for all lev-
els of visual-spatial abilities in both study groups (F(1,62) = 2.26,
P = 0.138). Regardless of intervention, MRT scores were not associ-

ated with the perceived cognitive load scores.

Characteristic Stereoscopic 3D view n = 32 Monoscopic 3D view n = 34 P-value
Sex, n (%)
Male 11(34.4) 16 (47.1) 0.295
Female 21 (65.6) 18(52.9)
Age, mean (+SD), years 19.2 (+1.3) 19.0 (+1.9) 0.754
Medical center, n (%)
Leiden University MC 16 (50.0) 16 (47.1) 0.811
Radboudumc University MC 16 (50.0) 18 (52.9)
Study, n (%)
Medicine 30(93.8) 33(97.1) 0.519
Biomedical sciences 2(6.3) 1(2.9)
Videogame, n (%)
Never 23(71.9) 22 (64.7) 0.397
0-2 hours a week 6(18.8) 6(17.6)
2-10 hours a week 2(6.3) 6(17.6)
>10 hours a week 1(3.1) 0(0.0)
AR experience before, n (%)
No 26(81.3) 23 (67.6) 0.207
Yes 6(18.8) 11 (32.4)
Mental rotation test, mean (+SD) 14.1 (+5.1) 15.7 (+5.3) 0.212

Note: Minimal and maximal scores range between 0-24 for the mental rotation test.
Abbreviations: 3D, three-dimensional; AR, Augmented Reality; n, number of participants; SD, standard deviation; MC, Medical Center.
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FIGURE 2 Differences in overall mean percentages correct answers on the (A) written knowledge test, (B) specimen knowledge test
and (C) cognitive load test between stereoscopic 3D view (n = 32) and monoscopic 3D view (n = 34) groups. 3D, three-dimensional; *not

statistically significant differences

TABLE 2 Differences in learning experience between groups

Statement

The study time was long enough to study the required number of
anatomical structures

The questions in anatomy test were representative for the studied
material

My knowledge about anatomy of the lower leg is improved after
studying

Learning material was easy to use
| enjoyed studying

| would recommend studying with ... to my fellow students

Stereoscopic 3D view n = 32 Monoscopic 3D viewn =34  P-value
2.4(+1.0) 2.5(x1.1) 0.500
3.7 (£1.0) 3.4 (+1.1) 0.249
4.2 (+0.9) 4.1(+0.7) 0.502
3.5(+0.9) 3.4 (+0.9) 0.378
4.4(+0.7) 4.3(+0.8) 0.492
4.1 (+0.8) 3.7 (+0.9) 0.057

Note: Response options on a five-point Likert scale ranged from 1 = very dissatisfied to 5 = very satisfied. Scores are expressed in means (+SD).

Abbreviations: 3D, three-dimensional; n, number of participants; SD, standard deviation.

ANCOVA analysis for learning experience revealed that partic-
ipants in the monoscopic 3D view group found the anatomy test
questions significantly less representative for the studied material
than participants in the stereoscopic 3D view group. This difference
was only present among individuals with lower visual-spatial abilities
scores (F(1,62) = 2.26, P = 0.044). As independent variable, visual-
spatial abilities scores were significantly and positively associated
with the perceived representativeness of the anatomy test ques-
tions (P = 0.010) and subjective improvement in anatomy knowledge
of the lower extremity (P < 0.001).

Sex differences

On baseline, males achieved significantly higher MRT scores than
females (17.5 + 4.9 vs. 13.2 vs. 4.9; P=0.001). Both sexes performed
equally well on written anatomical knowledge test (written knowl-
edge test: 52.4 + 18.9, P = 0.96; factual: 37.9 + 20.4 vs. 31.5 + 17.9,
P = 0.180; functional: 36.3 + 17.4 vs. 29.9 + 12.7, P = 0.091; spatial:
51.4 + 14.6 vs. 47.1 + 14.1, P = 0.242). However, males achieved

significantly higher scores on the specimen test (51.5 + 15.8 vs.
40.0 + 15.6; P 0.005). Perceived cognitive load remained similar for
both sexes (6.2 + 1.2 vs. 6.1 + 1.1, P = 0.915).

DISCUSSION

This study evaluated the effect of binocular disparity on learning
anatomy in a stereoscopic 3D AR environment. Against author's
expectations, no differences were found between stereoscopic 3D
and monoscopic 3D view groups in terms of acquired anatomical
knowledge and perceived cognitive load during learning. Visual-
spatial abilities, however, were significantly and positively associ-
ated with practical anatomical knowledge regardless of intervention.
Additionally, visual-spatial abilities were positively associated with
the perceived representativeness of anatomy test questions and
the subjective improvement in anatomy knowledge of the lower
extremity.

