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disease in resident and nurse practitioner
educational experience
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Abstract

Background Medical trainees frequently note that cardiac anatomy is difficult to conceive within a two dimensional
framework. The specific anatomic defects and the subsequent pathophysiology in flow dynamics may become more
apparent when framed in three dimensional models. Given the evidence of improved comprehension using such
modeling, this study aimed to contribute further to that understanding by comparing Virtual Reality (VR) and 3D
printed models (3DP) in medical education.

Objectives We sought to systematically compare the perceived subjective effectiveness of Virtual Reality (VR) and 3D
printed models (3DP) in the educational experience of residents and nurse practitioners.

Methods Trainees and practitioners underwent individual 15-minute teaching sessions in which features of a
developmentally typical heart as well as a congenitally diseased heart were demonstrated using both Virtual Reality
(VR) and 3D printed models (3DP). Participants then briefly explored each modality before filling out a short survey

in which they identified which model (3DP or VR) they felt was more effective in enhancing their understanding of
cardiac anatomy and associated pathophysiology. The survey included a binary summative assessment and a series of
Likert scale questions addressing usefulness of each model type and degree of comfort with each modality.

Results Twenty-seven pediatric residents and 3 nurse practitioners explored models of a developmentally typical
heart and tetralogy of Fallot pathology. Most participants had minimal prior exposure to VR (1.1 £ 0.4) or 3D printed
models (2.1 £ 1.5). Participants endorsed a greater degree of understanding with VR models (8.5 £ 1) compared with
3D Printed models (6.3 + 1.8) or traditional models of instruction (5.5 4 1.5) p<0.001. Most participants felt comfort-
able with modern technology (7.6 £ 2.1). 87% of participants preferred VR over 3DP.

Conclusions Our study shows that, overall, VR was preferred over 3DP models by pediatric residents and nurse prac-
titioners for understanding cardiac anatomy and pathophysiology.
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best achieved with an acuity developed over time, not
readily available to the novice learner. Such an under-
standing is especially important in pediatric cardiology
in which there is an intricate relationship between the
spatial orientation of cardiac anatomy and associated
physiology. In an attempt to strengthen this understand-
ing, various 3D modalities have been developed includ-
ing 3D digital models (3DD), 3D printed models (3DP),
Virtual Reality (VR), Augmented Reality (AR), and Mixed
reality (MR) [3-5]. VR is an immersive digital experi-
ence in a simulated environment separate from the real
world typically using a head-mounted display or head-
set. AR enhances or augments a real world environment
with superimposed digital information such as data
and images while MR extends AR to allow for interac-
tion between the virtual and real word components of
the combined environment [6]. While the use of each of
these modalities is growing substantially, there is sparse
data on the comparative value of each modality.

3DP has found multiple applications in pediatric car-
diology education. Several studies have incorporated
3DP into curricula to compare learner response com-
pared to traditional teaching modalities [1, 7-9]. These
studies have consistently found improved learner sat-
isfaction in the domains of knowledge acquisition and
structural conceptualization. Of increasing interest has
been whether such subjective assessments translate into
improved objective performance. One study compared
pre-test and post-test performance for a control group
(traditional teaching) versus intervention group (3DP)
in relation to knowledge acquisition about vascular rings
[9]. This study found improved performance for the
intervention group. Another study, similarly structured,
found no difference in post-scores for medical student
groups exposed to traditional 2D vs 3D printed models of
tetralogy of Fallot [1]. The authors speculated, however,
that the lack of improvement may have been due to ques-
tions that focused on pre-formed medical knowledge
versus the spatial orientation assessment that 3D printed
models would be more likely to enhance.

While 3DP has found several landing points in medical
education, surgical preparation, and clinical reinforce-
ment, 3DP has important limitations including cost and
limited cutting planes. Significant interest has therefore
developed in alternative 3D dimensional representations
including Virtual Reality (VR), Augmented Reality (AR)
and Mixed Reality (MR) [5, 10]. Sacks and Axelrod (2020)
connect adult learning theory to the potential pedagogi-
cal value of VR by noting that adults learn best when they
are in control of their learning environment, a framework
that is congruent with the interactive space of VR [11]. In
a study that compared understanding of congenital heart
disease among residents and medical students exposed
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to VR versus conventional 2D display, improved diag-
nostic scores were noted among the intervention group
[2]. Building on the capacity of VR to shorten prepara-
tion times, another study demonstrated that applying VR
directly to raw MRI data without intermediate segmenta-
tion steps could shorten preparation time to 5 min com-
pared to the 8 hours for 3DP [12].

