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Abstract

Introduction 3D printing has recently emerged as an alternative to cadaveric models in medical education. A growing body
of research supports the use of 3D printing in this context and details the beneficial educational outcomes. Prevailing studies
rely on participants’ stated preferences, but little is known about actual student preferences.

Methods A mixed methods approach, consisting of structured observation and computer vision, was used to investigate
medical students’ preferences and handling patterns when using 3D printed versus cadaveric models in a cardiac pathology
practical skills workshop. Participants were presented with cadaveric samples and 3D printed replicas of congenital heart
deformities.

Results Analysis with computer vision found that students held cadaveric hearts for longer than 3D printed models (7.71 vs.
6.73 h), but this was not significant when comparing across the four workshops. Structured observation found that student
preferences changed over the workshop, shifting from 3D printed to cadaveric over time. Interactions with the heart models
(e.g., pipecleaners) were comparable.

Conclusion We found that students had a slight preference for cadaveric hearts over 3D printed hearts. Notably, our study
contrasts with other studies that report student preferences for 3D printed learning materials. Given the relative equivalence
of the models, there is opportunity to leverage 3D printed learning materials (which are not scarce, unlike cadaveric materi-
als) to provide equitable educational opportunities (e.g., in rural settings, where access to cadaveric hearts is less likely).
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Introduction

Current educational practices that involve cadaveric samples
enable students to make spatial connections between rel-
evant structures and gain understanding of pathological pro-
cesses [1]. However, cadaveric samples are limited resources
that pose financial costs for storage and maintenance [2—4],
health concerns risks from contact with embalming fluids
[5], and potential ethical and psychological challenges for
students [3, 5]. As medical programs move from large cit-
ies to multiple locations across regional and rural settings,
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cadaveric samples may not be available, raising equity
issues. The recent COVID-19 global pandemic introduced
another concern for cadaveric samples, which need to be
cleaned between student groups to limit the spread of infec-
tious diseases. The process of cleaning cadaveric objects
can be physically and chemically degrading, damaging their
structure and fixation. Thus, while cadaveric samples may
present the optimal method for learning anatomy and pathol-
ogy, alternatives that address issues of equity, access, and
infection control must be considered.

3D printed models are becoming increasingly promi-
nent in medical education, with applications at every stage
of training, including anatomy, pathology, simulation, and
pre-surgical planning [4, 6, 7]. Many have reported on
methods of producing such models [2, 8, 9], and demon-
strated the short-term educational benefits of 3D printed
anatomical models in teaching [7, 10]. There is much
evidence to suggest that 3D printed models — when
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compared to two dimensional anatomical drawings, images
or atlas, 3D computer models, and even cadaveric models
— can improve test scores in structure identification and
anatomy [10-13].

Beyond this direct correlation with learning outcomes,
recent studies have suggested that inclusion of 3D printed
resources in medical education results in an enriched learn-
ing experience for students [14]. Studies exploring this line
of enquiry often rely on students’ perspectives and recol-
lections (e.g., student opinions collected through focus
groups, questionnaires, and surveys) [7, 15]. Students report
improved satisfaction with 3D printed models compared
with conventional anatomy teaching methods [14]. Nota-
bly, there have been no studies to assess if these subjective
findings are also seen in the real-time actions of students.

We hypothesize that the use of 3D hearts in learning
activities could encourage students to be more inquisitive
and open to experimentation as these samples are signifi-
cantly more robust than cadaveric models. This study aimed
to investigate the behaviors and interactions of students with
paired cadaveric and replicated 3D printed hearts during a
structured learning workshop on congenital heart deformi-
ties. Specifically, our investigation establishes whether stu-
dents have a preference between 3D printed or cadaveric
hearts, and whether there are differences in how students
interact with each of these educational resources.

Methods

The study employed a mixed methods approach of structured
observation [16] and computer vision analysis [17]. Ethics
approval was received from the Sydney Children’s Hospi-
tals Network Human Research Ethics Committee (protocol
LNR/18/SCHN/337).

