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ABSTRACT 
 

Background: Over the past few years, anatomy education has been revolutionized through 

digital media, resulting in innovative computer-based 3D models to supplement, or even 

replace traditional learning materials. However, the added value of these models in terms of 

learning performance remains unclear. Multiple mechanisms may contribute to the 

inconclusive findings. This study focusses on the impact of active manipulation on learning 

performance and the influence that posttest design features may have on the outcome 

measurement.  

Methods: Participants were randomly assigned to one of two research conditions: studying 

on the base of a computer-based manipulable pelvic bone model versus online static images 

of the same model. Pretests focused on students’ baseline anatomy knowledge and spatial 

ability. Three knowledge posttests were administered: a test based on a physical pelvic bone 

model, and two computer-based tests based on static images and a manipulable model. 

Mental effort was measured with the Paas mental effort rating scale. 

Results: In the static-images-based posttest, significantly higher knowledge scores were 

attained by participants studying in the static images research condition (p = 0.043). No other 

significant knowledge related differences could be observed. In the manipulable-model-based 

posttest, spatial ability rather than the research condition seemed to have an influential role 

on the outcome scores (r = 0.18, p = 0.049). Mental effort scores reflected no difference 

between both research conditions.  

Conclusion: The research results are counter-intuitive; especially because no significant 

differences were found in the physical-model-based posttest in students who studied with the 

manipulable model. Explaining the results builds on differences in anatomical models 
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requiring less or more active manipulation to process spatial information. The pelvic bone 

manipulable model, and by extension osteology models, might be insufficiently complex to 

provide added value compared to static images. Moreover, the posttest modality should be 

chosen with care since spatial ability rather than anatomy knowledge may be measured.    
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INTRODUCTION 
 

Background 

Anatomy learning based on drawings, cadaver dissections and prosections has long been the 

sole way for students to appreciate three-dimensional (3D) relationships in the human body. 

More recently, anatomy education has been revolutionized through digital media, resulting in 

innovative computer-based 3D models (3DCBMs) to supplement, or even replace traditional 

learning materials. These 3DCMs may provide teachers with opportunities to tackle the 

current challenges (e.g. time constraints, lack of trained faculty, rising costs, etc.) in anatomy 

education.1 Moreover, digital models became vital during the COVID-19 outbreak, 

accelerating their development which resulted in major advances in realism, scalability and 

user satisfaction.2–4  

The variety of 3DCBMs used in anatomy education is large, ranging from desktop-based to 

fully immersive models.5 However, if these models are going to be widely adopted, it is 

important that they are designed appropriately in order to mitigate abundant cognitive load. 

Therefore,  Birbara and colleagues proposed instructional design guidelines that are grounded 

in the Cognitive Load Theory (CLT).6 The delivery modality is one factor that needs to be 

considered during the design of the 3DCBM.6  This includes interactivity with the models, the 

level of immersion, stereopsis, and motion.6 To make inferences about the value of these 

factors, researchers have tried to investigate these factors individually.7 A few studies have 

focused on the influence of interactivity.8–11 Although it would seem that presenting virtual 

objects – i.e., manipulable 360° in all three planes - would have clear advantages over static 

atlas-type images, research findings do not support this assumption. In a study examining the 

learning of wrist bone anatomy, multiple-view computer models did not have an advantage 
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over flat, key view (top, bottom, front, back and sides) representations; occasionally even 

disadvantages have been reported in learners with poor spatial ability.8 Follow-up studies 

support these findings, but suggest and underpin the potential of offering additional views.9–

11 Studies focusing on a fully manipulable model did not report conclusive results either.12–14 

The empirical evidence contradicts hypotheses based on the embodied cognition theory. 

Proponents of embodied cognition postulate that bodily interactions with the environment 

contribute to cognition.15 Shepard & Metzler’s seminal research showed that people mentally 

manipulate objects similarly to the way they would with actual objects, and that the time it 

takes to rotate the image increases linearly with the degree of rotation.15,16 Additionally, 

Kosslyn and colleagues have shown that earlier manual manipulation of an object makes 

motor systems activity stronger when performing a mental rotation of that object due to a 

stronger embodied representation.17 Furthermore, embodied representations could play a 

central role in anatomy instruction. Anatomy research has demonstrated that perception of 

real life anatomical models primes an embodied approach. One is inclined to relate observed 

anatomical models to one’s own body coordination systems.18 Therefore, manipulating 

anatomical models in a virtual environment is believed to result in the development of 

stronger “embodied”, multi-modal mental representations. 

