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The head and neck region is one of the most complex areas featured in the medical gross
anatomy curriculum. The effectiveness of using three-dimensional (3D) models to teach
anatomy is a topic of much discussion in medical education research. However, the use
of 3D stereoscopic models of the head and neck circulation in anatomy education has
not been previously studied in detail. This study investigated whether 3D stereoscopic
models created from computed tomographic angiography (CTA) data were efficacious
teaching tools for the head and neck vascular anatomy. The test subjects were first year
medical students at the University of Mississippi Medical Center. The assessment tools
included: anatomy knowledge tests (prelearning session knowledge test and postlearning
session knowledge test), mental rotation tests (spatial ability; presession MRT and post-
session MRT), and a satisfaction survey. Results were analyzed using a Wilcoxon rank-
sum test and linear regression analysis. A total of 39 first year medical students partici-
pated in the study. The results indicated that all students who were exposed to the ster-
eoscopic 3D vascular models in 3D learning sessions increased their ability to correctly
identify the head and neck vascular anatomy. Most importantly, for students with low-
spatial ability, 3D learning sessions improved postsession knowledge scores to a level
comparable to that demonstrated by students with high-spatial ability indicating that the
use of 3D stereoscopic models may be particularly valuable to these students with low-
spatial ability. Anat Sci Educ 10: 34–45. VC 2016 American Association of Anatomists.
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INTRODUCTION

The medical school curriculum has been under constant pres-
sure for many years to teach more information in less time.
Because anatomy classes typically have many hours devoted
to laboratories, this trend has especially impacted anatomy
education. Many medical schools have reduced laboratory
hours, particularly in gross anatomy classes (Cottam, 1999;
Drake et al., 2002; Verhoeven et al., 2002; Moxham and
Plaisant, 2007; Yeung et al., 2012; Drake, 2014). This devel-
opment has highlighted the need to develop teaching techni-
ques that will increase the efficiency of the education process
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(Drake, 1998; Drake et al., 2009; Alpern et al., 2011; Hop-
kins et al., 2011).

Much of traditional anatomy education is centered around
cadaveric dissection, augmented by two-dimensional images
in textbooks and on projection screens, with the goal of ena-
bling the student to construct an internal, mental, visuospa-
tial representation of the skeleton, the internal organs, the
circulatory system, and the nervous system of the human
body. These internal images, that can be mentally rotated
and viewed from different angles, are important in many
branches of medicine, particularly in surgery.

One strategy for increasing the efficiency of anatomy educa-
tion is to use computer-aided learning (CAL) techniques
(Schwartz and Reilly, 1980; Ackerman, 1998; Carmichael and
Pawlina, 2000; Verhoeven et al., 2002; Vernon and Peckham,
2002; Moxham and Plaisant, 2007; Drake et al., 2009; Tam
et al., 2009). The CAL techniques that are currently receiving
the most attention involve presenting three-dimensional (3D)
images of complex anatomical structures and relationships
either by utilizing stereoscopic images in a virtual reality-like
environment or, in simulated 3D images, utilizing rotating
images on a computer monitor (GMC, 1993, 2009; Aziz et al.,
2002; McLachlan et al., 2004; McLachlan and Patten, 2006;
Luursema et al., 2006, 2008; Nguyen and Wilson, 2009; Held
and Hui, 2011; Brewer et al., 2012; Brown et al., 2012; de Rib-
aupierre and Wilson, 2012; Anderson et al., 2013; Foo et al.,
2013; Cui et al., 2015; Ferdig et al., 2015; Kockro et al.,
2015). It is anticipated that the CAL techniques can enable stu-
dents to develop the internalized mental images of anatomical
structures and relationships more efficiently than when using
traditional teaching techniques. There is some evidence that
stereoscopic 3D displays may aid in the rapid acquisition of
this information, although the results are not yet conclusive.
Three-dimensional models in anatomy instruction have gener-
ally received positive responses from students and faculty
(Qayumi et al., 2004; Nicholson et al., 2006; Brown et al.,
2012), However, there is not yet compelling empirical evidence
to demonstrate that stereoscopic 3D models are educationally
superior to traditional 2D images in textbooks and PowerPoint
presentations (Tam et al., 2009; Brewer et al., 2012; Foo et al.,
2013; Khot et al., 2013). For example, Garg and colleagues
used stereoscopic 3D images in a study of the acquisition of
knowledge about the bones of the wrist (Garg et al., 2002) and
found that 3D virtual models of the wrist did not improve
learning. However, in that study, the anatomical structures
involved were relatively simple and perhaps not challenging
enough for the 3D representations to be helpful. In contrast,
Luursema and colleagues used stereoscopic 3D models of the
organs of the abdomen and found that when subjects were able
to interact with the stereoscopic 3D images, i.e., to rotate the
images at will, their performance on identification tasks and
localization tasks was significantly better than that of subjects
who were presented only with traditional 2D images (Luur-
sema et al., 2006). However, when the same investigators did a
similar study using only stereoscopic viewing of virtual ana-
tomical models, without simultaneous active manipulation of
the models, the results were more equivocal and not clearly sig-
nificant (Luursema et al., 2008).