Context

This research took place during an existing cardiac pathol-
ogy practical skills workshop that focused on congenital
heart deformities. The workshop was taught during an
8-week pediatric term, which is held four times per year for
a rotating cohort as part of a 4-year graduate-entry medi-
cal program. At the time of the study, students undertook
the term at the end of their third year or beginning of their
fourth year. Each term, approximately a 70-student rotation
attended the hospital for their structured teaching week, in
which the workshop was held. The students had experience
of learning with cadaveric specimens during their first and
second year, but we are not aware of any formal teaching
using 3D printed models.
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Recruitment

The study took place during four workshops, held over two
terms, from April to June 2019, with each workshop contain-
ing different students. Students were invited to participate in
the study or attend the usual workshop. A total of 90 students
consented to be a part of the study, which included an initial
pilot study of 23 students to establish the protocol for the
subsequent sessions (such as room layout and how the heart
models were circulated) and were not included in the final
analyses. No participants withdrew after consenting.

Study Design

Conventionally, the 30-min cardiac pathology practical
skills workshops involved Pathology Department tutors
(senior paediatric pathologists) using cadaveric heart
samples to demonstrate the three-dimensional pathology.
The 18 cadaveric congenital heart deformity specimens
are regularly used by the Department of Pathology at the
Children’s Hospital at Westmead for a practical workshop
for medical students from the University of Sydney. These
hearts are fixed and waxed, enabling interaction with the
models, and were prepared with windows cut to highlight
key features. The teaching collection includes examples of
pathologies such as tetralogy of Fallot, ventricular septal
defect, patent ductus arteriosus, and atrial septal defects
(and combinations of pathologies).

For our study, 3D printed replicas of these cadaveric
heart models were used alongside the current teaching
practice. CT scans of the hearts were performed at 0.4-mm
slice thickness using a Siemens SOMATOM Force. The CT
scans were exported as DICOM files and segmented using
Mimics v19.0 and converted into STL format. Hearts were
printed at scale using fused deposition modelling (FDM)
on the Stratasys Fortus 450mc in ASA using T12 tips at a
layer height of 0.1778 mm with caustic acid—soluble support
material SR-30. A total of 18 cadaveric hearts were scanned
and replicated using 3D printing.

Students were informed about the study and consented
to participate and be video recorded but were not told that
the researchers were analyzing their handling of the heart
models. This ensured that students acted authentically with
the educational models and that their behavior was not
influenced by the study’s objective.

Following a didactic lecture on the formation of congenital
heart deformities from the lead tutor (a pathologist), cadav-
eric heart models and their 3D printed replicas (18 paired
samples in total) were passed around the students (Fig. 1a).
For each type of congenital heart deformity, the paired
hearts were passed in plastic trays so that students could
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Fig. 1 The experimental setup,
including a the paired 3D
printed (left) and cadaveric
(right) hearts in a tray, b the
room and recording configura-
tion, and ¢ a sample frame from
a video recording

>

access whichever type of heart model they preferred. The
paired hearts each had an identical tag, taken from the origi-
nal cadaveric hearts, which described the patient and heart
deformity. The students undertook unstructured exploratory
learning as they inspected each heart type and passed along
the trays as they finished their observations. Students were
encouraged to use a pipe cleaner and their mobile phone
lights to inspect the anatomic features of the heart models
and identify defects in internal heart chamber walls.

Data Collection

The primary mode of data collection was through video
recordings of the participants as they interacted with the
3D printed and cadaveric models during the workshop. The
room was set up so that tables were in a square shape with
a camera rig in the center (Fig. 1b). A custom 3D printed
jig housed five GoPro video cameras and was configured to
capture all the students sitting around the tables (Fig. 1c).
A total of 700 min of video footage was captured across
the 4 workshops, each having a duration of approximately
40 min, with the students handling the hearts for approxi-
mately 20 min. All videos were filmed with 1920 x 1080
definition at a frame rate between 24 and 48 frames per sec-
ond (depending on the GoPro used).