The conflicting results might be compounded by a number of factors.  

Firstly, there is much heterogeneity in the delivery modality of the models used in previous 

studies, e.g., multiple view models with rotation at 10° intervals 8 versus models manipulable 

360° in all three planes.12 This makes it hard to make inferences about the educational value 

of these models since these differences influence the level of manipulation, and consequently 
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- according to embodied cognition principles and the Cognitive Load Theory - the level of 

impact on cognitive representations.6  

Secondly, many of the studies cited above have confounded research designs. To help unravel 

these confounded research designs, David A. Cook issued some guidelines.19 To begin, media-

comparison studies – e.g., comparing computer-based learning with noncomputer instruction 

(e.g. paper-based, face-to-face) – are confounded. In addition, Cook defined three 

instructional design levels: 1) the configuration (CD-ROM-based, Web-page-based, etc.), 2) 

the instructional method (self-assessment questions, clinical cases, etc.), and 3) the 

presentation (e.g. font, interaction, stereopsis, motion, etc.). To create generalizable results, 

Cook recommended developing research conditions within only one of these levels.19  

Finally, assessment approaches are important to consider, since a lack of constructive 

alignment could be present.20 With emerging 3D learning initiatives, misalignment of learning 

with assessment is growing. While there is a significant shift in teaching methods from 2D to 

3D methods, the assessment methods are shifting the opposite way. Today, medical students 

are more frequently assessed using written tests, such as multiple choice questions (MCQ), 

extended matching questions (EMQ), and single best answer questions (SBA), which are 2D in 

nature.21 Therefore, it is important to take into account the influence of the assessment 

modality on student performance in order that no bias enters modality preference.  

 

Study aim & hypotheses 

To address the above concerns, a research study was designed to explore the mechanism of 

active manipulation of 3DCBMs, as well as the influence of posttest design features on the 
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outcome measurement. Special emphasis was put on the recommendations of Cook to 

execute research within one medium and within one level of instructional design.20  

To assess this, learning outcomes of students learning with a computer-based manipulable 

model (MM) – defined for our purposes as a virtual object manipulable 360° in all three planes 

on a computer screen in the same manner as a real object – were compared with learning 

outcomes of students learning with online static images (SI) of the same model. Three  

different testing modalities were used: 1) a test building on a physical model, 2) a test building 

on an online MM, and 3) a test building on online SI. Moreover, the mental effort was 

measured.  

Following hypotheses were put forward: 

1) Based on embodied cognition principles and the CLT,6,18 learning with an online MM 

will result in better learning outcomes on the test based on the physical model 

compared to learning with online SI. 

2) Based on the CLT that postulates physical demands decrease when dealing with 

familiar material,6 it is hypothesized that students who learn with a) the MM will 

perform better on a test building on the MM, and students learning on the base of b) 

the SI will perform better on a test building on SI.  

3) Based on the CLT and instructional design principles,6 the self-reported mental effort 

will be lower in the MM condition.  

 

Methods 
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Research participants 

All first-year medical students of Ghent University, Belgium (n = 453) were invited to 

participate on a voluntary base. The study took place at the start of the second semester. At 

this stage, students were not expected to have any previous knowledge of musculoskeletal 

anatomy. The study protocol was approved by the local Ethical Committee (2019/1935), and 

after recruitment informed consent was obtained. Participants were randomly (simple 

randomization) assigned to one of two research conditions: SI or MM.  

Study design 

As depicted in Figure 1, a research study was designed to explore the mechanism of learning 

with a manipulable model versus static images, as well as the influence of assessment 

modality on the outcome measurement.  