The first goal of the present study was to investigate
whether 3D virtual models will have a greater learning bene-
fit when more complex anatomical structures, such as models
of the vasculature of the head and neck are used. A second
related issue concerns the natural differences in the visuospa-
tial ability that exist among individuals. There is much evi-

dence that, in general, individuals who score higher on tests
of visuospatial ability, such as the mental rotation test (MRT)
of Vandenberg and Kuse (1978) and Peters et al. (1995) or
the Revised Minnesota Paper Form Board Test (RMPFBT) of
Likert and Quasha (1995) perform better in anatomy courses
(Rochford, 1985; Guillot et al., 2006; Lufler et al., 2012;
Berney et al., 2015), anatomy-related identification tasks
(Garg et al., 2001; Luursema et al., 2006, 2008; Nguyen
et al., 2012, 2014), and interpretation of ultrasound images
(Clem et al., 2013) than do individuals with lower scores on
visuospatial tests. Differences in visuospatial ability have also
been shown to be predictive of success in some fields of sur-
gery (Schueneman et al., 1984; Risucci, 2002; Wanzel et al.,
2002; Clem et al., 2013).

Evidence exists suggesting that learning anatomical rela-
tionships in a stereoscopic 3D virtual reality environment com-
pensates, to some extent, for the disadvantage of having low
initial visuospatial ability. Luursema and colleagues developed
3D virtual models of the organs of the abdomen and trained
subjects to identify and localize organs in CT slices (Luursema
et al., 2006). All subjects took a test of visuospatial ability
(Vandenberg and Kuse, 1978). One group was trained using
only traditional 2D illustrations; a second group was trained
using stereoscopic 3D images. Subjects in the 3D group were
able to interact with the images, rotating them at will. Perform-
ance on the identification task and the localization task was
better in the stereoptic/interactive group than in the 2D group.
Furthermore, the results indicated that the subjects in the low
visuospatial ability group benefited more from the stereoptic/
interactive training than did the subjects in the high visuospa-
tial ability group. However, when the same investigators did a
similar study where one group of subjects viewed stereoscopic
3D images, but did not have the ability to interact with the
images, this relationship was only borderline significant (Luur-
sema et al., 2008). A similar study by Berney and colleagues
had subjects study the scapula and associated shoulder flexion
movements utilizing either a dynamic 3D reconstruction of the
scapula or a series of static views of the scapula in different
stages of its movement (Berney et al., 2015). In this study, the
3D images themselves did not provide an advantage, but the
dynamic movement of the model did provide a measure of
assistance to the low-visuospatial ability subjects in the study.

In all of the aforementioned studies, the anatomical rela-
tionships were relatively simple, this may have been a factor
in the small differences seen between 3D presentations and
traditional 2D presentations. In contrast, the vasculature in
the head and neck represents some of the most complex
regions of the human body. In order to test the possible
advantage of stereoscopic 3D images in anatomical educa-
tion, 3D stereoscopic vascular models of the head and neck
were developed from CT angiograms (CTA) (Cui et al.,
2015). These models were used to test the effectiveness of 3D
models in the learning of the details of the vasculature of the
head and neck by first year medical students enrolled in a
gross anatomy class, and to examine the possible relationship
between 3D anatomical instruction and the visuospatial abil-
ity of the students.

METHODS

Computer-Generated 3D Anatomical Models

The construction of the virtual 3D models used in this study
has been described in detail in an earlier publication (Cui
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et al., 2015). Briefly, Amira software, version 5.6 (FEI Corp.,

Hillsboro, OR) was used to create virtual 3D models of the

major arterial circulation of the head and neck, using deiden-

tified routine CTA data supplied by the Department of Radi-

ology, University of Mississippi Medical Center (UMMC). In

developing the models, both surface rendering and volume

rendering techniques were used, and in some models, a com-

bination of both techniques was used. Volume rendered 3D

models are based on variations of tissue density (Martin

et al., 2013; Cui et al., 2015). This technique is quick, but

does not permit the separation of different structures that

have similar densities. Surface rendered 3D vascular models

are created based on the identification and marking of ana-

tomical structures observed in the CTA images (Cui et al.,

2015). This technique is time consuming, as some models

required the identification and marking of anatomical struc-

tures in hundreds of axial CTA images, but does permit the

construction of highly selective and detailed models of com-

plex anatomical structures. A Dell Precision T7600 computer

workstation (Dell Inc., Round Rock, TX) with an NVIDIA

Quadro K6000 video card (NVIDIA Corp., Santa Clara, CA)

was used to run the Amira software during both the develop-

ment of the models and the projection of the final products

during the experiments.

Stereoscopic 3D Projection and Viewing

The basic technique of projecting and viewing stereoscopic

3D images has been well-described in the literature (Poggio

and Poggio, 1984; Nguyen and Wilson, 2009; Sergovich

et al., 2010; Cui et al., 2015) and will only be summarized

here. Because the eyes are separated by 6–7 cm in humans,

each eye sees a slightly different image of its surroundings.

When the brain puts these two images together, a profound

impression of three-dimensionality results (Poggio and Pog-

gio, 1984). In the present study, the Amira software, version

5.6 (FEI Visualization Sciences Group, Burlington, MA), pro-

duced a “left-eye image” and a “right-eye image” of the

computer-constructed model. The two images were projected

by a pair of high-definition InFocus IN3128HD digital pro-

jectors (L and R, Fig. 2) (InFocus Corp., Wilsonville, OR). A

linearly polarized filter (Polarizer film; Edmond Optics Amer-

ica, Barring, NJ) was placed in the light path of each projec-

tor; the axis of polarization of the two filters was offset by

908 (Fig. 2). The projectors were supported and aligned using

Da-Lite 21400 commercial stacker (Da-Lite Corp., Warsaw,

IN). Images were projected onto a screen with a metallic sur-

face which does not depolarize light waves as do normal pro-

jection screens (Fig. 2) (Da-Lite Model C 10000 diagonal,

silver matte finish; Da-Lite Corp., Warsaw, IN). To view the

image stereoscopically, an observer wears glasses that have

polarized lenses that match the polarization axes of the pro-

jector filters of the projector, so the observer’s left eye sees

only the projected left eye image and the observer’s right eye

sees only the projected right eye image (American Paper

Optics, Bartlett, TN). In 3D movie theaters, circular polariza-

tion is typically used instead of linear polarization because

circular polarization reduces the visual interaction between

the two channels when the observer tilts his/her head. Head

tilt was not found to be a problem during the short viewing

periods in this study.