A comparative study in the field of neurosurgery found
VR was more effective than 3DP and traditional 2D rep-
resentations in enhancing understanding of cranioverte-
bral junction deformities [13]. Similarly, in a comparative
study including multi-level trainees, VR angiograms have
been found to outperform 3DP in regard to resolution,
ability to zoom and ease of manipulation while 3DP had
the advantage in depth perception [14]. In the context of
congenital heart disease, a comparative study between
VR and 3DP found similar subjective assessments of
visual clarity between 3DP and VR but greater perceived
instructive potential for VR over 3DP among the partici-
pants composed exclusively of radiographers, sonogra-
phers and radiologists [15] To our knowledge, there has
not been a study directly comparing the utility of VR ver-
sus 3DP in CHD education among medical trainees. Our
study sought to make this comparison by giving train-
ees an opportunity to interact with both representations
back to back followed by an assessment of their relative
effectiveness in enhancing their understanding of nor-
mal heart architecture as well as a common CHD lesion,
tetralogy of Fallot.

Materials and methods

As an initial step to create the 3D models, cardiac CT/
MRI data for a developmentally typical heart (15year old
patient) and tetralogy of Fallot (15year old patient) were
identified from our institutional cross sectional imag-
ing database. Raw DICOM data from either MRI or CT
was loaded into MIMICS (version 19, Materialise, Leu-
ven Belgium) and segmented to label the blood pool and
myocardium. Objects were generated and exported to
3-MATIC (version 11, Materialise, Leuven Belgium) for
the following steps: wrapping, island removal, smooth-
ing, exterior hollowing, Boolean union (blood pool’s
derived shell with the myocardium), vessel trimming to
provide a visually and ambiguous heart and slicing into
parts to ensure that the goal features of anatomy would
be easily visualized (Fig. 1). More than one color was
used but these were divided along opening planes, rather
than by anatomical components to limit potential visual
distraction away from the defect.

IRB approval was obtained in order to obtain patient
data. Patients with the above congenital heart disease
were identified from our CT/MR database generating
the. STL file. The appropriate model was then created.
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Fig. 1 Model Preparation. At top left, the raw blood pool is seen. Islands are selected (orange regions), removed, and the shell is wrapped (top
right). A hollowed outer surface is created (bottom left), to which a myocardium is added (blue). These parts undergo Boolean union, and then are

progressively trimmed to yield the final whole heart model (bottom right)

For these hearts, cut planes were determined to ensure
that the anatomical features were abundantly clear and
unambiguous to the viewer with minimal visual explora-
tion. The 3D model data was then overlaid on the native
data to assess for accuracy. Following cut-plane selection,
models were scaled to be of similar size and columnar
punchouts were created on the cut faces. This facilitated
post-printing embedding of magnets to allow the models
to “snap” together.

STL models were first printed on a ZPrinter®250
printer (Z-Corp, Cambridge, MA) with cyanoacrylate
infiltration. As thin sections such as valve component or
vessels branches remained fragile, models were reprinted
in multi-jet fusion (MJF 580, Hewlett-Packard, Palo Alto
CA). Then, magnets were placed, the parts were selec-
tively dyed with conventional fabric dye, and employed
for the described work. Segmentation and post-process-
ing were performed by a trained and experienced pedi-
atric cardiologist (SB) and imaging scientist (SDF) Figs. 2
and 3.

The VR models were derived from the same mod-
els created from the CT/MRI data used to form the 3D
printed models. These models were viewed using the VR/
AR interface of Z-Space software (zCORE, version 5.0,
San Jose CA) The zSpace® system consists of a central
processing unit (CPU), a 23.6 in, 1080-p high definition
liquid crystal 3D stereoscopic display screen, a 3 but-
ton stylus with integrated haptic technology, and a set of
polarized eye glasses with reflective sensors for tracking
cameras (Fig. 4a-b). The stylus could manipulate a vir-
tual slicing tool which projected through the VR model
to obtain multiple planes. As the zSpace system does not
use a head-mounted immersive display but a projected

image viewed through glasses, there is some overlap with
classical AR platforms in which there is a superimposed
digital image on the real world. We retained the categori-
zation of VR given the primary focus of the virtual image
over the real background.

