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Abstract

Background: The long-term effect of three-dimensional printed heart model (3DPHM) on knowledge acquisition of congenital heart
disease (CHD) remains unknown. This prospective cohort study aims to investigate the role of 3DPHM in improving immediate knowl-
edge gain and long-term knowledge retention on CHD among the medical students. Methods: Fifty-three second and third year medical
students were assigned into two groups to compare their immediate knowledge acquisition and knowledge retention after an education
session on anatomy and pathophysiology of CHD. During the 1.5 hour-long education session, both the control (n = 25) and study groups
(n = 28) had access to identical teaching materials: digital 3D heart models, 2D diagrams, and medical images, except for 3DPHMwhich
were only used in the study group. The immediate knowledge gain was assessed via an online quiz, whereas the long-term knowledge
retention was assessed using another quiz in 6-weeks’ time post-intervention. A survey was also conducted to evaluate the participants’
learning experience. Results: There is no significant difference in the immediate knowledge acquisition and long-term knowledge reten-
tion between the groups (U = 272, p = 0.16 and r = –0.143, p = 0.15 respectively). Majority of the students (96% in control group and 85%
in 3DPHM group) responded that the 3DPHM would have/had improved their learning experience. Despite that, there is no significant
difference in the self-perceived knowledge improvement between the groups. Conclusions: This study concludes that the 3DPHM do
not significantly improve both immediate knowledge acquisition and knowledge retention among the medical students. However, further
research with larger sample size, as well as categorizing the type of questions in the quiz, is needed to better assess the role of 3DPHM
in different educational components.
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1. Background

Congenital heart disease (CHD) is the most common
birth defect among the newborn [1–3]. It has a broad spec-
trum of severity and morphology that is largely variable
between individuals [2]. A strong foundation for educa-
tion in CHD is therefore crucial among the medical stu-
dents and young clinicians for the development and train-
ing of future cardiac specialists. Current teaching approach
of heart anatomy and physiology relies heavily on two-
dimensional (2D)medical images and cadaveric specimens,
both of which have their own limitations and shortcom-
ings. 2D medical images, or even three-dimensional (3D)
digital reconstruction of heart presented on 2D plane re-
quires the viewer to conceptually translate the information
into 3D to understand the spatial relationship between the
inter- and intra-cardiac structures. This is extremely chal-
lenging, especially for beginners who only just learn about
CHD [1–5]. Cadaveric specimens are often inaccessible to
students, expensive to maintain, and subjective to wear and
tear overtime. Additionally, depending on the availability,
the cadaveric specimens only demonstrate certain types of
CHD (i.e., lesion-specific), and therefore cannot represent
the whole spectrum of CHD [1,3,6–8].

3D printed heart models (3DPHM) have shown to be
a novel teaching approach that can improve students’ and
health providers’ learning experience and satisfaction [9].
The 3DPHM were reported with the advantages of being
easily accessible, affordable, and the ability to reproduce
any type of lesions, including those which are rare andmore
complex [1,3,7,8]. Being tangible, the students can also as-
sess the cardiac morphology up close at any viewing angle,
achieving deeper understanding of the cardiac morphology
without the need to master the knowledge of cardiac imag-
ing [8]. A case-control study by Tan et al. [5] which
involved 132 nursing students, reported that the 3DPHM
group scored significantly higher in both objective and sub-
jective evaluations. The study concluded that the 3DPHM
were useful in improving the students’ knowledge acquisi-
tion on atrial septal defect (ASD) as well as students’ in-
terest and satisfaction in their learning [5]. In a recently
published randomized controlled trial which involved 5th
year medical students, a significantly higher increase in test
scores was observed in the 3DPHM group compared to the
control group, regardless of the type of CHD being tested
[9]. Similarly, in another study which involved 127 partic-
ipants, Valverde et al. [10] reported that the use of 3DPHM
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have significantly improved the anatomical knowledge of
criss-cross cardiac anatomy, compared to the use of imag-
ing datasets as a teaching tool.