Participants

All 149 first-year medical students from UMMC were invited

to enroll in the study. A total of 39 students elected to partic-

ipate (17 men, 22 women). These students were enrolled in

the first year gross anatomy course, in the head and neck

block, while the study was ongoing. Participation in the study

did not affect their academic grades. Subjects received a small

compensation ($5.00 cafeteria gift card) at the completion of

the experimental session. The protocol for this study was

approved by the Institutional Review Board (IRB) at the Uni-

versity of Mississippi Medical Center (IRB # 0241).

Learning Sessions

All participants were given a short introductory overview on

the major arteries of the head and neck. Students were ran-

domly assigned to receive either a 2D or a 3D learning ses-

sion on the more detailed aspects of the vasculature of the

head and neck (Fig. 3).
The introductory lecture was 5 minutes in length, and

consisted of the presentation of a series of simple drawings of

major arteries in the head and neck, including the cerebral

vasculature. The structures studied included the aortic arch,

brachiocephalic trunk, subclavian arteries, common carotid

arteries, vertebral arteries, internal carotid arteries, external

Figure 1.

Examples of images used in the 2D learning session. (A) CT angiography slice
images (left) and 2D image captured from 3D model (right) with level of plane
indicated by the blue solid line; (B) examples of images used in the 3D learn-
ing session. 3D models were superimposed upon CT angiography slice images.
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carotid arteries, basilar artery, anterior cerebral arteries

(ACA), middle cerebral arteries (MCA), and posterior cere-

bral arteries (PCA). The purpose for the introduction of vas-

cular anatomy in the head and neck was to provide a

baseline of knowledge for all students who participated in

the study. This introductory approach using simplistic draw-

ings provided initial preknowledge for the learner and

enabled further cognitive scaffolding of new anatomical detail

(Wilson, 2015).
The 2D learning session of about 20 minutes utilized 2D

images captured as snapshots, thus identical, from the 3D

stereoscopic models, as well as radiographic images from the

data originally used to create the 3D models (Fig. 1A). These

images were viewed by projecting 2D images on a screen in

the same room as the 3D learning sessions. 2D group stu-

dents received 2D images of the 3D visualization, and 2D

images of the original data slices. An instructor gave a

description of the anatomical structures while showing the

projected flat screen images. During the 2D learning session,

students viewed the radiographic images at the levels of the

sections indicated on the diagrams while the instructor pro-

vided a scripted explanation and description of the anatomy.
The 3D learning session was also 20 minutes in duration

and utilized the 3D stereoscopic models created in our previ-

ous work (Cui et al., 2015), as well as techniques described

previously (Nguyen and Wilson, 2009). In this session, 3D

models could be rotated 3608 in all axes, and could be made

larger or smaller. The instructor controlled the movement of

the models. Students wore glasses with linear polarizing fil-

ters and viewed the 3D models as images that appeared to

float in the center of the room (Figs. 1B and 2). Students

reported that they felt “almost able to reach out and touch

the images.” The same basic normal and abnormal vascular

anatomy was presented in the 3D learning sessions as was

presented in the 2D learning sessions. The 3D models were

projected, and the same instructor who gave the 2D lecture
provided the same scripted explanation and descriptions.

Anatomy Knowledge Tests and MRT

Since this was a pretest and posttest experimental design with
a control group, both anatomical knowledge and mental
rotation ability were tested at the commencement and the
end of the study. For the anatomy pretest and posttest, ques-
tions were randomly selected from a question bank created
for this study by instructors who routinely provide examina-
tion questions for first year medical students. The questions
included identifying structures based on images derived from
the snapshots from the 3D models, functional and structural
related questions, and spatial relationship questions. The
questions addressed knowledge-relevant to anatomical and
clinical facts. Learner knowledge was first assessed after the
introductory lecture but prior to the 2D and 3D learning ses-
sions and again after the 2D and 3D learning sessions (Fig.
3). Prelearning session tests and postlearning session tests
each contained 15 questions. These questions addressed struc-
ture, function, and spatial relationships. Less than 50% of
the questions (7 out of 15 questions) on the postlearning ses-
sion knowledge test were also on the prelearning session
knowledge test. Among these questions, five were repeated
questions and two asked about the same structures, but used
different images in different spatial orientations. Although
these questions were repeated, correct answers were not given
to students after the preknowledge test. Participants had
30 seconds for each question, for a total of about 8 minutes
for each knowledge test. Tests were scored with a maximum
of 15 points for each test. One point was given when the
answer was entirely correct. Students, for example, were
asked to give the name of the structure and which side of the
patient the image represented. If the structure was named

Figure 2.

Three-dimensional projection and viewing. Two high-definition LCD projectors were controlled by the Dell T7600 workstation. One projected an image of the vir-
tual model that would be seen by the right eye (R) and the other projected the slightly different image that would be seen by the left eye (L). A linear polarizing fil-
ter was placed in front of each projector; the axis of polarization of the two filters was separated by 908. The observer wore special polarizing glasses in which the
polarizing angle of the left lens matched that of the “left” projector and the polarizing angle of the right lens matched the polarizing angle of the “right” projector,
so that the observer would see the “right” image with his right eye and the “left” image with his left eye, resulting in the perception of three-dimensionality.
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correctly, but the side of the patient was wrong, only a half
point was given for that question. If the side of the patient’s
image was answered correctly, but the structure was wrong,
no point was given for that question.