Data Coding
Structured Observation

Structured observation was used by the researchers to sys-
tematically observe the behavior of students during their car-
diac pathology practical skills workshop as they interacted
with the 3D printed and cadaveric hearts. Most qualitative
methods of observation require retrospective reports by par-
ticipants (e.g., a post-workshop focus group or survey), or
represent scenarios in which behavior can only be inferred
[18]. Structured observation was selected for this study as
it offers a way to validate findings from previous research
through direct observation, rather than subjective measures
such as inference, reflection, or participants’ opinions. The
observation followed a set protocol to observe and record
behavior, allowing the researchers to observe behavior
directly. The researchers used a coding scheme to capture
the actions and behaviors of students. The coding scheme
captured interactions with the 3D printed and cadaveric
hearts, including the sequence in which hearts were used by
students (i.e., cadaveric or 3D printed heart first, where both
were available), particular types of interaction (i.e., used a
mobile phone light to highlight features of a heart, poked
with a pipe cleaner or fingers to explore the deformities of
a heart, and rough handling, e.g., dropping a heart on the
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table), and instances of collaboration (e.g., where a student
discussed model features with another student, or consulted
with a tutor for clarification). Each of these interactions was
captured in a separate column of the coding scheme, based
on the type of interaction and whether it occurred with a
3D printed or cadaveric heart. Instances where students did
not have free choice for which heart to use were excluded
from the data set for structured observation, i.e., where a
pair of students could only reach one tray (as seen in Fig. 1)
and each student’s decision to use a cadaveric or 3D printed
model was forced as the other student had already picked up
one of the available models.

Interactions were observed through recordings of the
workshops, with four of the researchers (two PhDs, one
Bachelor of Design/PhD student, one Bachelor of Engi-
neering) collectively coding the data. During the initial
coding, each researcher individually coded data for one
participant. Codes were then compared between research-
ers, and discrepancies and outlying events were discussed.
Triangulation between the researchers in this way assisted in
validating the coding and helped the researchers establish a
consistent coding style and align results. Once the research-
ers had aligned their coding practices, further coding was
completed so that each participant’s data was coded by only
one researcher. The researchers were co-located to maintain
rigorous and consistent coding. This allowed the researchers
to collectively discuss and interpret any ambiguous interac-
tions that were observed.

In reporting the structured observation, each participant’s
heart choice from each tray was represented by the letters P
(printed model only), C (cadaveric only), PC (printed then
cadaveric), and CP (cadaveric then printed). The choice of
heart type was coded each time a tray was available for the
student. For example, “CP, CP, PC, C” illustrates the choices
made by a participant across four trays.

Computer Vision Analysis

Computer vision analysis was used to quantitatively inves-
tigate how students used the hearts. Object detection is a
category of computer vision algorithm used to positively
identify pre-defined objects within an image or data source.
Object detection as a field of study has been accelerated by
developments in deep learning and data analytics [19]. In the
context of this study, object detection was used to identify
two objects, cadaveric hearts, and 3D printed models, as
seen in Fig. la.

The object detection algorithm employed in this study
was YOLOVS pre-configured object detection model, which
was trained on 418 manually coded bounding boxed images
of the hearts [17]. Once trained, the system was able to iden-
tify the location of either category of object, 3D printed or
cadaveric, in the videos of the participants. Several iterations
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of the dataset’s design were required to achieve a final mean
average precision of 0.93 measured at an intersection of
union value of 0.5 over 300 epochs, including two aug-
mentations to the dataset (brightness and blur) [20]. The
outcome of this process is a model that is 94% accurate at
positively identifying 3D printed or cadaveric hearts in the
videos of the participants. This model was then applied to
all 700 min of the footage and used to generate the analyses
presented in the results. Notably, this allowed the research-
ers to measure the quantity of time that each model type was
used. Unlike the structured observation, the computer vision
analysis was unable to discriminate between when students
had free choice over their heart type.