Despite these promising results, according to a re-
cently published meta-analysis and systematic review, the
use of 3D printed cardiac models do not necessarily in-
crease the short-term knowledge gain among the students,
even though their learning experience was enhanced [11].
To the best of our knowledge, none of the existing studies
investigated the effect of 3D printed heart models on long-
term knowledge gain among the students in the domain of
CHD. This study aimed to investigate the immediate knowl-
edge acquisition as well as long-term knowledge retention
among the medical students with the use of 3DPHM incor-
porated in the teaching of CHD, compared to the conven-
tional teaching approach.

2. Materials and methods
2.1 Study design

A prospective cohort study was conducted to compare
the knowledge retention on the topic of CHD between the
medical students who were exposed to conventional teach-
ing approach versus thosewhowere exposed to teaching ap-
proach with the use of 3DPHM. The study was approved by
the Curtin University Human Research Ethics Committee.
This research was advertised twice in first semester 2020
and first semester 2021 respectively in the Perth Campus,
Curtin University. The participant recruitment was primar-
ily limited to second and third year medical students in the
year 2020, and only second year group in the year 2021,
as these were the groups who were considered as novice in
cardiac anatomy and pathology.

From both of the recruitments, a total of 53 medical
students (5 in their 3rd year, and 48 in their 2nd year) vol-
untarily participated in the study. There were 5 education
sessions on the topic of CHD carried out each year, with a
duration of 1.5 hour for each of them. The participants were
required to attend one of them based on their availability. A
maximum of 9 students were allowed per session. To min-
imize potential bias, the participants were not informed if
they were in the control or study group. There were 28 stu-
dents who attended the education sessions with the use of
3D printed heart models (study group), and 25 students at-
tended the education sessions without being presented with
the 3D printed heart models (control group). All 53 medi-
cal students had previously been taught of CHD during their
curriculum.

In order to assess the difference in knowledge gain
and knowledge retention between the groups, the students
completed two sets of quizzes which comprised of 20 ques-
tions relevant to CHD. The first set was completed imme-
diately following the education session (immediate knowl-
edge gain), while the second set was completed 6 weeks af-
ter the education session (knowledge retention). They also
completed a survey to rate their learning experience. Ap-

preciation gifts were given to the study participants at the
completion of second quiz to prevent drop-outs.

2.2 Generation of 3D printed heart models
In order for the participants to learn a range of CHD

with different levels of complexity, four types of CHD
were selected for generation of the 3D printed heart models
based on their Aristotle Basic Complexity Level (ABCL).
These include ASD (ABCL = 1), ventricular septal de-
fect (VSD, ABCL = 2), Tetralogy of Fallot (ToF, ABCL =
3), and double outlet right ventricle (DORV, ABCL = 4).
Anonymized cardiac computed tomography angiography
(CCTA) images of four pediatric patients with the afore-
mentioned CHD were used as the source data.

The first step to generate the 3DPHM was to convert
the CCTA images into printable digital model in standard
tessellation language (STL) format using Mimics Innova-
tion Suite 22.0 (Materialise HQ, Leuven, Belgium) (Fig. 1).
The details of the conversion process were elucidated previ-
ously [12,13]. The required time for this conversion process
was 45 minutes on average, however it was highly depen-
dent on the image quality of the source data. Following
that, the STL files were sent to the 3D printers for printing
(Fig. 1, Ref. [14]).

Two sets of four models were generated, each in a dif-
ferent printing material. One set was printed in Flexible V4
Resin from Formlabs (Somerville, MA, USA), while an-
other was printed in TPU80A from Fabbxible Technology
(Pulau Pinang, Malaysia) (Fig. 2, Ref. [15]). Both print-
ing materials are able to generate models that are flexible,
which to some extent resemble the physical properties of
heart muscles. Each cardiac model was divided into two
components (transected at the right atrium-right ventricu-
lar plane) so that the structural defects of the heart can be
clearly visualised. The average printing cost per model was
approximately AUD 35.

