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ABSTRACT 

Background

The features that contribute to the apparent effectiveness of three-dimensional 

visualization technology (3DVT) in teaching anatomy are largely unknown. The aim of 

this study was to conduct a systematic review and meta-analysis of the role of stereopsis 

in learning anatomy with 3DVT. 

Methods 

The review was conducted and reported according to PRISMA Standards. Literature 

search of English articles was performed using Embase, Medline, CINAHL EBSCOhost, 

ERIC EBSCOhost, Cochrane CENTRAL, Web of Science and Google Scholar databases 

until November 2019. Study selection, data extraction and study appraisal were 

performed independently by two authors. Articles were assessed for methodological 

quality using the Medical Education Research Study Quality Instrument and the Cochrane 

Collaboration’s tool for assessing the risk of bias. For quantitative analysis, studies were 

grouped based on relative between-intervention differences in instructional methods 

and type of control conditions. 

Results 

A total of 3934 citations were obtained of which 67 underwent a full-text review. Ultimately, 

13 randomized controlled trials were included in the meta-analysis. When interactive, 

stereoscopic 3D models were compared to interactive, monoscopic 3D models within a 

single level of instructional design, e.g., isolating stereopsis as the only true manipulated 

element in the experimental design, an effect size (ES) of 0.53 (95% Confidence Interval 

(CI) 0.26 - 0.80; p < .00001) was found. In comparison with 2D images within multiple 

levels of instructional design, an effect size of 0.45 (95% CI 0.10 - 0.81; p < .002) was found. 

Stereopsis had no effect on learning when utilized with non-interactive 3D images (ES 

= - 0.87; 95% CI -2.09 - 0.35; p = .16). 

Conclusions

Stereopsis is an important distinguishing element of 3DVT that has a significant positive 

effect on acquisition of anatomical knowledge when utilized within an interactive 3D 

environment. A distinction between stereoscopic and monoscopic 3DVT is essential to 

make in anatomical education and research. 
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INTRODUCTION

Three-dimensional visualization technology (3DVT) is a promising tool in anatomy 

education. The first comprehensive summary and quantitative analysis of the effectiveness 

of 3DVT in teaching anatomy was performed by Yammine and colleagues in 2015.1 In the 

meta-analysis, 3DVT interventions included combinations of technologies that allowed 

view of anatomy both in 3D (e.g., augmented and virtual reality) and two-dimensional 

(2D) environments (e.g., 3D models viewed on a 2D desktop computer).1 It has been 

concluded that 3DVT has a positive effect on learning outcomes in terms of factual (d = 

0.30) and spatial (d = 0.50) knowledge acquisition. However, to be able to implement this 

technology into educational practice, we need to know why this technology is effective. 

To do so, there are two important aspects that need to be addressed.

First, 3DVT appears to have disadvantages for students with low visual-spatial abilities 

(VSA) 1-5. It has been hypothesized that digital multiple-view based, or 3D, images are 

being memorized as key-views based on familiar 2D images.6,7 Consequently, when 

an unfamiliar 3D object is viewed from multiple angles, an increase in cognitive load 

occurs while generating a complete mental representation of a 3D object.5 The proposed 

mechanism is in line with the ability-as-enhancer mechanism that is explained within 

the cognitive load theory.8,9 According to this theory, individuals with higher VSA are 

able to devote more cognitive resources to building mental connections. Students 

with low VSA, on the other hand, get cognitively overloaded which eventually leads to 

underperformance.5,7 However, according to additional research, when 3D models are 

presented stereoscopically, students with low VSA are able to reach the performance 

level of students with higher levels of VSA.4 The observed opposite effect in the presence 

of stereopsis in 3DVT suggests its important and distinguishing role in learning. 

