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Abstract

In this paper, we present an exploratory study on the potential impact of holographic heart models and mixed reality tech-
nology on medical training, and in particular in teaching complex Congenital Heart Diseases (CHD) to medical students.
Fifty-nine medical students were randomly allocated into three groups. Each participant in each group received a 30-minute
lecture on a CHD condition interpretation and transcatheter treatment with different instructional tools. The participants of
the first group attended a lecture in which traditional slides were projected onto a flat screen (group “regular slideware”, RS).
The second group was shown slides incorporating videos of holographic anatomical models (group “holographic videos”,
HV). Finally, those in the third group wore immersive, head-mounted devices (HMD) to interact directly with holographic
anatomical models (group “mixed reality”, MR). At the end of the lecture, the members of each group were asked to fill in
a multiple-choice questionnaire aimed at evaluating their topic proficiency, as a proxy to evaluate the effectiveness of the
training session (in terms of acquired notions); participants from group MR were also asked to fill in a questionnaire regard-
ing the recommendability and usability of the MS Hololens HMDs, as a proxy of satisfaction regarding its use experience
(UX). The findings show promising results for usability and user acceptance.
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Introduction

This paper focuses on the role of Mixed-Reality (MR)
technology in the learning of Congenital Heart Diseases
(CHD) and related treatments, such as the sinus venosus
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atrial septal defect (SV-ASD), the superior vena cava type
with partial anomalous pulmonary venous return (PAPVR)
and its transcatheter treatment. To this aim, we will briefly
outline the current state of the art in virtual 3D models and
objects, which are typical in MR for medical training and
education, and we will report on a small-scale application
of a commercial MR technology during a lecture on CHD
diagnosis and treatment. The aim of our user study is to
assess whether immersive 3D models enable better knowl-
edge acquisition than 3D models displayed on a 2D screen,
and than traditional teaching materials. The discussion will
cover the potential benefits and challenges of MR technol-
ogy in the field of medical training, and we will propose
some future directions for research and development.

The teaching of CHD greatly relies on the use of two-
dimensional images, often in the form of simple diagrams;
however, these images cannot convey depth perception and
leave a lot of the understanding to individual spatial imagi-
nation, ultimately complicating the learning process [1, 2].
To address these limitations, physicians have developed
new techniques that allow for the three-dimensional visu-
alization of CHDs, including MR technology.

MR technology (sometimes also called holographic
technology in the educational field [3]) combines ele-
ments of both virtual and physical worlds to be experi-
enced via headsets. While similar to Virtual Reality (VR)
in its real-time simulation of visual sensation and in track-
ing the user’s position and movements (usually through
head-mounted display), MR does not fully immerse users
in a virtual 3D space but rather projects virtual elements
into a real-world environment. This link between real and
virtual environments should help in reducing adverse
health effects, such as cybersickness [4], blurred vision,
and disorientation, which are often experienced in vir-
tual reality applications that use head-mounted displays
[5]. MR technologies can provide immersive, interactive
learning experiences for medical students and practition-
ers to help them develop the skills and knowledge they
need [6], and therefore they have the potential to revolu-
tionize undergraduate scientific education [7, 8] as well
as medical training [9-11]. An example of this is an MR
system called ARS-CADPT, which was developed for
coronary artery diagnosis and preoperative planning [12]
and offered real-time, user-friendly human-computer inter-
action via gesture recognition. CHD training is a suitable
field for testing the effectiveness of holographic technol-
ogy since the pathophysiology of CHDs is strictly related
to the underlying anatomical anomaly; therefore, the
understanding of the complex three-dimensional anatomy
of these conditions is essential to assess pathophysiologi-
cal consequences and guide treatment decisions. The ben-
efit of 3D holograms compared to printed images has been
shown to significantly improve anatomical knowledge and

@ Springer

understanding [13], due to a suspected reduction in cogni-
tive load [14, 15]

Several studies on 3D holograms for surgical training for
CHD showed increased student motivation, strengthened
learning efficiency and better communication mechanisms
between teachers and students. [16] The HoloLens device
outperformed traditional approaches in the teaching of car-
diovascular disease on several pedagogy measurements,
including student experience, satisfaction, problem-solving
skills, and clinical reasoning. [17] Different studies in the
fields of neuroanatomy and neurophysiology [18, 19] point
to less conclusive results: in one case, students who studied
from a traditional projector-based Microsoft PowerPoint sig-
nificantly outperformed the HoloLens group in an anatomy
identification test and brain physiology question test, while
reporting higher mean test anxiety scores; however, the Hol-
oLens group showed a significantly higher preference to the
learning experience compared to the PPT group based on a
systems self-efficacy questionnaire. [19] In another com-
parison between lessons delivered through HoloLens and
through a handheld tablet device, [18] no significant differ-
ences were found in test scores between the two methods,
while reporting a significant increase in dizziness with the
use of HoloLens. Still, even when no differences emerged
in formative value, other researches showed that students
expressed the desire to be trained both in traditional and
innovative technology for pre-operative planning [15] due to
its engaging nature [20], also pointing to its reduced cogni-
tive load and effort, shorter response time and more positive
emotions. [15] In our study, we will focus on the pedagogi-
cal potential of Mixed Reality experiences via the Micro-
soft HoloLens device, testing its effectiveness (measured as
increased participant knowledge) and the user experience of
students in comparison to traditional means (regular slides)
and 2D holographic videos.