MRT, which measure students’ spatial visualization ability
(SA) (Shepard and Metzler, 1971; Vandenberg and Kuse,
1978) were administered before and after the 2D (flat screen
images) and the 3D sessions. The redrawn MRT figures were
used, it involves participants determining which two of four
drawings are the same as a sample drawing but are viewed
from a different angle (Peters et al., 1995). This test can be
administered in different versions, the MRT-A version was
used before the learning session and the MRT-B version was
used after the learning session. The post-MRT (MRT-B) con-
sists of the same items as MRT-A, but the items are rear-
ranged in a different order. Peters et al. (1995) found no
significant differences in performance on the two test version,
thus qualifying the MRT-B as an alternate to MRT-A. In
these MRT tests, six sets of figures on one page were pro-
jected at a time. Twenty-four sets were presented in total.
Students had 2 minutes for each page (6 questions), giving a
total of 8 minutes for 24 questions. There was a short break
of 30 seconds in the middle of the test. Each MRT test was
scored with a maximum of 24 points. One point was given if
both of the stimulus figures that matched the target figure
were identified correctly. No credit was given for an answer

that had only one correct identification (Peters et al., 1995).

Post experiment, students’ initial MRT scores (presession

MRT scores/MRT-A) were statistically divided into two cate-

gories: (1) MRT-high (high-spatial ability) group: scores

above median (> 12); (2) MRT-low (low-spatial ability)

group: scores below the median (< 12). MRT scores equal to

12 will be excluded from the study. The group with the high

MRT scores and the group with the low MRT scores were

used to compare whether students who had a lower 3D spa-

tial ability were helped by the use of 3D models when learn-

ing the head and neck vasculature.

Experimental Design

A total of 39 student volunteers were randomly assigned to

one of two groups: 2D group (students who were given the

2D learning session) or 3D group (students who were given

the 3D learning session) (Fig. 3). A schedule of 2D sessions

and 3D sessions was then given to the students and they par-

ticipated in their respective experimental session as their aca-

demic schedule permitted. All participants received a short

introductory lecture on the vascular anatomy of the head and

neck and cerebrum.
Students in the 2D group (n 5 18) then received the 2D

learning session consisting of a lecture using 2D images

Figure 3.

Flowchart for experimental evaluation of the effectiveness of 3D stereoscopic vascular models in anatomy learning. First year medical students (M1) in the 3D vir-
tual group used 3D stereoscopic models when learning vasculature of the head and neck (3D learning session). Students in the 2D group used 2D flat screen pro-
jected digital images (2D snapshots from 3D models) when learning the head and neck vasculature (2D learning session). Both groups were given an introduction
to the vascular anatomy of the head and neck prior to any other intervention. All students took MRT-A and then MRT-B tests. A preknowledge test and a post-
knowledge test were also administered. Students in the 2D group were given a 3D demonstration (similar to the 3D learning session) after they finished the post-
knowledge test. A survey was administrated to both groups of students at the end of the laboratory.
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projected on a flat projection screen. The images were cap-
tured as snapshots from the 3D stereoscopic models, and
images of the CTA radiographic images from the data used
to create the 3D models. The radiographic images were
shown with referenced images of the vascular models with
indications of levels from each transverse plane.

Students in the 3D group (n 5 21) received a 3D virtual
anatomy learning session consisting of a lecture using pro-
jected stereoscopic 3D virtual models and a verbal descrip-
tion of vascular anatomy. The instructor and the dimly lit
learning environment were the same as for the 2D learning
session. Both the 2D and 3D learning sessions also provided
the same basic vascular anatomy and learning objectives.

MRTs preceded and followed the preknowledge and post-
knowledge tests for each group. The purpose of the test was
to assess each student’s spatial ability, and to determine
whether students’ spatial ability was correlated with their
anatomical knowledge test scores. The prelearning session
and postlearning session anatomy knowledge tests were given
before and after both the 2D and the 3D learning sessions to
measure each student’s knowledge of anatomy and to docu-
ment any improvement. In addition, a questionnaire soliciting
general questions and feedback from students was given at
the end of the 2D and 3D sessions. A postexperimental sur-
vey was conducted at the end of each learning session. The
questionnaire was designed to collect general information
about the participants and their feedback on 3D stereoscopic
models.

Finally, a MRT control group was used to determine
whether there was a test-retest bias caused by multiple uses
of the MRT. Here, we could determine how the MRT test
scores may have changed simply as a result of repeated test-
ing, without the intervening 2D digital learning or 3D stereo-
scopic virtual learning experiences. Participants were asked
to do the MRT-A, followed by a brief break equal in time to
the 2D or 3D session, then to take the MRT-B.

Statistical Analysis

A power analysis was performed to determine the necessary
sample size to statistically test for differences between the 2D

and 3D groups on their prelearning session knowledge test

and postlearning session knowledge test. Based on this analy-

sis, the estimated required sample size (number of partici-

pants) was a minimum of 36 (n1 5 18 and n2 5 18,

accepting an alpha of 0.05 and a power of 0.80). The results

of this study were statistically analyzed using STATA, version

14, a data analysis and statistical software (StataCorp LP,

College Station, TX). A Wilcoxon rank-sum test (Mann-

Whitney U test) was used to assess potential differences

between groups on the postlearning session knowledge tests.