Binocular stereopsis (also known as stereovision or stereo depth perception) is a result 

of binocular disparity between the right and left eye and this can be obtained in 3DVT by 

presenting slightly shifted 2D images to both eyes.10 Stereovision can be produced with 

supportive devices such autostereoscopic displays (e.g., Alioscopy 3D Display [Alioscopy, 

Paris, FR]), anaglyphic or polarized glasses, or by a head-mounted display (e.g., HoloLens™ 

[Microsoft Corp., Redmond, WA, USA], or Oculus Rift™ [Oculus VR, Menlo Park, CA, USA] 

and HTC VIVE™ [High Tech Computer Corp., New Taipei City, Taiwan]). Hololens™ is used 

to create interactive augmented reality, also referred to as mixed reality (MR). Oculus 

Rift™ and HTC VIVE™ are predominantly used to create virtual reality (VR) environments. 

A binocular vision of the viewer, though, is required to perceive spatial visual depth that is 

obtained within this technology. Without stereopsis, the sense of visual depth in 3DVT is 

a result of a combination of monocular cues, such as shading, coloring, relative size and 
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the motion parallax resulting from movement of the object.11 In other words, there is no 

binocular disparity and thus only a monoscopic, or monocular, view of a 3D object results. 

Making a distinction between stereoscopic and monoscopic 3D visualizations is essential 

because it is a fundamentally different process. This critical nature of stereopsis is further 

supported by serial studies exploring the role of haptic feedback, transfer- appropriate 

processing and stereoscopic vision in the superiority of physical models above digital 

monoscopic 3D models.12 Surprisingly, the large advantage of a physical model was 

predominantly due to stereoscopic vision, and not haptic feedback. 

Second, within many studies, comparisons were made between levels of instructional 

designs (e.g., medium, configuration, instructional method, presentation), rather than 

within a single level.13,14 Consequently, it remains unclear which element(s) or feature(s) 

of the interventions have contributed to the observed positive effect of 3DVT on 

learning. For instance, Codd and Choudhury have compared an interactive 3D model 

displayed in 2D of the upper limb with a combination of textbook and dissection.15 Such 

comparison appears to be valid from a practical point of view since it resonates with 

the daily educational practice. However, it is unclear whether it was the configuration 

(monoscopic desktop view in contrast to 3D view in dissection including haptic feedback) 

or instructional method (self-regulated learning in contrast to a small group discussion 

during dissection) or both or some interaction of the two that contributed to the observed 

learning outcomes. Another common flaw in study designs is the inclusion of a control 

group with no training. Higher effect sizes will often be observed in favor of intervention 

when control group receives no ‘treatment’, as has been illustrated by several meta-

analyses of Internet-based education.16-19 As stated by Cook, such an effect appears 

logical, because if you teach students, they will eventually learn.14 Therefore, inclusion 

of studies based on such comparisons in meta-analyses of educational effectiveness 

of 3DVT can lead to confounded outcomes and should be interpreted with caution.20-24 

In the light of above considerations, the aim of this review was 

(1) to provide a comprehensive summary of studies evaluating the educational 

effectiveness of stereoscopic 3DVT in anatomical education in relation to VSA

(2) to perform a meta-analysis to estimate the effect of stereopsis on anatomy learning by 

including studies with relatively few between-intervention differences in instructional 

methods (i.e., studies with comparisons made within one single level of instructional 

design).13 
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METHODS

The review was conducted and reported according to PRISMA Standards of quality for 

reporting systematic reviews and best evidence medical education (BEME) collaboration 

methods.25,26 

Information sources and search strategy

Embase, Medline, CINAHL EBSCOhost, ERIC EBSCOhost, Cochrane CENTRAL, Web of 

Science and Google Scholar were searched for publications in English until November 

2019. The search was augmented with manual searches in key journals and secondary 

screening through reference lists of existing reviews. The search strategy was conducted 

by the librarian and included following key terms: stereoscopic vision, three-dimensional, 

anatomical model and education. 