Data Analysis

Wilcoxon matched pairs signed rank test was used to com-
pare student preferences (time held) in the four sessions and
was run on GraphPad Prism version 9.1.2 for Windows (San
Diego, CA, USA). To assess student interactions and col-
laboration, we assumed a null hypothesis that students would
choose 3D printed and cadaveric hearts at equal rates (i.e.,
50%:50%). We used IBM SPSS version 25 for Windows
(Armonk, NY, USA) and tested goodness of fit using the chi-
squared statistic to compare observed vs. expected counts
based on whether students first picked up a 3D printed or
cadaveric heart.

Results

Our findings are split across two primary themes: (i) stu-
dents’ overall preferences for cadaveric or 3D printed hearts
and how these changed over the course of the workshop; and
(i1) how students interacted with the different hearts.

Student Preferences for 3D Printed vs. Cadaveric
Models

Through our mixed methods approach of structured obser-
vation and computer vision, we were able to determine
student preferences for 3D printed and cadaveric hearts,
along with how these preferences shifted during the four
workshops. Computer vision analysis revealed that use of
the two types of hearts was relatively similar throughout
the workshops (Fig. 2a), with each of the 4 different groups
of students (sessions 1 to 4) spending slightly more time
holding cadaveric hearts than 3D printed hearts across all
four sessions (7.71 vs. 6.73 h for all students). When com-
paring the four sessions (Fig. 2b), there was no significant
difference between the time each heart type was handled
(p=0.1250).
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Fig.2 Preferences for model
type, as shown from a the
cumulative time each heart type
was handled, and b the time
handled for each heart type from
computer vision analysis for
each session as a percentage of
overall time held. P, 3D printed
heart; C, cadaveric heart; dotted
line represents 50%
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a. Handling over time

b. Handling time
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Participant preferences for using different types of hearts
shifted across the duration of the workshop. From the struc-
tured observation, the data sequences for each participant
were collated and normalized to provide an overview of stu-
dent choices across the workshop, highlighted in Fig. 3. This
figure shows that most students’ initial preference was to use
both types of hearts available (PC and CP), with students
seeming to select one “preferred” type of model (P or C) as
the workshop progressed. Notably, students’ free choice of
heart from the first tray that they received skewed heavily
towards picking up a 3D printed heart first, then a cadaveric
heart from the same tray (PC). Fewer students interacted
with cadaveric hearts first, then picked up a printed heart

Distribution of model preference

Time

Fig.3 The change in model preference over the time course of the
workshop. The time (in minutes) for each tutorial was normalized. P,
3D printed heart; C, cadaveric heart; PC, 3D printed then cadaveric
heart; CP, cadaveric then 3D printed heart

Session

from the same tray (CP). The majority of students interacted
with both hearts available to them in the first tray (PC and
CP), while few students stuck to only a printed (P) or cadav-
eric heart (C). Conversely, students’ choice of hearts for the
final tray they received was skewed towards cadaveric hearts
(C), with a majority of students interacting with only one
type of model from that tray.

Student Interaction with 3D Printed vs. Cadaveric
Models

Students had a slight preference to use cadaveric hearts for
“softer” activities, such as use of their mobile phone light
to highlight features of a heart (P: 33%, C: 46%, CP/PC:
21%; Fig. 4a), but this was not significant (10 vs. 14, chi-
square 0.667, 1df, p=0.414). Preferences for poking with a
pipecleaner (P: 39%, C: 42%, CP/PC: 42%; 68 vs. 75, chi-
square 0.343, 1df, p=0.558; Fig. 4b) or fingers (P: 54%, C:
40%, CP/PC: 6%; 68 vs. 75, chi-square 0.343, 1df, p=0.558;
Fig. 4c) were similar across both types of hearts. Students
were less reserved when interacting with printed hearts, with
a greater proportion of rough handling (P: 78%, C: 22%; 14
vs. 4, chi-square 5.556, 1df, p=0.018; Fig. 4d), although the
overall numbers were small. Rough handling included acci-
dental drops and less careful transfers of the hearts; however,
none of the handling coded was considered unprofessional
or disrespectful to the cadaveric samples.