In consultation with the Center for Biostatistics at UMMC,

the Wilcoxon rank-sum (Mann-Whitney U test) test was cho-

sen because the sample distribution deviated from a normal

distribution. A two-way linear regression analysis was used

to calculate the regression coefficient and determine whether

the students’ initial level of spatial ability was correlated with

increased test scores after using 3D models in a virtual learn-

ing environment. A scatter plot with a fitted line was used to

visualize the correlation between the postsession knowledge

test scores and initial MRT scores among different groups.

RESULTS

Comparison of Content Examination
and MRT Scores for the 2D and 3D Groups

Students were randomly assigned to either the 3D group

(n 5 21) or 2D group (n 5 18). Figure 4A shows that the

mean score of the prelearning session knowledge test for the

2D group was 33.52% (SD 613.16) while the mean score of

the postknowledge test was 58.33% (SD 618.76). The mean

score of the prelearning session knowledge test for 3D group

was 39.05% (SD 615.82) while the mean score of the post-

knowledge test was 76.19% (SD 618.57). The difference of

the prelearning session knowledge test between the 2D and

3D groups was not statistically significant (Wilcoxon rank-

sum, P 5 0.2695). However, the difference of the postknowl-

edge test between the 2D and 3D groups was statistically sig-

nificant (Wilcoxon rank-sum, P 5 0.0033). The difference

between the preknowledge test and postknowledge test for

Figure 4.
Comparison of the first year medical students’ preknowledge test scores and postknowledge test scores between the 2D and the 3D groups (A).Comparison of first
year medical students’ pre-MRT scores and post-MRT scores between 2D and 3D groups (B). The statistical relationship between groups is indicated by lower-case
letters. Groups that share a common letter do not differ at the P < 0.05 level.

Anatomical Sciences Education JANUARY/FEBRUARY 2017 39



the 2D group was significant (P < 0.001), and for the 3D

group it was also significant (P < 0.001).
Figure 4B shows the mean of the presession MRT scores

in the 3D group was 55.36% (SD 623.65); while the mean

of the postsession MRT scores was 72.02% (SD 622.33).

For students in the 2D group, the mean of the presession

MRT scores was 54.63% (SD 627.86) and the mean of the

postsession MRT scores was 72.45% (SD 626.74). The dif-

ference of the presession MRT scores between the 2D and

3D groups was not significant (P 5 0.8212), while the differ-

ence of the postsession MRT scores between the 2D and 3D

groups was also not significant (P 5 0.6208). The control

group also showed no significant difference (P 5 0.3029)

between the first and second administered test.

Comparison of Content Examination and MRT
Scores for MRT-Low and MRT-High in the 2D
and 3D Groups

For the purpose of distinguishing spatial ability among the

students who participated in this study, those who scored

below the median on the presession MRT test were assigned

to a MRT-low group, while students who scored above the

median were assigned to a MRT-high group. Figure 5 shows

the mean scores of the prelearning session anatomy knowl-

edge test scores of the MRT-low and MRT-high subgroups in

the 2D and 3D groups shown on the left panel. The post-

learning session knowledge test scores of the MRT-low and

MRT-high subgroups in the 2D and 3D groups appear on the

right panel of Figure 5. The differences of the prelearning ses-

sion knowledge test scores among these groups were not sig-

nificant: 2D MRT-low vs. 3D MRT-low: P 5 0.5303, 2D

MRT-high vs. 3D MRT-high: P 5 0.129, 2D MRT-low vs.

2D MRT-high: P 5 0.6220, 3D MRT-low vs. 3D MRT-high:

P 5 0.1188. After a 2D learning session, the postknowledge

test scores in the students with high-spatial ability (MRT-

high) group were significantly higher than the students with

low-spatial ability (MRT-low) group (2D MRT-low vs. 2D

MRT-high: P 5 0.0259). However, following the 3D learning

sessions, postknowledge test scores in the students with high-

spatial ability (MRT-high) group were not significantly higher

than the students with low-spatial ability (MRT-low) group

(3D MRT-low vs. 3D MRT-high: P 5 0.0899) (Fig. 5). Con-

sequently the 3D learning sessions enabled students with low-

spatial ability to perform as well as students with high-spatial

ability. Regardless of spatial ability, the 3D learning groups

consistently outscored the 2D learning groups on the post-

learning session tests. Among the high-spatial ability students,

postlearning session knowledge test scores were greater when

instructed with 3D than 2D (2D MRT-high vs. 3D MRT-

high: P 5 0.0259). Similarly, students with low-spatial ability

(MRT-low) in the 3D group outperformed the 2D group (2D

MRT-low vs. 3D MRT-low: P 5 0.0610). For all students in

the 3D group, test scores increased from the preknowledge

mean (31.67%, SD 614.93) to the postknowledge mean

(67%, SD 621.34). In contrast, among all students in the 2D

group, test scores increased from the preknowledge mean

(34.17% SD 610.80) to the postknowledge mean (48.75%,

SD 617.63).