Eligibility criteria and study selection

Two independent reviewers (KB and AL or KB and AP) screened all titles and abstracts and 

excluded clearly irrelevant studies. The remaining articles underwent an independent, 

full- text screening by the same reviewers. Disagreements were solved through 

consensus. If consensus could not be reached, a third reviewer (BH) was consulted. The 

studies were selected according to the following hierarchical eligibility criteria: 

1. Study was an original, full, peer-reviewed article written in English. Conference papers, 

letters to editors, reviews, comments and study protocols were excluded. 

2. Study had an experimental comparative design including randomized controlled 

trials (RCT) and non-randomized comparative studies. Studies with a single group 

with pretest and posttest, single group posttest only design and cross-sectional studies 

were excluded. 

3. Study subjects were university students in any academic field. Studies that included 

high school students were excluded to avoid possible differences in levels of experience 

that can cause an expertise reversal effect.27 

4. Study intervention involved a teaching method with a stereoscopic 3D view of any 

anatomical region of the human or animal body. Stereoscopic 3D views could be 

obtained with the aid of any supportive device.

5. Control group involved any teaching method with a monoscopic view of the same 

anatomical region of the human or animal body. Studies with control groups including 

non-digital teaching methods with a stereoscopic view such as cadaver or physical 

model, and control groups with no training were excluded. 

6. Study reported outcomes at level 4b of the Kirkpatrick’s model, adopted by Steinert 

et al.28, that included objectively assessed improvements of anatomical knowledge.
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Data extraction 

Reviewers extracted the following data from each eligible study using a piloted extraction 

sheet: type of study design, target group and field, in/exclusion criteria (assessment 

of stereoscopic vision and VSA), number of participants, type(s) of educational 

intervention(s), anatomical region, type of assessment tool, outcome level, outcomes 

and their definitions, and cognitive level of questions. Cognitive levels of questions were 

categorized into low-order and high-order questions according to the Blooming Anatomy 

Tool.29 This tool has been validated for use in educational research in anatomical sciences 

with improved consistency. Low-order questions were defined as reproduction of basic 

definitions and names of anatomical structures that only required information recall, and 

students were able to memorize the answers without understanding the process. In this 

case, questions that intended to assess spatial or functional understanding, but included 

identical images or texts from the study material, and thus stimulating only memorization 

and recall, were assigned as low-order questions. High-order questions were defined as 

transformation and application of acquired knowledge, including understanding of spatial 

organization, blood supply and innervation, functional anatomy, and applying information 

to a new situation or a new context. In this case, assessment images and text were 

different from the study material to ensure transformation and application of knowledge 

beyond memorization and recall. When information about the type of questions was 

insufficient, reviewer (KB) requested this information from authors via e-mail.

Study appraisal

Methodological quality was assessed using the validated Medical Education 

Research Study Quality Instrument (MERSQI), that was developed for appraisal of the 

methodological quality of medical education research.30 This assessment tool consists 

of ten items clustered in the following six domains: study design, sampling, type of data, 

validity of evidence for evaluation instrument scores, data analysis, and outcome. For 

each domain a minimum of 1 and maximum of 3 points could be awarded resulting in a 

total score ranging from 5 to 18. 

Risk of bias was assessed using Cochrane Collaboration’s tool for assessing risk of bias.31 

The tool includes seven domains: sequence generation, allocation concealment, blinding 

of participants and personnel, blinding of outcome assessment, incomplete outcome 

data, selective outcome reporting and ‘other issues’. For each domain ‘low risk’, ‘high risk’ 

or ‘unclear risk’ was assigned based on the criteria provided by the Cochrane Handbook. 