To achieve randomization, participants signed up for
time slots unrestricted and ungrouped by any participant
characteristics. Each consecutive participant was then
assigned to be taught using either the VR models or the
3D models in an alternating pattern. Following consent,
trainees and practitioners underwent individual 15-min-
ute teaching sessions with us where we demonstrated
features of a developmentally typical heart as well as a
congenitally diseased heart (tetralogy of Fallot) using
both VR and 3DP. The participants were trained in the
same way regardless of whether they were being shown
a developmentally typical or pathological heart. The 3DP
demonstration included identification of key structures
along the pre-set slicing planes. The VR demonstration
included a brief demonstration on how to manipulate the
VR model as well as how to use the slicing tool to obtain
multiple cuts through each model. Participants then
briefly explored each modality individually before fill-
ing out a short survey (Additional file 1) in which they
identified which model (3DP or VR) they felt was more
effective in enhancing their understanding of cardiac
anatomy and associated defects. The survey included a
binary summative assessment and a series of Likert scale
questions addressing usefulness of each model type and
degree of comfort with each modality. We deliberately
chose to keep the questions concise and straightforward
as the scope of this study was limited to initial impres-
sions of understanding based on each modality.
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Fig. 2 a Developmentally typical heart Grey scale VR model. b
Developmentally typical heart Color 3D printed model

Responses were compared using 2 way paired t-tests/
ANOVA or non-parametric tests based on distribution.
Univariate regressions were performed to determine
associations. In addition, Pearson correlation coefficients
were calculated using covariance and standard deviation
data to determine strength of relationships. All statistical
analyses were performed using SPSS 19.0 (SPSS Inc., Chi-
cago, IL). Statistical significance was defined as p <0.05.

Results

Twenty-seven pediatric residents and 3 nurse practition-
ers explored models of a developmentally typical heart
and tetralogy of Fallot pathology (n=30). The pediatric
residents consisted of 7 interns, 12secondyear residents
and 8 third year residents. Overall, participants endorsed
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Fig. 3 aTetralogy of Fallot Grey scale VR model. b Tetralogy of Fallot
Color VR model

a greater degree of understanding with VR models
(8.5+1) compared with 3DP (6.3+1.8) or traditional
models of instruction (5.5+1.5) p<0.001 (Table 1).
“Traditional models of instruction” refers to how par-
ticipants are typically instructed on such subject mat-
ter in prior teaching sessions using 2D schematics as a
subjective comparison point to the 3D modalities com-
prising this study. Most participants identified minimal
prior exposure to VR (1.1£0.4) or 3-D printed models
(2.1+1.5). Based on broad minimal exposure and sample
size, no adjustment was made for previous exposure to
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Fig. 4 a VR Console (photo credit zSpace®). b VR Wand (photo credit
zSpace®)

Table 1 Subjective level of understanding by modality

Likert scale, 1-10
[mean, standard

Subjective level of understanding

deviation]
VR models 85+1
3DP 63+18
Transitional models of instruction 55+15
p-value <001

VR or 3DP. Most participants expressed comfort with the
use of modern technology at baseline (7.6 +2.1). “Mod-
ern technology” was not explicitly defined but implicitly
alluded to the digital tools that form part of modern daily
lived experience. By level of training, 4/7 (57%) interns
preferred VR while 11/12 (92%) of second year residents
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and 8/8 (100%) of third year residents held a similar pref-
erence for VR (Fig. 5).

In the summative assessment, 87% (n=26) expressed
a preference for Virtual Reality models compared to 13%
(n=4) for 3DP. In addition, participants offered narrative
elaboration on their preferences (Table 2).