2.3 Education session on CHD
The education sessions were designed to mainly focus

on anatomy and pathophysiology of ASD, VSD, ToF, and
DORV. For this purpose, 3DPHM, digital 3D heart mod-
els, 2D diagrams, and digital imaging and communications
in medicine (DICOM) images were utilized as the teaching
tools (Figs. 2,3). The education sessions were carried out
in PowerPoint lecture format, incorporating the aforemen-
tioned teaching tools with each type of CHD presented. The
session was designed to mainly provide the students with a
basic understanding of the morphology and hemodynam-
ics of each type of CHD and their imaging appearances on
CCTA. Each education session ran for 1.5 hour by the same
investigator (I.L.) to avoid variations in teaching style be-
tween different tutors. In order to ensure the consistency
between each education session, both the study and control
groups received the identical learning content, apart from
the 3DPHM that were only used in the education sessions
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Fig. 1. Conversion of CCTA into printable STL files. CTA, computed tomography angiography; CMR, cardiac magnetic resonance;
3D, three-dimensional. Reprint with permission under the open access from Sun et al. [14].

Fig. 2. Two sets of heart models that feature different types of
CHD (double outlet right ventricle is shown in this image) were
printed in two different printing materials, Flexible V4 Resin
from Formlabs (left), and TPU80A from Fabbxible Technol-
ogy (right). Reprint with permission under the open access from
Lau et al. [15].

for study group.

The education sessions took place in a computer lab-
oratory. At the start of the session, the students were asked
to download the digital teaching materials (i.e., DICOM
dataset and digital 3D heart models), so that all of the partic-
ipants would be able to access them on their own computer
while listening to the tutor’s explanation. After giving the
students a quick revision of normal heart anatomy and gen-

eral overview of acyanotic and cyanotic CHD, the session
was followed by explanation of each type of chosen CHD
in the following format and progression: (i) explanation of
hemodynamic change using a 2D diagrams, (ii) subtypes
of each CHD, (iii) possible complications if the CHD is
left untreated, (iv) case study using DICOM images, digital
3D heart models, and 3DPHM.While the tutor was demon-
strating the digital 3D heart models and the DICOM images
on the projected screen, the participants were also encour-
aged to view and manipulate the digital 3D heart models
and the DICOM images on their own computer using open-
source software, Meshmixer (Autodesk, San Rafael, CA,
USA) and RadiAnt (Medixant, Poznan, Poland). The digi-
tal 3D heart models were coloured according to the type of
blood (oxygenated, deoxygenated or mixed) that the heart
chamber is carrying to enable the students in achieving bet-
ter understanding of the hemodynamic changes due to the
CHD (Fig. 3). Using Meshmixer, the participants were al-
lowed to rotate and zoom in the 3D models virtually. For
the education sessions in which 3DPHM were used, each
set of 3DPHM was shared among 3–5 students, and they
were encouraged to refer to the 3DPHM freely throughout
the session. 3DPHM were used to pinpoint the location of
heart defects, to explain the hemodynamic changes, to high-
light themalpositioning of the great arteries (if present), and
to emphasize the difference in size between the major blood
vessels, especially when a stenosis is present.

2.4 Assessment of participants’ knowledge acquisition and
learning experience

Immediately after the education session, the partici-
pants were asked to complete a set of online quiz (Quiz 1)
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Fig. 3. Different teaching tools were used during the CHD education session. (A) Coloured digital 3D model on Meshmixer (Au-
todesk, San Rafael, CA, USA) in which students were able to rotate and zoom. (B) DICOM image.

which comprised of 20 multiple choice and short-answer
questions on CHD, with a time limit of 15 minutes. The
participants were also asked to complete a survey to rate
their learning experience based on a 5-point Likert scale.
In 6 weeks’ time after the education session, the partici-
pants completed another online quiz (Quiz 2) of 20 ques-
tions, again with a time limit of 15 minutes. The score (out
of 20) and the time taken for the participants to complete
both of the quizzes were recorded. The process of the study
is summarized in Fig. 4.

Both the online quizzes were designed to ensure that
the students were tested on the content covered in the educa-
tion session, whereas the surveywas designed to address the
students’ learning experience with the teaching tools used
and their self-rated knowledge acquisition. The questions
for Quiz 1, Quiz 2, and the survey can be found in Supple-
mentary files 1–3 respectively.