A ‘high risk’ of bias was assigned to the domain ‘blinding of participants’ if comparison 

was made between different types of media. An ‘unclear risk’ was assigned to seventh 

domain ‘other issues’ if stereoscopic vision of the participants was not assessed prior to 

the experiment. 
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Data analysis 

A descriptive analysis was used to summarize the included studies and to describe 

the effect of VSA on learning. A meta-analysis was performed to estimate the effect of 

stereopsis on learning outcomes. For the meta-analysis, studies were grouped based 

on relative between-intervention differences in instructional methods and type of control 

conditions (e.g., the ability of studies to isolate stereopsis as the only true manipulating 

element). This resulted in three types of comparisons: 

Interactive stereoscopic 3D models in comparison with interactive monoscopic 3D models. 

The comparisons within each study were made within a single level of instructional design 

using the same medium and configuration. The only true element that differed between 

groups was the presence or absence of stereopsis. In the monoscopic view conditions, 

binocular disparity was avoided technically by presenting identical images to the left 

and right eyes or by covering the non-dominant eye of participants. Interaction included 

active manipulation of the model by the user (e.g., adjustment of the size, rotation of the 

model) and/or dynamic exploration (e.g., walking around the model) in case of interactive 

AR and VR environments. 

Interactive stereoscopic 3D models in comparison with 2D images. The comparisons within 

each study were unavoidably made within one or more levels of instructional design 

using different types of medium and configuration. Therefore, stereopsis was not the 

only true manipulated element in the study design. Two dimensional images included 

non-interactive, monoscopic representations of anatomical structures on paper or a 

computer screen. 

Non-interactive stereoscopic 3D images in comparison with 2D images. The comparisons 

within each study were made within a single level of instructional design using the same 

medium and configuration. The only true element that differed between groups was the 

presence or absence of stereopsis. Non-interactive stereoscopic 3D images included 

representations of anatomical 3D structures that could not be manipulated by the user 

and therefore perceived as static stereoscopic 3D images.

A sub-analysis was performed to evaluate the effect of stereoscopic 3DVT on the 

acquisition of factual and spatial knowledge domains separately. 

The standardized mean differences (d), used as the effect size, were calculated based 

on given means and standard deviations. When insufficient information was provided, a 

given significance level was used to calculate the effect size. For studies with a pretest-

posttest design we used posttest means. Heterogeneity between studies was quantified 
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by I2 statistics.32 In case of large inconsistency, e.g., I2 > 50%, a random-effect model was 

used to pool the weighted effect sizes. Sensitivity analysis was performed by excluding 

studies with low methodological quality (MERSQI score <12) or with at least two or more 

assigned ‘high risk’ of bias. Publication bias was assessed using funnel plots and Egger’s 

test.33 Review Manager (Version 5.3, The Cochrane Collaboration, Oxford, England) was 

used for the analyses. 

RESULTS 

Study selection 

The search strategy identified 3929 citations, and an additional 6 potentially relevant 

articles were identified from author files and review of reference lists (Figure 1). From these 

69 potentially eligible articles were identified and a total of 16 studies were included in 

the qualitative synthesis. Three studies were excluded from the quantitative synthesis 

due to substantial between-intervention differences in instructional methods and type of 

control conditions, and a non-randomized study design.34-36 Ultimately, 13 studies were 

included in the meta-analysis. 

Study characteristics 

Among 16 studies included in the qualitative synthesis, study designs included 

randomized controlled trials with pre- and posttest (n = 7; 43.8%), posttest only (n = 7; 

43.8%) and non-randomized comparative studies (n = 2; 12.4%) (Supplementary material 

1). The included studies involved 1695 participants who were students in medicine (n 

= 422; 24.9%), nursing (n = 427; 25.2%), educational sciences (n = 420; 24.8%), medicine 

and biomedical sciences (n = 180; 10.6%), veterinary medicine (n = 84; 5.0%), behavioral 

sciences (n = 82; 4.8%), and combination of academic disciplines (n = 80; 4.7%). Stereovision 

of participants was assessed prior to the experiment and used as an inclusion criterion 

in four studies.2,37-39 The most common anatomical regions studied were cerebrum and 

skull (n = 7; 41.3%) followed by abdomen (n = 3; 17.6%), head and neck (n = 2; 11.8%), pelvis 