Discussion

Medical education within Pediatric Cardiology is increas-
ingly recognizing that extrapolation of 3 dimensional
structures from 2 D models, while possible and train-
able, may not be the optimal way to teach trainees about
the heart. Given the close relationship between spatial
orientation and physiology that characterizes Pediatric
Cardiology, effective instruction must provide dynamic
visual representation. 3DP and VR have arisen as poten-
tial tools in this effort and the preponderance of evidence
to date suggests benefits in regard to learner engagement
[1, 7, 16-18]. Less robust evidence exists to compare the
relative value of these representations. This question is
important to address as the two approaches vary signif-
icantly in regard to questions of cost, preparation time,
and portability which are key factors in the wider adop-
tion of these approaches in curricula. It was this gap in
educational efficacy between 3DP and VR that our study
was designed to begin to address. By systematically com-
paring trainee experience with each modality side by
side, a meaningful assessment was obtained to help guide
further training efforts and studies.

The results were somewhat surprising in how defini-
tively they skewed toward VR versus 3DP (87% vs 13%
summative preference). We hypothesized that there
would be a significant number of participants for whom
the tactile and haptic qualities of 3DP models would
make them preferable to VR models. For the few who in
fact had this preference, these factors were mentioned.
Also noted, however, was the limitation of the pre-deter-
mined cutting planes. In contrast, VR, had a slicing tool
which offered multiple planes in virtually any orienta-
tion and was repeatedly cited as an appealing factor in
narrative comments (Table 2). This ability to direct the
learning experience more precisely is what a previous
study on virtual skills learning identified as “presence”
and “agency” [19]. However, the grey scale of the Virtual
Reality model was mentioned as a limitation compared to
the two colored 3DP models, suggesting there is a clari-
tying role for color differentiation regardless of modality.
Other software interfaces have color options which likely
will improve satisfaction even more.

An additional consideration in comparing these
modalities is the effect of prior exposure, whether
direct as in VR/3DP in CHD education or indirect as
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Modality Preference by Level of Training/Practice
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Fig. 5 Preference of modality by level of training/practice

Table 2 Resident/nurse practitioner comments on 3D vs VR
learning experience

“Virtual reality made it easier to visualize the heart from all planes. 3D
Printed model was more restrictive.

“Seeing the 3D printed model helped me differentiate normal vs abnormal
structures better.

“I'think prospects for VR in pediatric medical education are great.”

“Iwould like the Virtual Reality better if there were more colors than grey
scale to follow flow patterns”

“Virtual Reality models are beautiful and more intuitive than 2D models.”

in other settings such as video game usage. Related to
this exposure question is Roger and Cohen’s (2020) dis-
cussion of generational learning where he advocates for
a framework that is best suited to the current genera-
tion of learners to include technology [20]. In our study,
participants generally had limited prior exposure to
either VR (1.1£0.4) or 3DP (2.1+1.5) but felt gener-
ally comfortable with modern technology (7.6 +2.1).
We hypothesize that the minimal prior VR/3DP expo-
sure limits the effect of this exposure on the preference
of VR over 3DP; similarly comfort with daily modern
technology may translate into increased ease with VR
technologies or, alternatively, may be less applicable to
the novel spatial challenges of these modalities. Novel
features like pen wand navigation may have contributed
to the appeal of VR.

Digging deeper into what it means to “like” or “prefer”
a modality raises additional questions: did intrinsic parts
of the educational process such as learning to use the
VR wand offer an internal reward that made preference
more likely? Less ambiguous is that experienced raters
were essentially unanimous in their VR preference. This

preference could reflect less of a need or desire on the
part of early learners for dimensional data than expert
learners.

The educational potential of Virtual Reality is cer-
tainly being explored in a number of other fields as well
with potentially transferable principles. In nursing, for
example, an intervention group who were taught a pro-
cedure using VR were able to perform more of these
procedures in an hour compared to the control group
[21]. However, these gains were not sustained 2 weeks
after the initial study suggesting that some of the ben-
efits that VR imparts may require tech “boosters” to be
sustained. VR is also being employed in pharmacy edu-
cation where dynamic applications are being explored
such as tracking a drug as it proceeds through the body
observing visually how it is changed at each stage [22].
Such dynamic 4D tracking can be applied to real time
analysis of cardiac structures as described in a recent
technological innovation review [23]. In the orthope-
dic domain, a study examining the impact of VR and 3D
models on preoperative planning for humeral fracture
repair found the use of these modalities led to shorter
operative time and less blood loss than conventional
methods [24].