2.5 Statistical analysis

Data analyses were performed using IBM SPSS statis-
tical package, version 26 (IBM Corp, Armonk, NY, USA).
Shapiro-Wilk’s and Levene’s test were used to analyze the
normality and homogeneity of the variance. Student t-test
was used to analyze the score of anatomy unit that the stu-
dents achieved in Year 1 between two groups to compare
their baseline knowledge on anatomy. The following data
were being analyzed using Mann-Whitney U test: score
of Quiz 1 between two groups to compare the immediate
knowledge acquisition of the participants, and survey re-
sponses for the students’ learning experience. Linear re-
gressionwas conducted to analyze score difference between

Quiz 1 and Quiz 2 of each participant to measure the knowl-
edge retention among the medical students, using the type
of group (control or study) and year of recruitment as pre-
dictors. It is hypothesized that the 3DPHM group will ex-
perience smaller score difference between the two quizzes
when compared to the control group. Pearson’s correla-
tion was also used to measure the strength of correlation
between the predictors and the outcome variable. p-value
of <0.05 (two-tailed) is considered statistically significant.

3. Results
Normality of test scores were met by Shapiro-Wilk’s

test for Quiz 2 score (p = 0.25 and p = 0.08, respectively),
but not for Quiz 1 score (p = 0.014). Both quiz scores met
the assumption of homogeneity of variance by Levene’s test
(p > 0.05).

The Quiz 1 score was marginally higher in the
3DPHM group, with a median score of 17.5 and compared
to median score of 16 in the control group, however Mann-
Whitney U test demonstrates no statistical significance (U
= 272, p = 0.16). Fig. 5 presents a boxplot of the scores
achieved by both student groups in Quizzes 1 and 2.

The 3DPHM group experienced slightly higher score
difference between Quiz 1 and Quiz 2, with a mean score
difference of 7.79 (±2.63), compared to the control group,
7.04 (±2.64). Fig. 6 illustrates the mean score differences
between Quizzes 1 and 2 of both control and 3DPHM
groups. The Pearson’s correlation between the score dif-
ference and type of group and year of recruitment was very
weak and not significantly different, r = –0.143 (p = 0.15)
and r = 0.043 (p = 0.379), respectively. The fitted regres-
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Fig. 4. A flow chart of the study process. 2D, two-dimensional; 3DPHM, three-dimensional printed heart model; CHD, congenital
heart disease; DICOM, digital imaging and communications in medicine.

sion equation for predicting the score difference of the two
quizzes from the predictors was ŷ = –7.137 + 0.220χ –
0.743z, where ŷ is the score difference of Quiz 1 andQuiz 2,
χ is the year of recruitment (coded as 0 = year 2020, 1 = year
2021), and z is the type of group (coded as 0 = control group,
1 = 3DPHM group). The r2 for the fitted regression was
0.022; that is, only 2% of the variance in score difference
was predictable from the predictors. In other words, the re-
sult does not suggest improvement in long-term knowledge
acquisition within the 3DPHMgroup when compared to the
control group.

In comparing survey responses between the control
and 3DPHM groups, the Mann-Whitney U test showed no
significant difference in all of the questions. Figs. 7,8 il-
lustrate the survey responses in percentage for the control
group and 3DPHM group, respectively. Both groups of stu-
dents indicated either ‘strongly agree’ or ‘agree’ that the
teaching method was interactive and interesting (U = 346.5,
p = 0.93). Slightly more students in 3DPHM group indi-
cated ‘strongly agree’ that the education was easy to un-
derstand (82%) compared to the control group (76%), al-
though this is not statistically significant (U = 331.5, p =
0.64). More students in 3DPHM indicated ‘strongly agree’
that their knowledge about CHD has improved (86%) com-
pared to the control group (68%), and again this is not sta-
tistically significant (U = 292, p = 0.16). About 64% of the
students in 3DPHM group indicated ‘strongly agree’ that

the 3DPHM played an important role in helping them un-
derstand CHD. This is similar to the control group where
60% indicated ‘strongly agree’ that the 3DPHMwould help
them to understand CHD (U = 349.5, p = 0.99). However,
one student in the 3DPHMgroup disagreed that the 3DPHM
helped in his/her learning of CHD.