(n = 2; 11.8%), cardiac and thorax anatomy (n = 2; 11.8%), and lower limb (n = 1; 5.9%). Several 

types of interventions were identified, including: stereoscopic 3D model with interactive 

user control (n = 11; 68.7%); stereoscopic 3D model with interactive instructor control (n = 

1; 6.3%); and stereoscopic non-interactive 3D images (n = 4; 25.0%). Stereoscopic view was 

obtained with the aid of anaglyphic glasses 3D glasses (n = 4; 23.5%), 3D shutter glasses 

(n = 3; 17.6%), polarizing 3D glasses (n = 2; 11.8%), head-mounted displays such as Oculus 

Rift (n = 3; 17.6%), HTC Vive (n = 2; 11.8%) and HoloLens (n = 2; 11.8%), and autostereoscopic 

hologram i.e., the images was perceived in 3D without head-mounted device (n = 1; 5.9%). 
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Figure 1. Flow diagram of study selection.

Study appraisal

The mean MERSQI score for the 16 included studies was 13.0, ranging from 10.5 to 15. 

Reduction in scores and assigned ‘high risk’ of bias was primarily due to non-randomized 

study design of several studies. The MERSQI score for the studies included in the meta-

analysis ranged from 12.5 and 15.0, with the highest score and no assigned ‘high risk’ of bias for 

the comparison ‘interactive stereoscopic 3D model versus interactive monoscopic 3D model’. 
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Meta-analysis

Interactive stereoscopic 3D models in comparison with interactive monoscopic 3D models

Six studies compared interactive stereoscopic 3D models with interactive monoscopic 

3D models within a single level of instructional design.2,37,39-42 One study evaluated two 

outcomes (i.e., identification task and localization task)2 and one study evaluated two 

interventions (i.e., VR and interactive AR) separately.42 A significant positive effect on 

overall anatomical knowledge was observed in favor of interactive stereoscopic 3D 

models (ES = 0.53, 95% CI 0.26 - 0.80; p < .00001; I2 = 51%; n = 8) (Figure 2). 

Figure 2. Pooled effect size for studies comparing interactive stereoscopic 3D models with 

interactive monoscopic 3D models. 95% CI, 95% confidence interval; I, identification task; L, 

localization task; VR, virtual reality environment; AR, interactive augmented reality environment.

The funnel plot for the included studies showed no asymmetry, which suggests the 

absence of publication bias (Figure 3). Egger’s test could not be performed due to a 

small number of studies (n < 10). In a sub-analysis, the pooled effect sizes for low and 

high order questions remain significant in favor of stereoscopic 3D models and were 0.71 

(95% CI 0.31 – 1.11; p = .005; I2 = 55%, n = 4) and 0.35 (95% CI 0.06 - 0.63; p = .02; I2 = 14%; n 

= 4) respectively. 

Interactive stereoscopic 3D models in comparison with 2D images

Seven studies compared interactive stereoscopic 3D models with 2D images.3,4,38,40,41,43,44 

A significant effect on anatomical knowledge was observed in favor of interactive 

stereoscopic 3D models (ES = 0.45, 95% CI 0.10 - 0.81; p < .002; I2 = 70%; n = 8) (Figure 4). The 

funnel plot for the included studies showed some asymmetry suggesting the presence 

of a publication bias. Egger’s test could not be performed due to a small number of 

studies (n < 10). A sub-analysis resulted in non-significant effects in favor of interactive 

stereoscopic 3D models in terms of low-order (ES = 0.32, 95% CI -0.18 - 0.81; p = .21; I2 = 

72%; n = 3) and high-order questions (ES = 0.73, 95% CI -0.03 – 1.49; p = .06; I2 = 77%; n = 3). 
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Figure 3. Funnel plot for studies included in the meta-analysis comparing interactive stereoscopic 

3D models with interactive monoscopic 3D models.