Figure 5 shows coded instances of collaboration among
students and with tutors. We found that when there was col-
laboration between students, they were most likely to be
handling the cadaveric hearts (P: 37%, C: 54%, CP/PC: 9%;
Fig. 5a). Student to student collaboration was less common
with the 3D printed hearts than cadaveric hearts (108 vs.
159, chi-square 9.742, 1df, p=0.002). When students were
talking to the tutors, there was no significant preference for
either heart type (P: 35%, C: 52%, CP/PC: 13%; 9 vs. 14,
chi-square 1.087, 1df, p=0.297; Fig. 5b). The researchers
also captured which hearts students chose to use to initi-
ate collaboration and which type of heart they responded to
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Fig.4 Student interactions and explorations with the different heart
model types, including a shining their mobile phone light and b pass-
ing pipecleaners through the models to identify defects, ¢ using their
fingers to poke, as well as d instances of rough handling, whether
seemingly deliberate or accidental. P, 3D printed heart; C, cadaveric
heart; PC, 3D printed then cadaveric heart; CP, cadaveric then 3D
printed heart

collaboration with (e.g., when collaboration was initiated by
a student the other student would often “respond” by picking
up the paired heart to assist in communication and to better
see what was being discussed). However, there was limited
difference between use of cadaveric and printed hearts when
initiating collaboration and responding to it.

b. Student to tutor
collaboration

a. Student to student

collaboration
200 15+

150+
10

1004

Events
Events

50

P PC CcP C P PC cp C

Heart type Heart type

Fig.5 The heart model types used in a collaborative setting, includ-
ing a between students and b between students and tutors. P, 3D
printed heart; C, cadaveric heart; PC, 3D printed then cadaveric
heart; CP, cadaveric then 3D printed heart
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Discussion

We used a mixed methods approach to understand the pref-
erences of medical students when presented with a choice
between 3D printed and cadaveric hearts. Through the novel
application of computer vision analysis, we found that the
overall amount of time each type of heart was held was com-
parable but overall students favored cadaveric samples. The
preference for cadaveric models is particularly prevalent in
the results from structured observation towards the end of
the workshop. Structured observation showed that early in
the session most students chose to pick up 3D printed hearts
but shifted towards favoring cadaveric hearts by the end of
the tutorial. Most students chose to interact and collaborate
with either the printed or cadaveric hearts, suggesting that
these are equivalent in this context. Our results contrast to
many studies that found the stated preferences of medical
students were for 3D printed anatomy models over other
forms [14].

Studies investigating the utility of 3D printed anatomy
and pathology teaching materials in medical education
indicate that students tend to prefer 3D printed models over
conventional materials, but these studies are typically lim-
ited to quizzes and questionnaires [14, 21]. One systematic
review finding is that 5 out of 6 studies showed improved
satisfaction with 3D printed models over conventional meth-
ods [14]. Contrary to studies that found a stated preference
for 3D printed models, we found that preferences tended
towards cadaveric hearts, which could be due to several rea-
sons. Satisfaction and preferences are often captured using
Likert scales, which can be confounded by social desirability
bias as students respond with what they think the investiga-
tors want to hear [21]. In addition, our study is unique as it
captured real time student preferences over the course of
the workshop rather than being a reflection or subjective
measure after the fact.

The 3D printing method chosen led to models being uni-
formly cream colored, with some print artefacts visible, as
opposed to the brown coloring of the aged cadaveric hearts,
meaning that the preference towards cadaveric hearts could
be due to the appearance of the models. Some small details
of the hearts, such as the smaller papillary muscles, were lost
in the translation to 3D model and were limited by the 3D
printed method chosen (material extrusion tip size, smallest
detail possible was 0.1778 mm wide); however, such details
are usually not pedagogically relevant for the learning objec-
tives of this workshop.