Of critical importance in the ongoing evaluation of
these modalities is to consider both objective effective-
ness and feasibility. In a recent study examining the
impact of VR on participant understanding of atrio-
ventricular canals, no difference was found in post-test
scores between the control group (desk-top computer)
and intervention group (VR). However, the VR group
did report a better learning experience and engagement
level. Almost counterintuitively, the VR group also had
a stronger correlation between their perceived strength
of knowledge and their actual performance suggesting
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that this modality may have role in bridging the gap
between perceived knowledge and actual knowledge
[25]. In a counterexample, a study looking at the rela-
tionship between participant confidence of correctness
and actual correctness in the virtual environment of a
pre-surgical planning session found the correlation was
low [26]. This finding may be related to the challenges
of measuring depth and features in VR. There continues
to be a need for rigorous studies that evaluate objec-
tive improvement in knowledge acquisition and spa-
tial conceptualization which can be difficult to capture.
Su et al., (2018) developed a controlled study examin-
ing the impact of 3D models in a medical student cur-
riculum is a promising example [18]. By asking both
subjective questions as well as fact based and spatial
conceptualization questions in the post-test, this study
was able to demonstrate improvement in knowledge
acquisition more rigorously. In regard to 3DP, a recent
review highlights the need to systematically examine
if there are certain groups who may benefit more from
such modalities [7].

Having demonstrated effectiveness, the final hurdle for
the wider use of such modalities is feasibility. 3DP models
are expensive and time consuming to prepare [17]. VR,
depending on the interface, can also involve significant
cost but lower technology iterations exist. If such factors
as cost can be addressed, VR holds further promise given
shareability. Such technological nimbleness and ability to
share remotely is critical in an age where we witnessed
a physical interaction standstill with the novel coronavi-
rus (COVID-19). Further nuanced work can reveal where
modalities like Augmented Reality (AR), which retains
the capacity to still see the physical world, may be more
optimal [27]. VR promises to not only make CHD educa-
tion more effective, but may also have important global
pediatric cardiology applications including the capac-
ity to remotely train others in low and middle income
countries (LMIC) where such work could be an impor-
tant part of capacity building [28]. Such work would also
form a robust response to the charge issued by the Lancet
Independent Global Commission for the Education of
Health Professionals for the twenty-first Century calling
for “transformative learning” through the harnessing of
technological innovations [29] .

Limitations

This was a single center study with a modest number of
participants. Results were self-reported and such per-
ceptions in learning impact are by nature subjective. A
comprehensive, objective post-test would more rigor-
ously support improvements in learning and would be
an important consideration for subsequent comparative
studies. As the participants were primarily residents,
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these results are not necessarily generalizable to higher
level trainees such as fellows. In addition, our group
was primarily composed of medical residents; surgical
residents may have derived a differential benefit from
each representation. Again, a comparative study, per-
haps with more complex lesions would be a promising
future line of inquiry in this direction. With the global
phrasing of our questions in the questionnaire, our
conclusions were limited regarded perceived under-
standing of specific features of the tetralogy of Fallot
heart for example. Along with including more complex
lesions in the future, it will be important to ask more
specific anatomic questions to assess understanding of
pathology more precisely. Finally, it was challenging to
fully account for the effect of prior “VR like”experience.
While most participants endorsed minimal prior expo-
sure to VR, VR like experiences in non-educational set-
tings such as video games and mobile applications may
have influenced their preference for this representation.
Future studies can more specifically ask about these
experiences as well as track if VR preference tracks
along any demographic lines.

Conclusion

Our study shows that, overall, VR was preferred over 3DP
by pediatric residents and nurse practitioners for under-
standing cardiac anatomy and pathophysiology. Future
comparative studies with objective assessments as well
as explorations into questions of feasibility such as cost
and portability will help to illuminate the full pedagogical
value of these modalities.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/541205-022-00164-6.

[ Additional file 1. }

Code availability
Not applicable.

Authors’ contributions

All'authors made substantial contributions to the conception or design

of the work, or the acquisition and analysis of interpretation of data. All
authors drafted the work or revised it critically for important intellectual
content, approved the version to be published and agree to be account-
able for all aspects of the work in ensuring that questions relating to
accuracy or integrity of any part of the work are appropriately investigated
and resolved.