Figure 4. Pooled effect size for studies comparing interactive stereoscopic 3D models with 2D 

images. 95% CI, 95% confidence interval; I, identification task; L, localization task.

Non-interactive stereoscopic 3D images in comparison with 2D images

Three studies compared non-interactive stereoscopic 3D images with 2D images within 

a single level of instructional design.39,45,46 One study evaluated three anatomical regions 

(abdomen, pelvis, thorax) separately.45 Meta-analysis showed a non-significant effect 

in favor of 2D images for overall anatomical knowledge (ES = - 0.87, 95% CI -2.09 - 0.35; 

p = .16; n = 5) (Figure 5). However, the I2 of 97% indicated high heterogeneity of results 

between studies, and results could not be pooled. A sensitivity analysis did not change 

the heterogeneity across the studies. Because of the high heterogeneity, the funnel plot 

was not performed.33 
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Figure 5. Pooled effect size for studies comparing non-interactive stereoscopic 3D images with 

2D images. 95% CI, 95% confidence interval; A, abdomen; P, pelvis; T, thorax.

The effect of VSA

VSA of participants were measured in six studies by a Mental Rotation Test (MRT). 2-4,37,38,42 

Five studies used the redrawn version of MRT by Peters and colleagues47 and one study42 

used the original version of Vandenberg and Kruse.48 One study adjusted the outcomes 

for VSA by treating it as a confounder and reported that MRT scores significantly predicted 

performance (r = 0.548, P<0.0001).42 Five studies evaluated the possible modifying effect 

of VSA by including VSA in a linear regression analysis as an interaction term2,37,38 or by 

stratifying outcomes by VSA.3,4 A significant interaction caused by VSA was reported 

in three studies.3,4,38 This interaction meant that participants with lower VSA benefited 

significantly more from the stereoscopic view of anatomy than individuals with high VSA. 

Moreover, in the 3D stereoscopic group, differences between students with low and high 

levels of VSA were no longer significant.3,4 One study reported similar interaction that did 

not reach a significant level (p = .09) in the linear regression analysis.2 One study reported 

that the included interaction term was not significant and was therefore excluded from 

the regression analysis.37 A meta-analysis of the modifying effect of VSA could not be 

performed due to insufficient data. 

DISCUSSION 

The findings of the meta-analyses indicate that the presence of stereopsis, as a distinguishing 

feature of 3DVT, contributes to a better comprehension of anatomical knowledge. The 

beneficial effect of stereopsis (ES = 0.54) was observed when students learned anatomy 

using interactive 3D models that enabled active manipulation and/or dynamic exploration 

by the learner. The comparisons between stereoscopic and monoscopic interactive 3D 

models were made within a single level of instructional design, e.g., isolating stereopsis 

as the only true manipulated element in the experimental design. Similar effect was 

found when stereoscopic interactive 3D models were compared to 2D images (ES = 0.50). 

However, because the comparisons within each study were made between various levels 
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of instructional design, it remains unclear to what extent stereopsis has contributed to this 

positive learning effect. In non-interactive representations, when stereoscopic 3D images 

were compared to 2D images within a single level of instructional design, stereopsis did not 

show any positive effect on learning. Heterogeneity among those studies was, however, 

large, and subgroup analyses did little to explain these inconsistencies. 

The beneficial effect of stereopsis on learning anatomy, especially among students 

with low VSA, supports the hypothesis that the stereoscopic view contains spatial 

information not found in a monoscopic view that assists in generating an effective 3D 

mental representation of an object. This hypothesis suggests that with a monoscopic 

view, 3D objects are generated from key-view based 2D images rather than acquired 

naturally as a 3D object.6,7 Generation of a 3D mental representation from memorized 

key-view 2D images requires certain amount of central processing which leads to an 

increase in cognitive load whenever an unfamiliar 3D object is viewed monoscopically 

compared to seeing the object stereoscopically. According to the ability-as-enhancer 

hypothesis, students with higher levels of VSA are able to allocate more cognitive 

resources to generate the required mental 3D representations and are able to benefit 

from monoscopic 3DVT.9 Students with lower levels of VSA, however, lack this ability 

and experience difficulties to learn from monoscopic visualization. This explains why 

monoscopic 3DVT was found to have disadvantages for students with low VSA.3-5,49 

The superiority of stereoscopic 3DVT over monoscopic 3DVT for students with low 

VSA implies another mechanism that is in line with the compensating hypothesis.50 