Materials and method
Participants and models

For this study, we enrolled fifty-nine medical students from
the Vita-Salute San Raffaele University, Milan, Italy during
their third academic year, just after the teaching of the course
on general cardiology. During the lessons, two models were
used: one to show the anatomy, and one to show the inter-
ventional treatment. Both models were patient-specific and
were derived from CT (Computerized Tomography) dataset.

Instructional tools

The hardware used for this study was Microsoft HoloLens
2.0 (Microsoft Corp., Redmond, WA, USA) running on
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Fig. 1 First-person view of

the user interaction with the
anatomical 3D model using the
R&D version of ARTICOR.
The model (light brown) can be
visualized in the 3D space and
hand tracking (meshed silver
gloves) can be used to interact
with the model itself

Windows Holographic Operative system. The device can
perform hand, head tracking and spatial mapping of the
room, which together allow for a holographic visualization
and intuitive interaction with the virtual objects while allow-
ing for complete awareness of one’s actual surroundings.
On the headsets an R&D version of the software platform
ARTICOR®(developed by Artiness srl, Milano, Italy) was
installed, for the visualization and interaction with holo-
graphic 3D images and models in the medical field (Fig. 1).

The software platform allowed all HoloLens devices, i.e.,
all participants (the teacher and the students), to be virtually
located in the same collaborative session with the relative
position and orientation of the 3D models synced between
all of them (Figs. 2 and 3).

Fig.2 First-person view of the
user during a collaborative session

Teaching procedure

The method and instructional tool used to deliver the lesson
were the experimental independent variable. The medical
students were randomly allocated into three groups (group
RS, group HV, and group MR, see Fig. 3) of 20, 20 and
19 people respectively. The lessons were organized so that
the three groups had the same amount of time available. In
detail, each participant in each group received a 30-minute
recorded lecture on SV-ASD superior vena cava type with
PAPVR, and its transcatheter treatment. The only differ-
ence was in the use of the images between groups, as the
lectures were enriched with distinct instructional tools: the
first group attended a traditional lecture with slides projected
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Fig.3 Collaborative session
between six students and the
instructor

onto a flat screen (group “regular slideware”, RS). The sec-
ond group was shown slides incorporating videos of holo-
graphic anatomical models of SV-ASD with PAPVR anat-
omy, and transcatheter intervention planning, both displayed
as a non-interactive 2D video on a on a traditional projector
screen (group “holographic videos”, HV). The same holo-
graphic 3D model was also used for the “mixed reality”
group. The MR group interacted with holographic images
of the CHD and SV-ASD anatomy, procedural planning and
procedural results wearing an immersive device during 3
collaborative sessions of 6 students in a large room: during
each lecture, 8 MR devices (HoloLens) were available: all
students in the MR group and the professor wore Hololens
and could interact with holographic models. Since partici-
pants in the RS group were shown anatomic 2D images dis-
played on a traditional projector screen, their group can be
considered the control (or no intervention) group.

Assessment and questionnaires

At the end of the lecture, each group completed a multiple-
choice questionnaire to evaluate their topic proficiency, as
a proxy to evaluate the effectiveness of the training session
(in terms of acquired notions); participants from group MR
were also asked to fill in a questionnaire regarding the rec-
ommendability and usability of the MS HoloLens HMDs,
as a proxy of satisfaction regarding the use experience (UX)
of that instructional tool. The proficiency test consisted of
ten multiple-choice questions: five questions on epidemi-
ology, anatomy, and pathophysiology of the disease, and
five questions aimed at assessing the understanding of the
anatomical relationships between the right pulmonary veins,
the superior vena cava (SVC) and sinus venosus ASD and
their implication in the transcatheter treatment of the defect
(see Tables 2 and 3 in the Appendix). Correct answers in the
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proficiency test were worth one point and wrong answers
were worth zero points, with accuracy defined as the aver-
age score across all ten questions. On the other hand, the
UX questionnaire encompassed 9 closed-ended items (see
Table 4 in Appendix). The first item was closely inspired
by the Net Promoter Score [21]. Responses to this item
higher than 8 (i.e., either 9 s or 10 s) are associated with so
called “promoters” respondents (in regard to the solution/
product under examination); scores encompassing either 7 s
or 8 s are associated to so called “passive” users; respond-
ents who scores 6 or less are labeled as “Detractors” and
hence to unsatisfied users. More precisely, the Net Promoter
Score (NPS) is calculated by subtracting the percentage of
detractors from the percentage of promoters, and therefore
it ranges from -100 to 100. The other items of the UX test
were aimed to assess the responder’s perceptions of the use-
fulness and usability of the immersive devices for learning
purposes. All items were rendered in terms of a Likert scale
with six options, to avoid central tendency bias [22], ranging
from totally disagree (1) to totally agree (6).