Intervention 

The learning phase was based on a pelvic bone model. Due to its relative spatial complexity, 

this bone was considered to be representative for other bones in the human body. The MM 

was created using a high resolution (0.05 mm) structured-light 3D surface scanner, the Artec® 

Space Spider (Artec 3D, Luxembourg, Luxembourg). Following the creation, the 3D model was 

uploaded and 26 anatomical structures were labeled within Sketchfab 3D rendering platform 

(Sketchfab, New York, NY, USA). Sketchfab is a web-based viewing, creating and publishing 

tool for 3D models. It offers a universal 3D/virtual reality (VR) viewer that can be accessed on 

any browser. The published pelvic bone model was then embedded into the university-specific 

learning platform (D2L/Brightspace, Kitchener, ON, Canada) and could be displayed on any 

laptop. The model was manipulable, allowing panning, rotation, and zooming via a mouse or 

touchpad.  
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The SI were based on print screens of the MM. Print screens were taken from the anterior, 

medial and dorsal side of the pelvic bone. The model was labelled similar to the MM. The SI 

were also embedded into the university-specific learning platform. Participants were able to 

consult the different views at their discretion. 

During the learning phase, students were provided 15 minutes to study the 26 anatomical 

structures with their respective models based on a series of labels affixed to the appropriate 

regions. The time was chosen based on previous studies12,22 to ensure that there was a range 

of observed scores, with neither ceiling nor basement effects. 

Data collection 

At the start of the experiment (T0), all participants completed a set of questionnaires, 

consisting of an anatomy knowledge test, a spatial ability test (cfr. § Covariates), and standard 

demographic questions. The anatomy test consisted of 10 nominal questions with a 

randomized word bank to assist in spelling and recall. This test helped establishing a baseline 

value about students’ prior knowledge of the pelvic bone and to ascertain whether both 

research groups were comparable.  

After the intervention (T1), i.e., the 15 minutes of learning, all students were asked to 

complete a second series of research instruments. First, a mental effort scale was 

administered (cfr. § Covariates). Secondly, a 10-item anatomy knowledge test (4 orientation 

questions and 6 nominal questions) on a physical bone was administered. This test was 

included to study the influence of learning modality and to ensure that there was no bias in 

favor of any modality. Thirdly, students needed to fill in an online 10-item knowledge test 

based on a MM, and an online 10-item knowledge test based on SI. Both tests were included 

to study the influence of assessment modality. Figure 2 presents examples of the latter tests. 
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All test items were checked by two anatomical experts to guarantee equivalent difficulty over 

the three assessment modalities. 

Covariates  

Prior to data analysis, possible interacting covariates were identified. Previous research has 

shown that learning from 3DCBMs is strongly dependent on visuospatial ability, with 

significant disadvantages for low spatial ability learners.8,10,11,23–25  Therefore, spatial ability 

was measured using the validated 24-item mental rotation test (MRT) described by Peters and 

colleagues.26 The MRT has been validated to measure spatial ability in the general 

population,26 and has an established value in anatomical education studies in the context of 

3D learning.23,24,27 Students had 6 minutes in total to complete the test. Each MRT test was 

scored with a maximum of 24 points.  

Secondly, since the delivery modality could have an influence on mental effort, this was 

identified as a possible interacting covariate. The mental effort was measured after the 

learning intervention using the subjective Paas rating scale (9-point scale, 1 = very, very low 

mental effort to 9 = very, very high mental effort).28 The scale inquired about the experienced 

mental effort during the learning intervention.  

Data analysis  

Analysis was performed with the statistic software SPSS™ 27.0 (SPSS Inc., Chicago, IL, USA). 

Results of the anatomy knowledge tests were presented as percentages (mean ± standard 

deviation (SD)). Pearson correlation coefficients and r squared values were calculated to 

assess the influence baseline anatomy knowledge and MRT on the dependent variables. 

Independent sample t-tests were used to assess potential differences in students’ baseline 

anatomical knowledge. To test the differential impact of the learning and testing modality on 
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anatomy knowledge (= first and second hypothesis), one-way ANCOVA was conducted with 

the test scores of the physical model, SI and MM tests as dependent variables, the research 

conditions as fixed factors, and the pretest score as a covariate. In a second step, the MRT 

scores were added as a covariate.  