In stereoscopic 3DVT, the required 3D representation is already built and provided by 

stereoscopic vision. Consequently, generation of a mental 3D representation does not 

require additional mental steps leaving sufficient amount of cognitive resources to learn. 

In this way, stereoscopic view of a 3D object is able to compensate for low VSA students. A 

similar interaction in line of compensating hypothesis has been observed by Berney and 

colleagues comparing dynamic and static visualizations in learning anatomy.51 Especially 

students with low VSA benefitted from learning with dynamic visualization. This was 

explained by the required mental representations of the movements that were already 

provided within dynamic visualizations, while representations whit static visualization 

still needed to be mentally genereated. Consequently, dynamic visualization was able 

to compensate for low VSA individuals.

The effect of stereopsis on learning is also being explored in the field of neuroeducational 

sciences. Anderson and colleagues have applied quantitative neural measures derived 

from electroencephalography to measure the effect of stereopsis in anatomy learning 

using a reinforcement-based learning paradigm.52 When students learned anatomy using 
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stereoscopic 3D models, greater object recognition was observed compared to those 

who learned from monoscopic 3D models. Another study in the field of neuroscience, has 

shown that binocular cues, in particular stereopsis, activate different neurons in the brain 

than monocular cues do.53 Whether activation of different pathways in the brain would 

directly affect learning has not been demonstrated. However, both studies support that 

learning with monoscopic views of 3D objects is fundamentally different than learning 

with stereoscopic views.

The relationship between VSA and visualization type appears to be an aptitude-treatment 

interaction. An aptitude-treatment interaction occurs when a student attribute predicts 

different outcomes for different treatments.13 In our case, students with low VSA benefited 

most from stereoscopic 3D models and showed a learning trajectory distince from 

the students with high VSA. It is important to mention that such interactions are only 

detectible when outcomes are stratified by the variable (VSA) or when the variable is 

included in the regression analysis as an interaction term. Including the variable only as 

a confounder will not reveal this interaction. Although a meta-analysis for various levels 

of VSA could not be performed due to an insufficient number of studies, these findings 

suggest, that VSA can potentially modify learning outcomes. Such an interaction caused 

by VSA has previously been reported in various contexts.54,55 For statistical analysis and 

interpretation of the results, this means that when a new educational intervention has 

no better effect for high performing students, but it works well for the low performing 

students, the overall results will often overshadow these differences and the outcome 

will be ‘no effect’. The ‘no effect’ will remain even after accounting for VSA by the study 

design (e.g., randomization) or statistical analysis (e.g., including it only as a covariate in 

the regression analysis). Therefore, for researchers it is essential to make the distinction 

between various levels of VSA by analyzing the outcomes for different groups of students 

separately or by including an interaction term in the linear regression analysis.56,57

Along with stereopsis, active user control appears to play an important role. The results of 

the current study showed a beneficial effect of stereopsis only in interventions involving 

active user control of 3D anatomical models. The importance of active user control in 

learning is described within the general framework of embodied cognition.58 Active 

manipulation would lead to a more explicit connection between motor and visual process 

and, consequently, to a better learning. The effect of user control, or direct manipulation, 

in stereoscopic 3DVT has recently been described by Jang and colleagues.55 Authors 

have found, that students, who were allowed to actively manipulate stereoscopic 3D 

model of the inner ear, performed significantly better on the posttest than students who 

passively watched the interaction in the same stereoscopic 3D environment. The findings 

were in line with supporting theory from the field of embodied cognition suggesting 
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that direct manipulation of structures in a virtual environment can facilitate embodied 

representations of 3D structures. Another distinguishing feature that is more often 

available in the 3DVT technology is the ability to perform dynamic exploration. Being 

able to walk around the model with its own reference point can create an additive sense 

of depth. Further research is needed to evaluate to what extent the combination of these 

features contribute to learning outcomes. 