Statistical analysis and results

Inference statistical analysis was conducted at a 95% con-
fidence level.

All students filled in the proficiency questionnaire,
with no missing items. Their performance, summarized
in Table 1, was evaluated in terms of accuracy, which is
defined as the complement 1 of the error rate. In turn, the
error rate is the number of wrong answers out of all the
questions in the test: therefore, the higher the accuracy, the
better. The average accuracy across all students was .83
(SD=.14, min=.6, max=1.0). The average accuracy in the
groups RS, HV, and MR was, respectively,.74 (.14, 1, .6),.88
(.13, 1, .6), and.89 (.08, 1,. 7), see Fig. 4. The difference in
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Table 1 Results of the

. Accuracy
proficiency test, group by test .o i o . )
group (RS, HV and MR) and by All items group correct resp total resp Avrg acc [inf sup]
type of items (All, knowledge
& Anatomy, Treatment). We RS 155 210 0.74 0.71 0.77
report relative frequencies HV 168 190 0.88 0.86 0.91
of correct responses, average MR 161 180 0.89 0.87 0.92
accuracy of each group, and Total 484 580 0.83 0.82 0.85
95% confidence intervals of the
Only knowledge and
averabe accuracy .
Anatomy items
RS 114 126 0.90 0.88 0.93
HV 104 114 0.91 0.89 0.94
MR 101 108 0.94 0.91 0.96
Total 319 348 0.92 0.90 0.93
Only treatment items
RS 41 84 0.49 0.43 0.54
HV 64 76 0.84 0.80 0.88
MR 60 72 0.83 0.79 0.88
Total 165 232 0.71 0.68 0.74

performance between group RS and HV and between group
RS and MR, assessed through a two-proportion Z test, was
statistically significant (Z==3.6, p-value<0.001 and Z=3.8,
p-value<0.001, respectively), unlike the difference between
group HV and MR (Z=-.03, p-value=.76). Effect sizes (i.e.
the intensity of the difference between two grups) were
medium according to common interpretation guidelines
[23]: for group HV we observed an effect size of .38 with
respect to control group (RS); for group MR we reported an
effect size of .41. The difference in effect size between group
HV and MR was small (d=.05).

However, performance across different items was not uni-
form: Students from group RS performed much worse than
group HV and MR in the last four questions, which were
those regarding percutaneous treatment with stenting (see
Fig. 5 and Table 3 in the Appendix for the item text).

This indicates that holographic images helped students
in better understanding the technical aspects and possible

PROFICIENCY SCORE
(o] 65 .70 .75 .80 .85 .90 .95 1
RS o—t N
*
*
*
NS
MR *—+—o

Fig.4 Average Student performance (in terms of accuracy) in the profi-
ciency test, for group RS, HV and MR. Red lines indicate average scores,
while segmented indicate the corresponding 95% confidence intervals.
Asterisks indicate highly significant difference in average accuracy

complications of SV-ASD transcatheter treatment. The results
from the user experience questionnaire are reported in Fig. 6.

The analysis of the responses given by participants in the
MR group via the user experience questionnaire shows that
the students would recommend using immersive devices and
holographic images: the Net Promoter Score is 72, with 78%
of respondents being Promoters and 6% being Detractors.
This is a very high value, since also slightly positive NPS
values are usually associated with good services, due to the
fact that only the highest scores (9 and 10) are associated to
promoters. In particular, the highest scores were collected
in regard to the Learning-related items (see Table 4 in the
Appendix) and the Anatomy-related ones. The correlation
between the average (normalized) scores of the Anatomy
exploration section (see Table 4 in the Appendix) and the
average (normalized) scores of the 4 treatment-related test
items (see Table 3 in the Appendix) was found moderate
(Pearson correlation coefficient .39 - although not signifi-
cantly so, due to the low number of subjects involved, N=18):
this means that the more the tool was considered useful and
satisfactory by students in regard to anatomy exploration, the
higher the level of knowledge acquired by students in regard
to treatment, This finding suggests that such tools may have
a beneficial impact on learning efficiency, accelerating the
attainment of proficiency even for interventions that typically
demand extensive manual practice sessions.