4. Discussion
This cohort study has evaluated the value of 3DPHM

in both immediate and long-term knowledge acquisition
among themedical students on the topic of CHDwhen com-
pared to the conventional teaching tools. Even though there
are published articles which assessed the role of 3DPHM in
immediate knowledge gain on the topic of CHD, the present
study is the first to investigate the effect of 3DPHM in long-
term knowledge retention in the domain of CHD.

The results showed that the 3DPHM group scored
slightly higher in Quiz 1, which indicated improvement in
immediate knowledge acquisition compared to the control
group. This difference however, did not achieve statisti-
cal significance. This finding echoes the finding in Jones
et al.’s [16] study, in which 36 residents were divided into
3D printed model group and control group with their pre-
test and post-test scores analyzed. In their study, the 3D
printed model group experienced slightly greater improve-
ment in the post-test compared to the control group, how-
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Fig. 5. Boxplot of the scores (out of 20) achieved by control
and 3DPHM groups in Quiz 1 and Quiz 2. 3DPHM, three-
dimensional printed heart model.

ever the difference was not statistically significant [16]. In
another study conducted by Loke et al. [2], the 3DPHM
group did not show improvement in the immediate knowl-
edge gain among the pediatric residents. Despite these pos-
itive reports, there are other studies documenting contrast-
ing findings. In a study which involved 63 medical stu-
dents, the 3DPHM group was reported to have a significant
improvement in the test results when compared to the con-
trol group [17]. In another study by Lim et al. [7], 53 first
year medical students were randomly assigned into three
groups (cadaveric materials, 3DPHM, and combined mate-
rials) and were objectively tested in pre- and post-test for
their knowledge acquisition on external cardiac anatomy.
It was reported that the 3DPHM group had significant im-
provement in test scores (p = 0.003) [7]. This is not a
surprising finding. In a meta-analysis conducted by Yam-
mine et al. [18], physical models were reported to signifi-
cantly improve the overall knowledge outcome and the spa-
tial knowledge acquisition, but not the factual knowledge
acquisition. In the present study, we focused on the topic
of CHD using 3DPHM which feature 4 different types of

CHD. Even though the result did not reach statistical signif-
icance, which likely was due to the small sample size, the
role of 3DPHM in improving short-term knowledge gain on
CHD should not be overlooked, as the effect of 3DPHM on
immediate knowledge acquisition appears to vary with the
complexity of the CHD. In the study by White et al. [19],
residents were objectively tested on two types of CHD of
different complexities to explore the usefulness of 3DPHM
in improving residents’ knowledge on VSD and ToF. They
were divided into 3DPHM and control groups for both VSD
and ToF lecture. It was reported that the 3DPHM group
scored higher in the ToF post-test (p = 0.037), but lower
in the VSD post-test (p = 0.02) [19]. Similarly, in another
study by Smerling et al. [3], first year medical students
were subjectively tested to assess their perceived knowl-
edge acquisition using 3DPHMof different lesion complex-
ity. It was reported that with the use of 3DPHM, as the
complexity of CHD increases, the mean knowledge also in-
creases [3]. This however, was not validated in our study,
which could contribute to the findings of no significant dif-
ference. This limitation could be addressed in future stud-
ies.

Surprisingly, the 3DPHMgroup performed slightly in-
ferior to the control group for long-term knowledge reten-
tion, even though this was not statistically significant. This
is in contrast to another study by Lombardi et al., in which
plastic heart models were compared to organ dissection of
a sheep heart and virtual dissection using physiology soft-
ware program, to assess the students’ immediate knowledge
acquisition and long-term knowledge retention on normal
heart anatomy and physiology. It was found that the plastic
model group performed significantly better during the ini-
tial exam and the 2-month follow-up exam [20]. This differ-
ence in findings might be due to the difference in methods
of lecture being carried out in both studies. In Lombardi et
al.’s [20] study, the students in plastic model group were
allowed 45-minute of hands-on activity with the models as
well as within-group discussions after 15-minute of Pow-
erPoint lecture; whereas in our study, the students in the
3DPHM group learned individually and had full 1.5 hour
of PowerPoint lecture with different teaching tools incor-
porated throughout the sessions. The amount of time that
they spent on the models might not be enough. On the other
hand, the study by Lombardi et al. [20] only focused on
normal heart anatomy and physiology, whereas our study
focused on CHD, which could justify the difference in find-
ings.