The third hypothesis was tested with a one-way ANCOVA, using the mental effort scores as a 

dependent variable, the research conditions as fixed factors, and the pretest score as a 

covariate. In a second step, the MRT scores were added as covariate. 

Finally, Cohen’s d effect sizes were calculated for each comparison. 

Results 
 

The demographic data are provided in Table 1. A total of 106 students (23.4%) participated 

in this study. A post-hoc power analysis was done with G*Power Software (version 3.1.9.2) 

(minimal sample size = 84, with α = 0.05, β = 0.95),29 confirming the adequacy of the current 

sample size (n = 106). Sixty-three percent of the participants were female and the mean age 

was 18.4 (± 1.8) years. These numbers were representative for the larger course. 

Table 2 gives an overview of the descriptive statistics, as well as the Pearson correlation (r) 

and coefficients of determination (r2) indicating the amount of variability in posttest scores 

shared by baseline anatomy knowledge and MRT. Graphical representations for the 

interaction of the three posttest modalities with baseline anatomy knowledge and MRT are 

shown in Figure 3. 

 

Baseline 

The mean baseline score reflecting anatomy knowledge was 49.8% (± 0.25) and 51.3% (± 0.26) 

for the SI group and MM group, respectively. The independent t-test did not reveal any 
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differences between both groups at baseline (t = -0.30, 95% CI -11.35%-8.33%, p = 0.76, 

Cohen’s d = 0.06). 

 

Hypothesis 1: Effect of learning modality  

The mean scores and standard deviation for the two intervention groups are shown in Figure 

4. The one-way ANCOVA with the pre-test scores as covariate revealed no difference among 

the SI and MM group (F(1, 105) = 0.06, 95% CI  -10.05%-7.78%, p = 0.80, Cohen’s d = 0.07). 

These analyses were repeated using the MRT together with the pre-test scores as covariates. 

The MRT did not significantly predict the scores on the test (Table 2) and the lack of differences 

between both groups remained (F(1,105) = 0.08, 95% CI -10.21%-7.68%, p = 0.78).  

 

Hypothesis 2: Effect of the testing modality 

a. Test with SI 

The mean scores for the two intervention groups are shown in Figure 5. The one-way 

ANCOVA with the pre-test scores as covariate revealed a difference among both 

groups (F(1, 105) = 4.21, 95% CI 0.25%-14.74%, p = 0.043, Cohen’s d = 0.25). The SI 

group scored significantly higher than the MM group (resp. 64.2% (± 0.25) vs 57.7% (± 

0.28). These analyses were repeated using the MRT together with the pre-test scores 

as covariates. The MRT did not significantly predict the scores on the test (Table 2) and  

the differences between both groups remained (F(1,105) = 4.09, 95% CI 0.14%-14.7%, 

p = 0.046).  

  

b. Test with MM 
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The mean scores for the two intervention groups are shown in Figure 6. The one-way 

ANCOVA with the pre-test scores as covariate revealed no difference among the SI and 

MM group (F(1, 105) = 0.27, 95% CI -9.5%-5.56%, p = 0.61, Cohen’s d = 0.11). These 

analyses were repeated using the MRT as covariate, together with the pre-test scores. 

The MRT significantly predicted the scores on the test (Table 2) but no differences 

between both groups could be detected (F(1,105) = 0.39, 95% CI -9.69%-5.03%, p = 

0.53).  

 

Hypothesis 3: Effect of cognitive load 

No difference in reported mental effort could be demonstrated between both groups using 

one-way ANCOVA with the pre-test scores as covariate (F(1, 105) = 0.64, 95% CI -0.37-0.88, p 

= 0.43, Cohen’s d = 0.17). This analysis was repeated with MRT as additional covariate. The 

MRT did not significantly predict the mental effort scores (Table 2) and the lack of any 

difference remained (F(1,105) = 0.57, 95% CI -0.39-0.86, p = 0.45). 