Although binocular disparity is generally considered to provide
one of the important depth cues in 3D visualization, its exclusive
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effect on learning and cognitive load was revealed to be not signif-
icant in a stereoscopic 3D AR environment. To the author's knowl-
edge only one study, performed by Wainman and colleagues (2020),
has evaluated the role of binocular disparity within the same type
of technology. Likewise, Wainman and colleagues found no bene-
ficial effect of stereopsis on learning. The only difference between
both studies was the way binocular disparity was eliminated. While
in the current study a monoscopic view was obtained technically
by presenting identical images to both eyes, Wainman and col-
leagues achieved monocular view by closing the dominant eye of
participants with a patch. In addition, Wainman and colleagues have
compared the effect of binocular disparity in AR to its effect in VR
(Wainman et al., 2020). The effect of stereoscopic vision in VR ap-
peared to be significantly greater than in AR. In fact, learning with
a stereoscopic 3D model in AR was less effective than in VR. This
effect was explained by various degrees of stereopsis that different
types of technologies can generate.

On the other hand, the findings suggest that other important
depth cues could have compensated for the absence of stereopsis.
During the experiment participants were able to walk around the
3D anatomical model and explore the model from all possible angles
which is unique for a stereoscopic AR environment. This type of dy-
namic exploration, also referred to as motion parallax, is able to pro-
vide strong depth information (Rogers & Graham, 1979). Additional
literature searches in the field of neurosciences education revealed
that motion parallax in some cases can be even more effective than

binocular disparity alone (Bradshaw & Rogers, 1996; Naepflin &

Menozzi, 2001; Aygar et al., 2018). More interestingly, an interaction
between both depth cues can exist (Lankheet & Palmen, 1998). For
instance, subjects have been asked to perform series of explorative
tasks under three depth cue conditions: binocular disparity, motion
parallax and combination of both depth cues (Naepflin & Menozzi,
2001). The combination of binocular disparity and motion parallax
resulted in an equal amount of correct answers as did the motion
parallax condition (84% vs. 80%; P = 0.231). However, in the absence
of motion parallax, binocular disparity condition contributed to sig-
nificantly less correct answers (60% vs. 80%; p < 0.001). In another
study, that motion parallax improved performance in recovering 3D
shape of objects in a monoscopic view, but not in a stereoscopic
view (Sherman et al., 2012). Therefore, motion parallax could have
reasonably compensated for the absence of binocular disparity and
generated a sufficient 3D perception of the monoscopically pro-
jected 3D model. Further research is needed to evaluate to what
extent motion parallax, alone and in combination with binocular dis-
parity, affects learning.

Another effect of dynamic exploration, that could have occurred
during this experiment, is the embodied cognition on learning (Oh
et al., 2011; Dickson & Stephens, 2015; Cherdieu et al., 2017).
Previous research has shown that using gestures and body move-
ments helps students acquire anatomical knowledge. For instance,
students who have engaged in miming using representational and
metaphorical gestures while learning functions of central nervous
system, have improved their marks with 42% in comparison with di-
dactic learning (Dickson & Stephens, 2015). Similar concept applies
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for mimicking specific joint movements in order to memorize them
and being able to recall the structures names and to localize them
on a visual representation (Cherdieu et al., 2017). Students in the
current experiment were also using gestures while dissecting the
anatomical layers and structures. That could have helped them
memorizing structures while using similar gestures again and again.
Additionally, students tended to move their own leg in a synchro-
nized manner with the animated 3D model. Such engagement could
have resulted in embodied learning and contribute to better learning

within both modalities.

The effect of visual-spatial abilities

In the current study anatomical knowledge was tested both by writ-
ten and practical examinations. Both assessment methods were cho-
sento ensure a better alignment between learning and assessment of
spatial knowledge. Consistent with previous research, visual-spatial
abilities were positively associated with anatomical knowledge as
measured by the practical specimen test (Langlois et al., 2017; Roach
et al., 2021). However, visual-spatial abilities did not modify the ob-
served outcomes as expected. Individuals with lower visual-spatial
abilities did not show different trajectory of learning with either
monoscopic or stereoscopic 3D views of the model. Also, they did
not experience significant differences in perceived cognitive load.
This is in contrast with previous body of evidence on an aptitude-
treatment effect caused by visual-spatial abilities when learning
with different types of 3DVT (Luursema et al., 2006, 2008; Cui et al.,
2017; Bogomolova et al., 2020). If motion parallax was reasonably
compensating for the absence of binocular disparity, as discussed
above, then it does explain why students with lower visual-spatial
abilities performed equally well within both conditions. These indi-
viduals were still able to generate proper 3D mental representations
of the model within the monoscopic 3D view group and experienced
equal amount of cognitive load during learning. Although the modi-
fying effect of visual-spatial abilities on objective outcomes was not
observed in current study, it was affecting the subjective outcomes
regarding learning experience. This is particularly interesting, since
the monoscopic 3D group with low visual-spatial abilities found the
practical assessment items to be less representative of their learning
environment than the stereoscopic 3D group.