As for the survey responses, although not statistically
significant, greater percentage of students in 3DPHMgroup
responded that the lecture was easy to understand, and that
their knowledge on the topic of CHD has improved. In
Loke et al.’s [2] study, the 3DPHM group rated signifi-
cantly higher satisfaction score towards the teaching ses-
sion, when compared to the control group. On the other
hand, a meta-analysis found that the 3DPHM is associated
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Fig. 6. Mean changes in score between Quizzes 1 and 2 (Quiz 2 score – Quiz 1 score) for both control and 3DPHM groups.
3DPHM, three-dimensional printed heart model.

Fig. 7. Survey responses (number of students, percentage) of the control group with regards to the education session. 3DPHM,
three-dimensional printed heart model; CHD, congenital heart disease.

with higher subjective evaluation scores and satisfactory
level among the study participants [9]. This is also reflected
in our study in which majority of the students responded
(96% in the control group and 85% in the 3DPHM group)
‘agree’ or ‘strongly agree’ that the 3DPHMhad helped them
to gain a deeper understanding of CHD. Hence, the 3DPHM
has contributed to improving students’ learning experience.

It is worthwhile to report that in the survey when the

students were asked to provide additional comments, some
of themmentioned that the coloured digital 3Dmodels were
helpful for them to understand CHD compared to the CT
images (total of 9 from the control group and 4 from the
3DPHMgroup). This is not surprising. As a novice, the stu-
dents may not have the ability yet to mentally reconstruct
the heart anatomy in 3D views based on the 2D images,
not to mention when it comes to CHD when the heart mor-
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Fig. 8. Survey responses (number of students, percentage) of the 3DPHM group with regards to the education session. 3DPHM,
three-dimensional printed heart model; CHD, congenital heart disease.

phology is more complex than the normal anatomy [2,4,21].
Hence, the digital 3D models were helpful for the students
to visualise the heart defects in 3D, and the colour on the
digital 3D models were helpful for them to understand the
hemodynamic changes in the heart for each type of CHD. In
fact, a recently published study by Liddle et al. [22] found
that the use of digital 3D heart models over tele-consultation
had significantly improved the CHD patients’ knowledge
about their disease as well as their cardiac surgical history.
This has demonstrated the value of digital 3D heart models
as an alternative or complementary teaching tool in medical
education, especially when physical meeting is not possible
during coronavirus disease 2019 (COVID-19) pandemic. In
light of the pandemic, virtual education had formed an in-
tegral part of medical education [23]. While there are lim-
ited publications on virtual teaching of CHD, our group had
compared the value of 3DPHM and virtual reality (VR) in
medical teaching of CHD based on the opinions from ra-
diologists, sonographers, and radiographers. It was found
out that the VR heart models had comparable benefits with
3DPHM in medical teaching of CHD [15]. This is another
area that can be explored further in future studies to inves-
tigate the use of virtual models in medical education.

This study has some limitations. Firstly, there were no
pre-test done to test the students’ actual baseline knowledge
on CHD, hence it remains unknown that if both groups are
comparable. Secondly, the selection criteria for the study
participants could not exclude those who had pre-existing
tertiary education, which could affect the results to some
extent. Thirdly, the amount of time that each student in the
3DPHM group spent on assessing 3DPHM was not con-
trolled. Even though they were encouraged to share the
3DPHM among themselves, some students may not spend
as much time on the models as others, therefore reduc-
ing the level of benefits they could gain from the 3DPHM.
Fourthly, both Quizzes 1 and 2 are a mixture of questions on
factual and spatial knowledge on CHD, which might be too
generalised to evaluate the actual effect of 3DPHMonCHD
knowledge acquisition. It is suggested that future studies

should group the questions into different educational com-
ponents, for example, knowledge acquisition and structural
conceptualization [17], to investigate the effect of 3DPHM
on these two components separately. Additionally, in the
last question of the survey, the control group was being
asked speculatively about their opinion on 3DPHM. This
could have led to bias in the results, hence should be inter-
preted with caution. Lastly, it is unknown if the students
had done any extra studies or revision on CHD during the
6-week’s duration between Quizzes 1 and 2, which could
have affected their score in Quiz 2. Future similar studies
should take this confounding variable into account.