DISCUSSION 
 

Over the past few years, many institutions have made significant efforts in the integration of 

virtual learning resources into their anatomy curricula leading to the development of new and 

exciting digital anatomy models. While there is no shortage of development of these models, 

empirical evidence relating to their efficacy is scarce. Many of these resources were 

incorporated into anatomy curricula based on student perceptions.30–32 However, their 

incorporation should not be solely based on student feedback. To this end, research has been 

done towards the effectiveness of 3DCBMs. Many researchers have set up pre-posttest 

designs and comparisons with no-intervention groups. However, these studies are not 
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meaningful because “if you teach them, they will learn”.33 Therefore, research should be 

comparative. Moreover, regarding the study of computer-based learning, it is recommended 

to execute effectiveness evaluations within the same level of instructional design.19 

Accordingly, the presented study aimed to address this shortfall by comparing anatomy 

learning based on a manipulable pelvic hip bone model versus static atlas-like images of the 

same model.  

 

Hypothesis 1: Effect of learning modality 

Despite principles along the embodied learning theory, test scores did not reveal a significant 

difference between both groups for the test on the physical bone. Literature systematically 

comparing multiple-view/manipulable models versus static images is very scarce and 

heterogeneous. However, several earlier studies found similar results. A series of experiments 

with multiple-view models of the carpal bones found no advantages for 3D reconstructions or 

interactivity over static key views.8–10 Similarly, a study of Levinson and colleagues evaluating 

the effectiveness of a virtual brain model concluded that high degrees of learner control may 

reduce effectiveness of learning.11 Regarding fully manipulable models, Khot and colleagues 

found no difference between students that learned with key views (photos of a physical 

model) versus a virtual model (3D reconstruction of CT scan) of the pelvis.12 Finally, a virtual 

equine foot model (3D reconstruction of MRI scan) did not show to be superior over 

textbooks.13 In contrast, other studies comparing monoscopic 3D to standard 2D material 

have determined a significant advantage, including the inner ear,34 brain,35 gallbladder, celiac 

trunk and superior mesenteric artery,36 and the liver.37 However, many of the studies cited 

above violated the research design principles recommended by Cook, comparing intervention 
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groups with no-intervention groups, or assessing outcomes from different intervention 

modalities.19,33  

A possible explanation for the counter-intuitive results in the presented study might be found 

in the nature of the anatomical model. It is believed that the added-value of virtual 3D models 

lies in the possibility to illustrate complex spatial anatomical relationships, for example the 

anatomy of the middle and inner ear.34 In contrast, identification of bony structures on a pelvic 

bone only require basic anatomical knowledge and visuospatial skills. These results might be 

generalizable to all osteology models, since it was assumed that the pelvic bone is 

representative for other bones in the human body, and previous studies reporting no 

advantages of 3D reconstructions were also based on osteology models.8–10,12,13 To sum up, it 

is believed that computer-based manipulable osteology models might not be superior over 2D 

static osteology models due to their limited spatial complexity.  

Furthermore, the desktop setting might have influenced the presented results. Manipulation 

of 3D models in a desktop setting might not be optimally aligned with embodied cognition 

principles. Computer mouse manipulations are less intuitive compared to manipulating 

objects in the real world or immersive environments. Therefore, embodied representations 

might be less strong than anticipated.  

Finally, Wainman and colleagues have shown that true stereoscopy might be a more 

important factor than active engagement.22,38 

 

Hypothesis 2: Effect of testing modality 

a. Test on SI 

For the test on SI, the group that studied with the SI scored significantly better compared 

to the MM group (p = 0.043). This was anticipated because of principles along the CLT. 
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Based on this theory, it is believed that the memory becomes very effective when dealing 

with familiar material.39 Contrarily, the MM group was not familiarized with the 2D nature 

of the images and the limited field of view, and therefore, they were probably 

handicapped compared to the SI group. 

 

b. Test on MM 

For the test on the MM, no differences between both groups could be demonstrated. 

However, a significant interaction with spatial ability was detected (r = 0.18, p = 0.049), 

demonstrating that the MRT scores appear to be a stronger predictor of success than 

instructional modality. The results might be explained by the presentation of the models: 

the SI are presented from an optimal point of view (= key views), while the MM requires 

rotation/manipulation to identify anatomical structures. The latter might rely heavily on 

spatial ability, which is confirmed by past research showing that spatial ability is an 

important predictor of success in 3D learning environments.10–12,40  

Another explanation might be the limited experiential base of learning with 3DCBMs. 