Another explanation for the absence of modifying effect of
visual-spatial abilities could lie within the scale of spatial abilities
needed for the task at hand. For spatial abilities a division between
small- and large-scale space can be made, with small scale referring
to space within arm's length, e.g., tabletop tasks. Large scale space
refers to when locomotion is needed to interact with the spatial envi-
ronment. As participants were walking around the model, large scale
spatial processing takes place. As previously shown, a partial disso-
ciation is found for small- and large-scale spatial abilities (Hegarty
et al., 2018). It could therefore be that the small-scale task of mental
rotation used here, may not substantially relate to the large-scale
spatial task of interacting with the model. Alternatively, large scale
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spatial tests, especially those relying on perspective taking, could
show the interaction with task performance as hypothesized here.
Lastly, the observed sex differences in visual-spatial abilities
scores in favor of males are in line with previous research (Baenninger
& Newcombe, 1989; Langlois et al., 2013; Uttal et al., 2013; Nguyen
et al., 2014; Guimaraes et al., 2019). More interestingly, males sig-
nificantly outperform females on the specimen test, but not on the
written knowledge test. Again, these findings suggest that the prac-
tical examination questions rely on visual-spatial abilities skills more
than written knowledge test questions do. This is further supported
by the work of Langlois and colleagues who have reviewed relation-
ship between visual-spatial abilities test and anatomy knowledge
assessment (Langlois et al., 2017). Authors have found significant
relationship between spatial abilities test and anatomy knowledge
assessment using practical examination, while relationship between
spatial abilities and spatial multiple-choice questions remained un-
clear. Therefore, both findings suggest that practical examination
questions are more reliable in testing spatial anatomical knowl-
edge than multiple-choice questions, even when designed properly.
Further research is needed to explore how spatial multiple-choice
questions are mentally processed during examination in comparison

to practical examination questions.

Limitations of the study

To authors' knowledge, this was the first single blinded randomized
controlled trial to evaluate the effect of binocular disparity on
learning in 3D AR environment within two academic centers and
within one single level of instructional design. Along with the vali-
dated measurement instruments, it has maximized the internal and
external validity of the results. On the other hand, participation
was voluntary, and a selection bias could occur. The results could
have been different if measured within the entire students' popu-
lation. However, the baseline visual-spatial abilities scores among
current study sample bear strong resemblance to visual-spatial
abilities scores of the entire cohort of first-year medical under-
graduates (14.9 vs. 14.4), as measured previously by Vorstenbosch
and colleagues (2013). Another limitation was the relatively small
sample size. Due to the limited availability of devices, authors
were restricted to a maximum number of participants. It is pos-
sible that a much larger sample size could have revealed significant
differences between interventions. The possible compensating ef-
fect of motion parallax and the effect of large-scale spatial abilities
can also be considered as potential confounders that have influ-
enced the internal validity. These new insights can help reveal the
exact effect of both factors on learning. It is also important to
note that the authors choose to not assess baseline knowledge to
avoid extra burden for students and possible influence on learn-
ing during the intervention and performance on the post-tests. In
this way any differences in prior knowledge that could have been
present among students were not taken into account. Lastly, spa-
tial knowledge questions in this study were carefully designed to
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stimulate mental visualizations skills. However, these questions
can still be processed without spatial reasoning or just being best
guessed when questions get too difficult to answer. Consequently,
stereoscopic visualization of anatomy would not be that helpful in
processing these types of questions.

Future implications

The findings of this study have implications for both research and
education. As stated previously, the aptitude treatment interaction
caused by visual-spatial abilities should be taken into account when
designing new research, especially when evaluating 3D technolo-
gies and their effect on learning. Additionally, the results of this
study suggest that stereoscopic visualization can be differently ef-
fective depending on the type of technology used. More impor-
tantly, the findings suggest that other possible mechanisms are
responsible for the acquired 3D effect and positive effect on learn-
ing. Next research should focus on the working mechanisms that
explain the effectiveness of stereoscopic 3DVT. Only by knowing
why particular 3D technology works will enable educators and
researcher to properly design and implement this tool in medical
education.

CONCLUSIONS

In summary, binocular disparity alone does not contribute to better
learning of anatomy in a stereoscopic 3D AR environment. Motion
parallax, enabled by dynamic exploration, should be considered as a
potential strong depth cue without or in combination with binocu-
lar disparity. Regardless of intervention, visual-spatial abilities were

significantly and positively associated with the specimen test scores.
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