A small but growing portion of population appear to have suboptimal stereoacuity.59 

An even smaller portion lacks stereovision entirely and , therefore, cannot perceive the 

obtained spatial visual depth by stereoscopic 3DVT. The precise prevalence remains 

unknown, since the numbers vary greatly between studies60,61 and between methods of 

measuring stereoacuity.59 In the current review, eleven (7%) out of 145 participants, that 

were screened for stereoacuity in four studies, were reported to have no stereoscopic 

vision and were excluded from the studies.2,37-39 Whether this percentage can be 

extrapolated to studies that did not screen participants for their stereovision, is doubtful. 

Three of the four studies included study samples from the same geographic area in 

the Netherlands. Also different stereo tests were used including the TNO Random-dot 

test2,38, Random Dot 3 LEA SYMBOLS Stereoacuity Test37 and the Titmus stereotest39 that 

can produce different results. Whether the degree of their stereoacuity was sufficient to 

perceive the disparity in the images presented in the 3DVT remains unknown. 

Limitations 

The current meta-analysis used an approach focusing on the comparisons that were 

made within a single level of instructional design. This enabled a measure of the effect of 

stereopsis to be the only true manipulated element in the experimental design. Inherently, 

this approach has several limitations. First, no comparisons were made between various 

types of 3D technology, but instead, the effect of stereopsis was estimated within different 

types of 3DVT combined. It is possible for a particular type of technology to obtain a 

slightly different quality of stereopsis, and, therefore, affect learning experience. Also 

different side effects can occur such as blurred vision, headache and dizziness depending 

on the technology employed.36 Second, no distinction was made between different 

anatomical regions that might require less or more VSA of learners. Third, no distinction 

was made between different ways of obtaining monoscopic views in control conditions. 

One study created a monosocpic view by covering the non-dominant eye of participants. 

This could have resulted in a different viewing condition compared to those presenting 

identical images to both eyes where some binocular cues could have remained in 

addition to monocular cues. Due to a relatively small number of studies, the described 

above distinctions could not be made within the meta-analyses. Additionally, publication 

bias could not be fully assessed for all comparison groups. For the main comparison 
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group a funnel plot suggested no publication bias (Figure 3). However, for other groups 

the funnel plot was asymmetrical or could not be performed due to a high heterogeneity. 

This suggests that selective reporting may have cause an overestimation of effect sizes 

in small studies. Last, the subgroup analyses for low- and high-order anatomy questions 

should be interpreted with caution because of the number of comparisons made and 

the heterogeneity in anatomy knowledge tests. The content validation of anatomy 

knowledge tests was performed in 10 of the 16 studies, while the internal consistency of 

the tests was assessed in none of the studies.

CONCLUSIONS

This was the first systematic review and meta-analysis evaluating the educational effect 

of stereopsis in 3DVT for teaching anatomy. Technically, stereoscopic view of a digital 

3D object is different from a monoscopic view due to the projection of a slightly different 

image to the left and right eye resulting in a sense of a perceived depth. Therefore, it is 

essential to make a distinction between stereoscopic and monoscopic 3DVT in anatomical 

education and research. When designing new research, VSA and stereovision of learners 

should always be taken into account. From educational point of view, as supported by 

the results of this study, stereoscopic 3DVT contributes to a better comprehension of 

anatomy and is preferred over the monoscopic 3DVT, especially when utilized in an 

interactive 3D environment. 
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