5. Conclusions
The results of this study suggested no significant im-

provement in CHD knowledge acquisition and knowledge
retention with the use of 3DPHM compared to the conven-
tional teaching methods. The 3DPHM did not significantly
enhance the self-perceived knowledge improvement either
among the students when compared to the conventional
teaching methods. However, the positive benefit that the
3DPHMcould bring to enhance the students’ learning expe-
rience should not be overlooked. Future research should in-
clude larger number of sample size, and categorize the quiz
questions into different educational components, allowing
measurement of the true effect of 3DPHM on knowledge
acquisition of different aspects of CHD.

Author contributions
IL and ZHS designed the research study. IL performed

the research investigation. IL analysed the data. ZHS pro-
vided supervision of the study. All authors contributed to
editorial changes in the manuscript. All authors read and
approved the final manuscript.

Ethics approval and consent to participate
The study was approved by the Human Research

Ethics Committee of CURTIN UNIVERSITY (approval

8

https://www.imrpress.com


number: HRE 2017-0138). All participants signed inform
consent prior to participating in the study.

Acknowledgment
The authors would like to thank Mauro Vaccarezza

from Curtin University for his assistance in advertising this
research project to the medical students.

Funding
This research received no external funding.

Conflict of interest
The authors declare no conflict of interest. Zhonghua

Sun is serving as one of the Guest editors of this journal.
We declare that Zhonghua Sun had no involvement in the
peer review of this article and has no access to informa-
tion regarding its peer review. Full responsibility for the
editorial process for this article was delegated to Peter A.
McCullough.

Supplementary material
Supplementary material associated with this article

can be found, in the online version, at https://www.imrpre
ss.com/journal/RCM/23/1/10.31083/j.rcm2301022.

References
[1] Costello JP, Olivieri LJ, Krieger A, Thabit O, Marshall MB, Yoo

S, et al. Utilizing Three-Dimensional Printing Technology toAs-
sess the Feasibility of High-Fidelity Synthetic Ventricular Sep-
tal Defect Models for Simulation in Medical Education. World
Journal for Pediatric and Congenital Heart Surgery. 2014; 5:
421–426.

[2] Loke Y, Harahsheh AS, Krieger A, Olivieri LJ. Usage of 3D
models of tetralogy of Fallot for medical education: impact
on learning congenital heart disease. BMC Medical Education.
2017; 17: 54.

[3] Smerling J, Marboe CC, Lefkowitch JH, Pavlicova M, Bacha
E, Einstein AJ, et al. Utility of 3D Printed Cardiac Models for
Medical Student Education in Congenital Heart Disease: across
a Spectrum of Disease Severity. Pediatric Cardiology. 2019; 40:
1258–1265.

[4] Costello JP, Olivieri LJ, Su L, Krieger A, Alfares F, Thabit O, et
al. Incorporating three-dimensional printing into a simulation-
based congenital heart disease and critical care training curricu-
lum for resident physicians. Congenital Heart Disease. 2015; 10:
185–190.

[5] Tan H, Huang E, Deng X, Ouyang S. Application of 3D printing
technology combined with PBL teaching model in teaching clin-
ical nursing in congenital heart surgery. Medicine. 2021; 100:
e25918.

[6] Yoo S, Thabit O, Kim EK, Ide H, YimD, Dragulescu A, et al. 3D
printing in medicine of congenital heart diseases. 3D Printing in
Medicine. 2016; 2: 3.

[7] Lim KHA, Loo ZY, Goldie SJ, Adams JW, McMenamin PG.
Use of 3D printed models in medical education: a randomized
control trial comparing 3D prints versus cadaveric materials for
learning external cardiac anatomy. Anatomical Sciences Educa-
tion. 2016; 9: 213–221.

[8] Krishnasamy S, Mokhtar RAR, Singh R, Sivallingam S, Aziz
YFA, Mathaneswaran V. 3D Rapid Prototyping Heart Model
Validation for Teaching and Training - A Pilot Project in a Teach-
ing Institution. Brazilian Journal of Cardiovascular Surgery.
2021. (in press)

[9] Karsenty C, Guitarte A, Dulac Y, Briot J, Hascoet S, Vincent
R, et al. The usefulness of 3D printed heart models for medi-
cal student education in congenital heart disease. BMC Medical
Education. 2021; 21: 1–8.