Funding
Pediatric Pilot Fund, Seattle Children’s Hospital.

Availability of data and materials
Data not currently deposited but can be made available to interested parties.


https://doi.org/10.1186/s41205-022-00164-6
https://doi.org/10.1186/s41205-022-00164-6

Awori et al. 3D Printing in Medicine (2023) 9:2

Declarations

Ethics approval and consent to participate
Approval obtained from the IRB committee of Seattle Children’s Hospital.
Informed consent was obtained from all individuals included in the study.

Consent for publication
The authors affirm that all participants provided informed consent for publica-
tion of this study.

Competing interests
The authors declare that they have no conflict of interest.

Received: 12 October 2022 Accepted: 13 December 2022
Published online: 11 February 2023

References

1. Loke YH, Harahsheh AS, Krieger A, Olivieri LJ. Usage of 3D models of
tetralogy of Fallot for medical education: impact on learning congenital
heart disease. BMC Med Educ. 2017;17(1):54.

2. Kim B, Loke YH, Mass P, Irwin MR, Capeland C, Olivieri L, et al. A novel
virtual reality medical image display system for group discussions of
congenital heart disease: development and usability testing. JMIR Cardio.
2020;4(1):220633.

3. Giannopoulos AA, Mitsouras D, Yoo SJ, Liu PP, Chatzizisis YS, Rybicki FJ.
Applications of 3D printing in cardiovascular diseases. Nat Rev Cardiol.
2016;13(12):701-18.

4. Yoo SJ, Thabit O, Kim EK, Ide H, Yim D, Dragulescu A, et al. 3D printing in
medicine of congenital heart diseases. 3D Print Med. 2016;2:3.

5. Venkatesan M, Mohan H, Ryan JR, Schiirch CM, Nolan GP, Frakes DH, et al.
Virtual and augmented reality for biomedical applications. Cell Rep Med.
2021,2(7):100348.

6. Whatis augmented reality? | SAP Insights [Internet]. SAP. [cited 2022 Dec
4]. Available from: https://www.sap.com/insights/what-is-augmented-
reality.html

7. lllmann CF, Ghadiry-Tavi R, Hosking M, Harris KC. Utility of 3D printed
cardiac models in congenital heart disease: a scoping review. Heart.
2020;106(21):1631-7.

8. Salavitabar A, Figueroa CA, Lu JC, Owens ST, Axelrod DM, Zampi JD.
Emerging 3D technologies and applications within congenital heart dis-
ease: teach, predict, plan and guide. Futur Cardiol. 2020;6:fca-2020-0004.

9. JonesTW, Seckeler MD. Use of 3D models of vascular rings and slings to
improve resident education. Congenit Heart Dis. 2017;12(5):578-82.

10. CenJ, Liufu R, Wen S, Qiu H, Liu X, Chen X, et al. Three-dimensional print-
ing, virtual reality and mixed reality for pulmonary atresia: early surgical
outcomes evaluation. Heart Lung Circ. 2021;30(2):296-302.

11. Sacks LD, Axelrod DM. Virtual reality in pediatric cardiology: hype or hope
for the future? Curr Opin Cardiol. 2020;35(1):37-41.

12. RaimondiF, VidaV, Godard C, Bertelli F, Reffo E, Boddaert N, et al. Fast-
track virtual reality for cardiac imaging in congenital heart disease. J Card
Surg. 2021;e24;jocs.15508.

13. Caietal.- 2020 - Effectiveness of three-dimensional printed and vir.pdf
[Internet]. [cited 2021 Apr 5]. Available from: https://www.ncbi.nlm.nih.
gov/pmc/articles/PMC7517559/pdf/bmjopen-2020-036853.pdf

14. CaiS,HeY, Cui H, Zhou X, Zhou D, Wang F, et al. Effectiveness of three-
dimensional printed and virtual reality models in learning the morphol-
ogy of craniovertebral junction deformities: a multicentre, randomised
controlled study. BMJ Open. 2020;10(9):e036853.

15. Laul, Gupta A, Sun Z. Clinical value of virtual reality versus 3D printing in
congenital heart disease. Biomolecules. 2021;11(6):884.