Correlation Between Postlearning
Test Scores and MRT Scores

Linear regression analysis was used to determine the relation-

ship between the postlearning session knowledge test score

and each student’s initial MRT (prelearning session MRT)

scores for the MRT-low and MRT-high subgroup in both the

2D and 3D experimental groups. Two-way scatter plots indi-

cating the linear regression line demonstrate this relationship:

3D MRT-low, 3D MRT-high, 2D MRT-low, and 2D MRT-

high (Fig. 6).
In the 3D MRT-low group, regression analysis indicated

almost none (R2 5 0.0017) of the total variation in scores on

the postlearning session knowledge test could be explained

by their spatial ability as judged by students’ initial MRT

scores. There was no significant correlation between the ini-

tial MRT score and postlearning session knowledge test score

in the 3D MRT-low group (P > 0.05, r 5 0.042).
In the 3D MRT-high group, 31% (R2 5 0.3131) of the

total variation in postlearning session knowledge test scores

could be explained by students’ spatial ability as judged by

students’ initial MRT scores. There was a moderate positive

linear relationship between the students’ initial MRT score

and postknowledge test score in the 3D MRT-high group

(P > 0.05, r 5 0.5596).
In the 2D MRT-low group, 27% (R2 5 0.2701) of the

total variation in postlearning session knowledge test scores

could be explained by their spatial ability as judged by stu-

dents’ initial MRT scores. There was a weak negative linear

relationship between the initial MRT and the postlearning

session knowledge test in the 2D MRT-low group (P > 0.05,

r 5 0.5197).
In the 2D MRT-high group, 78% (R2 5 0.7775) of the

total variation in postlearning session knowledge test scores

could be explained by their spatial ability as judged by stu-

dents’ initial MRT scores. The regression analysis demon-

strated a high positive correlation between student’s MRT

score and their anatomy knowledge scores (P < 0.05,

r 5 0.8818).
Comparing students in the control group (without 2D and

3D learning sessions) for their pre-MRT scores and post-

MRT scores, there was no significant difference (Wilcoxon

Figure 5.

Mean scores for the prelearning and postlearning session knowledge test scores
for the students with low and high-spatial ability (MRT-low/high) in 2D and
3D learning session groups. The statistical relationship between groups is indi-
cated by lower-case letters. Groups that share a common letter do not differ at
the P < 0.05 level.
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rank-sum, P 5 0.3029) (n 5 7) between pre-MRT and post-

MRT scores.

Survey

A total of 39 students participated in the survey. In a pseudo-

cross over fashion, a 3D demonstration was also given to all

the students in the 2D group after they completed the knowl-

edge and MRTs. Students rated the 3D virtual models highly

favorably as 97% of students either strongly agreed, or

agreed, with the statement, “The 3D model was interesting,

and engaged me in learning the materials.” Furthermore

100% of students either strongly agreed, or agreed, with the

statement, “The 3D model showed orientation of the materi-

als better than the flat screen image.” In addition, 100% of

students either strongly agreed, or agreed, with the statement,

“The 3D model is helpful to relate the material that I have

learned from the book and the material learned in the labo-

ratory.” Specific student comments included: “I thought the
3D models were amazing. I would love to study using these
models.” “They were very helpful in learning the spatial
relationships.” “Really cool, especially when the CT was
incorporated.” Overall, the survey results showed a high

degree of interest and enthusiasm by the students for these

3D virtual models.

DISCUSSION

The present study was designed to investigate two aspects of

computer-assisted learning in teaching the structure of the

vasculature of the head and neck. First, we examined the

effectiveness of stereoscopic presentation of 3D vascular
models of the head and neck when learning human anatomy.

Our results suggest that 3D viewing during a short lecture
improves students posttest knowledge scores more than an

identical lesson using identical but 2D images.
Further, earlier studies demonstrated a correlation between

students’ spatial ability and their performance in learning

anatomical structure (Rochford, 1985; Garg et al., 2001;
Luursema et al., 2006, 2008; Fernandez et al., 2011; Nguyen

et al., 2012, 2014) The results of the current study suggest
that spatial ability is mitigated through the use of 3D images
as evidenced by low-spatial ability students attaining posttest

knowledge scores that were similar to student of high-spatial
ability. This was not the case using 2D pictures indicating a

potential cognitive advantage for high-spatial ability students
that is unrelated to the study of the anatomical materials at

hand. In order to test that association, a MRT was given to
all students in this study to measure spatial ability, followed

by a comparison of the learning capabilities between two
groups with high- and low-spatial ability.

Are 3D Stereoscopic Vascular Models a More
Effective Learning Tool Than 2D Flat Screen
Projected Images When Learning
Human Anatomy?

There is some preliminary evidence that suggests stereoscopic

3D models are superior to traditional 2D illustrations such as
PowerPoint slides and textbook figures in teaching complex
anatomical structures (Luursema et al., 2006, 2008; Nichol-

son et al., 2006; Nguyen et al., 2014). The 2D flat screen

Figure 6.

Correlation between postknowledge test scores and students’ initial MRT. Plot with linear regression line of correlation between postknowledge test scores and stu-
dents’ initial MRT (prelearning session MRT) scores in the MRT-low and MRT-high groups of first year medical students. The maximum score on the MRT test is
24 (100%).
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projected images are two-dimensional geometric digital im-
ages, such as a standard PowerPoint presentation, which may
not adequately permit students to effectively master the com-
plex spatial relationships that exist within human anatomy.
Students must be able to visualize this 3D organization in
their minds to fully understand the workings of, and relation-
ships that exist, within the human body (Hilbelink, 2009).
With routine sagittal and coronal reconstructions now avail-
able from multidetector computed tomographic scanners, a
detailed three-dimensional understanding of structure is even
more important than it used to be (Shaffer, 2004). Stereo-
scopic presentation of images has the advantage of having
additional depth information provided by disparities, making
it easier to detect diagnostically relevant shapes and distin-
guish the relative position of anatomical features (Held and
Hui, 2011). However, there is only limited evidence to sug-
gest that 3D stereoscopic virtual models actually increase
students’ test performance and their understanding of ana-
tomical structures. The first goal of the current study was to
compare the effectiveness of 3D stereoscopic models vs. 2D
flat screen projected images when learning the head and neck
vascular anatomy. The results indicate that although the stu-
dents’ test scores improved after both the 2D and 3D teach-
ing presentations, the improvement after the stereoscopic 3D
presentation was significantly greater than after the 2D pre-
sentation (Fig. 4). The test results indicated that the 3D ster-
eoscopic presentation helped students acquire anatomical
information more efficiently. Furthermore, the addition of 3D
images facilitated low-spatial ability students greater than
high-spatial ability students. The effect of the addition of 3D
to the low-spatial ability group also facilitated students’
learning of the material beyond that provided by the 2D ver-
sion of the same material.