[10] Valverde I, Gomez G, Byrne N, Anwar S, Cerpa MAS, Talavera
MM, et al. Criss-cross heart three-dimensional printed models
in medical education: A multicenter study on their value as a
supporting tool to conventional imaging. Anatomical Sciences
Education. 2021; 00: 1–12.

[11] Lau IWW, Sun Z. Dimensional Accuracy and Clinical Value of
3D Printed Models in Congenital Heart Disease: a Systematic
Review and Meta-Analysis. Journal of Clinical Medicine. 2019;
8: 1483.

[12] Lau IWW, Liu D, Xu L, Fan Z, Sun Z. Clinical value of patient-
specific three-dimensional printing of congenital heart disease:
Quantitative and qualitative assessments. PLoS ONE. 2018; 13:
e0194333.

[13] Giannopoulos AA, Chepelev L, Sheikh A, Wang A, Dang W,
Akyuz E, et al. 3D printed ventricular septal defect patch:
a primer for the 2015 Radiological Society of North Amer-
ica (RSNA) hands-on course in 3D printing. 3D Printing in
Medicine. 2015; 1: 3.

[14] Sun Z, Lau I, Wong YH, Yeong CH. Personalized three-
dimensional printed models in congenital heart disease. Journal
of Clinical Medicine. 2019; 8: 522.

[15] Lau I, Gupta A, Sun Z. Clinical Value of Virtual Reality versus
3D Printing in Congenital Heart Disease. Biomolecules. 2021;
11: 884.

[16] Jones TW, SeckelerMD. Use of 3Dmodels of vascular rings and
slings to improve resident education. Congenital Heart Disease.
2017; 12: 578–582.

[17] SuW, Xiao Y, He S, Huang P, Deng X. Three-dimensional print-
ing models in congenital heart disease education for medical stu-
dents: a controlled comparative study. BMCMedical Education.
2018; 18: 178.

[18] Yammine K, Violato C. The effectiveness of physical models
in teaching anatomy: a meta-analysis of comparative studies.
Advances in Health Sciences Education. 2016; 21: 883–895.

[19] White SC, Sedler J, Jones TW, Seckeler M. Utility of three-
dimensional models in resident education on simple and com-
plex intracardiac congenital heart defects. Congenital Heart Dis-
ease. 2018; 13: 1045–1049.

[20] Lombardi SA, Hicks RE, Thompson KV, Marbach-Ad G. Are
all hands-on activities equally effective? Effect of using plas-
tic models, organ dissections, and virtual dissections on student
learning and perceptions. Advances in Physiology Education.
2014; 38: 80–86.

[21] Lion RP, Oei G, Collado NA, Singh S, Martens T. Integration
of 3-dimensional Imaging into a Congenital Heart Disease Cur-
riculum for the Cardiac Intensive Care Unit. Journal of Cardio-
vascular Disease Research. 2020; 11: 12–15.

[22] Liddle D, Balsara S, Hamann K, Christopher A, Olivieri L, Loke
Y. Combining patient-specific, digital 3D models with tele-
education for adolescents with CHD. Cardiology in the Young.
2021:1-6.

[23] Tabatabai S. COVID-19 impact and virtual medical education.
Journal of Advances in Medical Education & Professionalism.
2020; 8: 140–143.

9

https://www.imrpress.com/journal/RCM/23/1/10.31083/j.rcm2301022
https://www.imrpress.com/journal/RCM/23/1/10.31083/j.rcm2301022
https://www.imrpress.com

	1. Background
	2. Materials and methods
	2.1 Study design 
	2.2 Generation of 3D printed heart models
	2.3 Education session on CHD
	2.4 Assessment of participants' knowledge acquisition and learning experience 
	2.5 Statistical analysis 

	3. Results
	4. Discussion
	5. Conclusions
	Author contributions
	Ethics approval and consent to participate
	Acknowledgment
	Funding
	Conflict of interest
	Supplementary material