Traditional anatomy materials at Ghent University are largely based on atlas images, 

prosections and dissections. Therefore, students at our university are not used to learning 

in 3D virtual environments. Related to the fact that high spatial ability learners experience 

less difficulty with the manipulation of 3DCBMs,8–11,23,25 they might be favored in this new 

learning environment, whereas low spatial ability learners might have been handicapped. 

To assess this, future research should focus on long-term outcomes in which students can 

rely on a profound experiential base in manipulating 3DCBMs.  
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Based on these results, educators must be aware they might rather measure spatial ability 

than anatomy knowledge. Does this mean online 3D assessments have no place in 

anatomy education? Research shows that spatial ability might be trained by learning 

(spatial) anatomy,27 and therefore, it is believed that 3D assessments might have a place 

in a more advanced stage of the anatomy curriculum.   

 

Hypothesis 3: Effect on mental effort 

Despite the hypothesis that mental effort might be reduced by giving users control over 

dynamic visualizations,6 the presented study could not show any difference between both 

intervention groups. The extraneous load inherent to the learning modalities might explain 

the results: although the 3D visualizations provide the illusion of depth created by rotation 

and shadows, they still lack the stereoscopic sense of space provided by a physical model. In 

that way, the SI as well as the MM remained 2D in nature and students still needed to devote 

cognitive resources to inferring the 3D structure from a series of 2D images.  

Finally, the MRT scores did not predict the reported mental effort. The lack of correlation 

might be related to the fact that students did not perceive the learning of pelvic bone anatomy 

as spatially complex, or the actionable affordances may not have invoked complex 

manipulations of the MM (e.g., panning, rotation, zooming),41 and therefore, they do not 

report a heavy mental effort. In addition, based on perception studies, students tend to 

indicate that 3DCBMs improve their understanding of anatomical relationships and their 

ability to name major anatomical structures.30,32 

 

Limitations 
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This study is subject to several limitations. First, the instruction time of 15 minutes was 

substantially shorter than a “real world” learning task. In addition, participants in the MM 

group had to spend more time clicking, panning, rotating, and zooming the model compared 

to the SI group. Therefore, a timespan of 15 minutes for both groups might have been unfair 

at the expense of the MM group.  

Secondly, the pelvic bone model, and by extension osteology models, do not invoke complex 

spatial orientation and comprehension. Because the added value of 3D visualizations lie in the 

ability to display complex anatomical relationships, learning with a more spatially complex 

anatomy model might benefit from more sophisticated learning materials. Therefore, these 

results are not generalizable to other non-bony anatomical regions. 

Thirdly, the outcome measurement (orientation and nominal questions) is merely a surrogate 

measure of 3D anatomical understanding. Posttests assessing profound spatial anatomy 

knowledge might be able to show advantages of 3DCBMs. 

Finally, student perceptions were not measured in this study. However, since novel study 

materials could increase students’ level of engagement and interest in anatomy, this might 

drive greater usage of the material, and thereby cause increased learning gains.  

 

CONCLUSION 

The mixed results in the field of 3DCBMs suggest that more systematic research is needed to 

guide integration of effective digital models for teaching and learning anatomy. This study is 

one of the few to assess the effect of active manipulation of a high-fidelity 3DCBM within the 

same level of instructional design. Despite principles along the embodied cognition theory, 

the presented study could not demonstrate any significant differences in learning 

performance when studying with static images versus a manipulable pelvic bone model. These 
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counter-intuitive results suggest that certain anatomical systems may be better suited to user 

control while other anatomical regions do not require this as the majority of spatial and 

perceptual information can be expressed in key views. It is believed that for the pelvic bone, 

and by extension osteology models, the added-value of 3D representations is limited. 

Therefore, a reasonable degree of skepticism is needed when considering the integration of 

newer technologies, as not all educational topics might equally benefit from these 

technological advancements. Moreover, regarding the testing environment, the presented 

results show that assessing students with an online manipulable model, caution must be 

adopted since educators might rather evaluate spatial ability than anatomy knowledge.  
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