In addition to the effectiveness of the 3D presentations,
2D images from 3D models also provided useful information
in helping students to improve their content examination
scores for anatomy vasculature in the head and neck. There
are several possible explanations for this: (1) 2D images cap-
tured from 3D models are more realistic than traditional
drawings as they show anterior, posterior, and lateral views
of the same structure and their relationship with other struc-
tures rather than two-dimensional view provided by most
illustrations from textbooks. (2) The 2D images provided
some, albeit limited, 3D information by showing the plane
and level from which the 2D images were derived (Fig. 1A).
However, although test scores improved after exposure to the
2D presentation alone, students in the 3D group performed
significantly better on the postsession knowledge test scores
when compared with students in the 2D group.

Statistical analysis demonstrated that there was no signifi-
cant difference in the prelearning session knowledge test
scores between the 2D and 3D groups, which indicated that
the initial baseline anatomy knowledge level was similar
between these two groups. In contrast, there was a significant
difference on the postlearning session knowledge tests
between the 2D and 3D groups. This indicated that instruc-
tion of the vascular anatomy of the head and neck using 3D
stereoscopic presentation served as a more effective learning
tool than the 2D flat screen presentation.

The head and neck are among the most complex regions
in the human body, and this is especially true for the vascula-
ture in these regions. The models created from our studies
presented the complexity of vascular anatomy and spatial
relationships among the blood vessels and other structures in

these regions. Some earlier studies have found no, or only
limited differences, in learning the effectiveness between 2D
views and 3D models (Garg et al., 1999, 2001). On the other
hand, these studies used a relatively simple anatomical struc-
ture (the carpal bones of the wrist) in a controlled laboratory
setting that did not resemble that of an anatomical learning
laboratory. Other studies that used more complex structures
in a controlled laboratory setting, using subjects not attend-
ing anatomy classes, attained results in line with our own,
suggesting spatial ability can be improved through the use of
stereoscopic image projection (Luursema et al., 2008; Hoyek
et al., 2014). When delicate anatomy is exposed using 3D
technology, Nicholson et al. (2006) and Venail et al. (2010),
found a significant advantage in using 3D technology to
teach middle and inner ear anatomy of the temporal bone.
Consequently, 3D virtual anatomy may be more useful as a
learning tool not only for teaching anatomy in complex spa-
tial regions, but also in identifying for tiny structures and
complex relationships that are difficult for the learner to
view or are not accessible during routine anatomy laboratory
dissection. Finally, although there is a growing need to study
2D vs. 3D visualizations in education, undoubtedly to main-
tain equality (Wilson, 2015) and validity (Vorstenbosch et al.,
2013) across anatomy education’s evolving visualization
requirements, it remains challenging both technically and
logistically to create virtual environments within the class-
room or learning laboratory environment (Hoyek et al.,
2014). These field-like experiments, much like the current
study, afford the ability to assess environments within the
curriculum adding significantly to the face validity of the
experiment and undoubtedly the application of their
outcomes.

Are 3D Models Particularly Helpful to Students
with Lower Spatial Ability?

The second goal of the study was to determine whether 3D
models were particularly helpful to students with lower spa-
tial ability. Students were divided into an MRT-low group
and an MRT-high group based on their initial 3D spatial
ability tests (prelearning session MRT). The results suggested
that after the 2D learning experience, students with higher
spatial ability demonstrated a more accurate identification of
vascular anatomy than did students with a lower spatial abil-
ity (2D MRT-low vs. 2D MRT-high: P 5 0.0259). There was
a strong positive correlation between each student’s initial
spatial ability test (MRT) score and their postlearning session
knowledge test score in the MRT-high group after a 2D
learning session (R 5 0.8818). These data support previous
results (Rochford, 1985; Garg et al., 2001; Luursema et al.,
2008; Nguyen and Wilson, 2009; Nguyen et al., 2012, 2014;
Hoyek et al., 2014) that showed high-spatial ability to be
associated with higher achievement among students taking
anatomy courses, as well as among students learning
anatomy-related clinical skills (Clem et al., 2013). Students
with high-spatial ability scored consistently higher than the
students with low-spatial ability on anatomy examinations.
Studies have also suggested that computer-assisted learning
materials are associated with a better understanding of spa-
tial anatomy (Sil�en et al., 2008; Petersson et al., 2009; Clem
et al., 2013).

Nevertheless, the results of the Rochford study do not
directly apply to our results. After the 3D learning
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experience, we observed that there was no significant differ-
ence in the postlearning session knowledge test scores
between students with high-spatial ability and students with
low-spatial ability in the 3D group. In fact, the improvement
in knowledge test scores had a similar increase for the stu-
dents in both the 3D MRT-low group and 3D MRT-high
group (see Fig. 5). In addition, students with low-spatial abil-
ity in the 3D group had a greater increase in test scores than
did students with higher spatial ability in the 2D group when
they took an identical knowledge test following the learning
sessions.