The participants’ observed behavior could be attributed
to curiosity and novelty. Curiosity could offer a rationale
for why students chose to interact with both types of hearts
in earlier trays, prior to deciding about which one they pre-
ferred in later trays. It is possible, given the students’ prior
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experience with cadaveric models, that initial preferences for
printed models were a result of novelty — 3D printed mod-
els may have been a new phenomenon to them in a formal
educational context. Nevertheless, the total time spent by
participants interacting with each heart and their selection of
hearts in the final tray indicate that the preference for differ-
ent hearts is comparable, despite a skew towards cadaveric.
Alternatively, initial preferences for printed models could be
attributed to students being uncomfortable handling cadav-
eric models, or concerns about damaging precious, finite
samples. The students may have felt the need to acclima-
tize themselves to handling a cadaveric specimen and the
3D printed model assisted with this. This latter point about
concern for samples is also supported by rougher handing
of printed hearts compared to the cadaveric hearts. Students
were seemingly more willing to manipulate the printed
hearts without fear of causing damage.

Although there was a slight preference to the cadaveric
heart models over time, the 3D printed hearts were compa-
rable when considering interactions (e.g., using pipecleaners)
and collaboration with tutors. This has significant implications
when it comes to future workshops and supports our further
use of these models. Once the cadaveric heart samples have
been digitized, their three-dimensional form has become
immortalized and the use of 3D printing enables infinite repro-
duction of these precious samples. 3D printed models can be
used to produce multiple replicates of a single model that can
be used in a shared learning experience. The 3D printed mod-
els can be distributed to sites that may not be able to main-
tain a cadaveric teaching collection, improving the equity of
access for regional and remote teaching sites. Further, 3D
printed models can be easily cleaned (increasingly important
following the COVID-19 pandemic), stored, shipped, and can
be replaced when broken. We believe that 3D printed anatomy
and pathology models play an important role in augmenting
traditional cadaver-based medical teaching practices.

Our study is not without limitations. While our structured
observation was able to distinguish between free and forced
choice (for instance, if students shared the heart models in a
tray), our computer vision approach was not able to do this. As
such, our computer vision analysis reflects the hearts that were
held, as opposed to the hearts that were chosen to be held. We
also did not directly ask students as to their preferences of heart
type following the study, and thus had to infer student pref-
erence based on their actions. However, as students were not
aware of what we were researching they were not creating bias
in their responses (i.e., social desirability bias; telling us what
they thought we wanted to hear). Our study did not include any
pre- or post-testing of the students’ knowledge of congenital
heart defects, so we are unable to assess any impacts on edu-
cational outcomes. Our GoPro device recordings were fish-eye
distorted, which limited the spatial information we could assess,
such as velocity and acceleration of the heart models.

Future research could focus on the impact of different
3D printing methods with the heart models (such as multi-
material and color prints) on student engagement and pref-
erencing. One future line of inquiry would be to increase
the overall fidelity of the observational data, allowing for
assessment of granular spatial information as it relates to
the handling of the hearts. For example, the exact rotation
and motion of the heart could be observed to derive more
exact measures of participant handling. Another would be
to include cultural and emotional evaluations in the study
protocol, allowing for analysis of participants’ emotional
state and culture-based responses to the models.

Conclusion

In this paper, we investigate students’ preferences between 3D
printed and cadaveric hearts in a cardiac pathology practical skills
workshop. We used structured observation and object detection
to assess how students interacted with the two types of models,
and whether students had a preference for either type of model.
We found that while students used cadaveric hearts slightly more,
in most aspects we explored, such as duration of use and types of
interaction, the models were largely comparable. These results
support the use of 3D printed models for medical education, espe-
cially in areas with limited capacity to support cadaveric samples.
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