16. Garekar S, Bharati A, Chokhandre M, Mali S, Trivedi B, Changela VP, et al.
Clinical application and multidisciplinary assessment of three dimen-
sional printing in double outlet right ventricle with remote ventricular
septal defect. World J Pediatr Congenit Heart Surg. 2016;7(3):344-50.

17. Ong et al.- 2018 - Role of virtual reality in congenital heart diseas.pdf
[Internet]. [cited 2021 Apr 1]. Available from: https://onlinelibrary-wiley-
com.offcampus.libwashington.edu/doi/pdfdirect/10.1111/chd.12587

Page 8 of 8

18. Suetal.- 2018 - Three-dimensional printing models in congenital he.pdf
[Internet]. [cited 2021 Apr 5]. Available from: https://www.ncbi.nlm.nih.
gov/pmc/articles/PMC6090870/pdf/12909_2018_Article_1293.pdf

19. Piccione J, Collett J, De Foe A. Virtual skills training: the role of presence
and agency. Heliyon. 2019;5(11):e02583.

20. Rogers LS, Cohen MS. Medical education in pediatric and congenital
heart disease: a focus on generational learning and technology in educa-
tion. Prog Pediatr Cardiol. 2020;59:101305.

21. Fealy S, Jones D, Hutton A, Graham K, McNeill L, Sweet L, et al. The
integration of immersive virtual reality in tertiary nursing and midwifery
education: a scoping review. Nurse Educ Today. 2019;79:14-9.

22. Coyne L, Merritt TA, Parmentier BL, Sharpton RA, Takemoto JK. The past,
present, and future of virtual reality in pharmacy education. Am J Pharm
Educ. 2019;83(3):7456.

23. Priya S, Nagpal P. Four-dimensional virtual reality cine cardiac models
using free open-source software. Pediatr Radiol. 2020;50(11):1617-23.

24. ChenY, Jia X, Qiang M, Zhang K, Chen S. Computer-assisted virtual
surgical technology versus three-dimensional printing Technology in
Preoperative Planning for displaced three and four-part fractures of the
proximal end of the Humerus. J Bone Jt Surg. 2018;100(22):1960-8.

25. Patel N, Costa A, Sanders SP, Ezon D. Stereoscopic virtual reality does not
improve knowledge acquisition of congenital heart disease. Int J Cardio-
vasc Imaging. 2021. https://doi.org/10.1007/510554-021-02191-6 [cited
2021 Apr 11.

26. Hettig J, Engelhardt S, Hansen C, Mistelbauer G. AR in VR: assessing surgi-
cal augmented reality visualizations in a steerable virtual reality environ-
ment. Int J Comput Assist Radiol Surg. 2018;13(11):1717-25.

27. Goo HW, Park SJ, Yoo SJ. Advanced medical use of three-dimensional
imaging in congenital heart disease: augmented reality, mixed real-
ity, virtual reality, and three-dimensional printing. Korean J Radiol.
2020;21(2):133.

28. Ma X, Vervoort D. Leveraging e-learning for medical education in low-
and middle-income countries. Cardiol Young. 2020;30(6):903-4.

29. Frenk J, Chen L, Bhutta ZA, Cohen J, Crisp N, Evans T, et al. Health profes-
sionals for a new century: transforming education to strengthen health
systems in an interdependent world. Lancet. 2010;376(9756):1923-58.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://www.sap.com/insights/what-is-augmented-reality.html
https://www.sap.com/insights/what-is-augmented-reality.html
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7517559/pdf/bmjopen-2020-036853.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7517559/pdf/bmjopen-2020-036853.pdf
http://dx.doi.org/10.1111/chd.12587
http://dx.doi.org/10.1111/chd.12587
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6090870/pdf/12909_2018_Article_1293.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6090870/pdf/12909_2018_Article_1293.pdf
https://doi.org/10.1007/s10554-021-02191-6

	Comparative effectiveness of virtual reality (VR) vs 3D printed models of congenital heart disease in resident and nurse practitioner educational experience
	Abstract 
	Background 
	Objectives 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Results
	Discussion
	Limitations
	Conclusion
	Code availability
	References