The results of the present study indicate further that stu-
dents with lower spatial ability did more worse than students
with a high-spatial ability in the 2D flat-screen learning expe-
rience, as the literature had predicted (Rochford, 1985). In
contrast, students with low-spatial ability did far better after
taking the 3D learning session and were on par with the stu-
dents with high-spatial ability. One possible explanation for
this discrepancy is that exposure to the 3D model may have
allowed all students in the 3D group, even those with low-
spatial ability, to do well thereby compensating for any differ-
ences in spatial ability among the participants. (Luursema
et al., 2006; Roach et al., 2014)

Three-Dimensional Stereoscopic Presentation
and Future Stereoscopic Techniques in
Anatomy Education

Three-dimensional models have been increasingly used in
anatomy education as part of computer-assisted learning
(Aziz et al., 2002; McLachlan et al., 2004; Brown et al.,
2012; Foo et al., 2013; Anderson et al., 2013), but are often
limited to online use and to flat screen images of rotating 3D
structures (Spitzer et al., 1996; Temkin et al., 2006; Tam
et al., 2009; Tam, 2010). For the most part, few medical
schools are currently using stereoscopic projection to present
3D anatomical images for anatomy education (Nguyen and
Wilson, 2009; Brown et al., 2012; Anderson et al., 2013;
Foo et al., 2013). When stereoscopy is not used, a common
practical problem that frequently arises is parallax errors
when viewing rotating anatomy structures, such as in com-
puter generated movies. Stereoscopic presentation provides a
greater and more accurate perception of depth to each person
in the class, regardless of their seating position, within the
image. Since these pictures are not normally static they offer
the ability to magnify areas of the object, as was used in the
current study. Stereo imaging can make complicated shapes
and structures easier to identify (Held and Hui, 2011).

Amira is one software system that can be used generate
and display 3D visualization and 3D data presentation. The
dual projectors present the illusion of depth with slightly dif-
ferent images seen by two eyes (Nguyen and Wilson, 2009;
Brewer et al., 2012; Cui et al., 2015). Images of models
appear emerging from the two projectors onto a large silver
screen, and viewers feel almost able to touch the models. The
3D virtual models can be rotated 3608 in all axes, flexible
viewing of models and internal structures can be viewed once
the models have been created. The 3D virtual images can
then be then presented stereoscopically via stereoprojection.

Overall, stereoscopic projection of anatomical vasculature
of the head and the neck has received positive comments
from the participating students in our study. Three-
dimensional (3D) information is known to play an important

role in understanding the complex structure of human anat-

omy in medical education, especially when 3D models are

created by combining 2D computed tomography slice data

(Nicholson et al., 2006; Tam, 2010). Using 3D views can

potentially decrease the learning curve experienced with tra-

ditional 2D views by providing a whole representation of the

patient’s anatomy (Foo et al., 2013). The virtual anatomical

models enable visualization, manipulation, and interaction on

the computer, as well as stereoscopic 3D presentation in a

virtual environment (Nguyen and Wilson, 2009; Adams and

Wilson, 2011; Yeung et al., 2011, 2012). The positive com-

ments from the participants in this study may also reflect

increased interactions between the students and their instruc-

tors when viewing the 3D models. Three-dimensional presen-

tation may also increase their focus and attention on learning

anatomical structures. In addition, 3D stereoscopic presenta-

tion may have improved their understanding of the spatial

relationship between the vascular structures and the skull.

Limitations

Because of the volunteer nature of recruiting subjects during

a period when the medical students had a particularly heavy

course schedule, the total number of subjects in this study

was not as large as we would have liked. A power analysis

confirmed that the sample size was sufficient to support our

main comparison between students in the 2D and 3D learn-

ing sessions. However, because of the small overall sample

size, it was not possible to do additional comparisons based

on gender, although it is well known that there are gender

performance differences in MRTs (Shepard and Metzler,

1971). Additionally, it would be very interesting in the future

to analyze grade point scores or MCAT scores with respect to

test performance after 3D and 2D experiences. Furthermore,

there is strong evidence that the ability to interact with the

3D virtual model, to rotate it and zoom closer or farther

away, provides additional strength to the 3D experience com-

pared to watching the stereoscopic virtual model passively

(Luursema et al., 2006, 2008). Because the subjects in the

present study had to be tested in groups, it was not possible

to permit individual subjects to have control over the virtual

display. This, again, will be addressed in future research.

Finally, although the learning sessions in the present study

were based on stereoscopic 3D models, the prelearning and

postlearning tests were given in a flat, 2D format. It would

be interesting to have some examination questions presented

in the 3D mode, since 3D displays are becoming routine in

some radiological situations. However, most radiological

practice still involves the physician looking at a 2D CT or

MRI scan and visualizing where that scan level exists in an

internalized 3D image of the organ or system in question.

CONCLUSIONS

Overall, the results of this anatomical learning experiment

indicate that stereoscopic presentations of 3D models in a

small classroom setting provide a better representation of the

spatial relationships of anatomic structures than does 2D

images of the same material. Importantly, these results sug-

gest that stereoscopic 3D visualization of a complex region,

such as the vasculature of the head and neck, improved the

performance of all students on an anatomical knowledge test
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and, in particular, was more helpful to the students with
lower spatial ability.

As earlier studies have suggested, spatial ability predicts
individual student anatomy learning outcomes when using
2D images in the traditional 2D environment. However, spa-
tial ability does not predict learning outcomes in studies using
3D models, perhaps due to the positive influence of the 3D
learning experience itself, masking or perhaps compensating,
for any individual variation in spatial ability. It will be inter-
esting and worthwhile in future studies to examine other
individual factors, including motivation and reinforcement,
that may play a role in predicting the effectiveness of 3D
models in the teaching of anatomy. Finally, our data suggest
that the use of 3D stereoscopic models may be particularly
useful for improving anatomical performance across all stu-
dents, particularly those with lower spatial ability, and in the
future this should be further tested.
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