Discussion

The findings of this study support the hypothesis that aug-
mented reality technology and immersive devices are effec-
tive and engaging tools for undergraduate students learn-
ing heart anatomy. The main driver of higher teaching
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Fig.5 Barplot of the student
performance (in terms of
accuracy, the higher the better)

in the proficiency test, grouped ]
for item (from 1 to 10) and test 80%
group (RS, HV and MR). See
Appendix Tables 2 and 3 for the 0%
item text :
40%
20%
0%

100%

ACCURACY

ACCURACY IN PROFICIENCY TEST BY GROUP

o> A o A P &
HV GRrourP . MR GRoOUP
A ANATOMY <> TREATMENT

> KNOWLEDGE

effectiveness appears to be the use of holographic models,
either in a passive but dynamic setting like watching a video
(group HV), or in an immersive and interactive setting (group
MR). The global effect size of using holographic tools com-
pared to traditional slides is medium (approximately 0.40),
but the effect on individuals could be even greater.

All students were able to describe the anatomy of the taught
defect (ASD-SV + PAPVR); however, only the students inter-
acting with the holograms (either in the HV or the MR group)
were able to answer the questions about planning, percutane-
ous treatment with stenting, and potential complications.

The transcatheter treatment of sinus venosus ASD associ-
ated with the anomalous pulmonary venous return (PAPVR)
represents a new and interesting alternative that involves the
implantation of a covered stent in the superior vena cava in
order to close the defect and redirect the abnormal pulmonary
veins in the left atrium. This type of treatment is not always

Fig.6 Boxplots of the responses

collected from the group MR learning 2.8 7 16
through the User Experience
questionnaire on a 1-6 ordinal learning2.6 - 16
scale. For each item (i.e., row),
the number indicates the pro- anatomy 2.7 - 16
gressive number of the item in
the questionnaire (see Appendix anatomy 2.5 - 16
Table 4 for the text), while the
number besides the vertical anatomy 2.1 4 18
axis indicates the number of
respondents. Crosses indicate usability 2.4 - 15
average scores

usability 2.3 -| 18

usability 2.2 - 18

feasible, depending on the type of anatomy of the pulmonary
veins. Although these medical students (group HV and MR)
were naive as regards the transcatheter treatment of CHD,
they had, at the end of the lecture, a clear understanding of
the principles and possible complications of the procedure.
Holographic models helped them better understand the spa-
tial position of the defect and its relationship with surround-
ing structures, including the risk of pulmonary vein compres-
sion by the stents.

The introduction of mixed reality holograms represents a
recent and exciting advancement in educational technology.
Students were able to actively learn content presented in
their studies with the aid of the HoloLens, which increased
their spatial understanding and overall engagement with
the course material.

In general, the students agreed that the immersive
devices helped them in understanding the anatomy of
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SVASD superior vena cava type and its transcatheter treat-
ment (see the average scores for anatomy and learning
items all above 5 in the 1-to-6 ordinal scale in Fig. 6).
However, some students complained that the devices
were difficult to use, especially at first attempt. As also
mirrored by the scores from the UX questionnaire (see
Fig. 6), students perceived this new way of using edu-
cational information as very inspiring,in line with the
progressive shift in tertiary education from traditional
lectures and tutorials to more self-paced, visual methods
of learning [24]. This brings interesting challenges to edu-
cation in medicine. Digital instructional tools, in the form
of holographic models and immersive devices, present an
opportunity to package content in an easy-to-comprehend
way, enhancing the medical student learning experience.
Researchers are testing how to enhance knowledge acqui-
sition of health professional students [25]. Furthermore,
the use of this technology enables improved educational
practices as these 3D visualizations can be used on devices
that are easily available [26, 27]. Based on the results of
our user study, it is evident that the integration of mixed-
reality devices in medical training holds tremendous
potential in delivering interactive and immersive learning
experiences. They allow students to simulate surgeries or
diagnose patients, gaining practical skills and improving
decision-making abilities without using cadavers or real
patients. Moreover, these devices can improve accessibil-
ity and reduce costs, also providing a platform for remote
learning. Additionally, the need for expensive physical
equipment, such as cadavers or specialized training facili-
ties, can be reduced via virtual simulations.

However, there are also challenges to using MR devices
in medical training and education, including the need for
simulations that closely mimic real-world situations. Ensur-
ing accuracy and realism can be a difficult and time-con-
suming task, as it requires detailed knowledge of human
anatomy and medical procedures. Another challenge is the
potential for distraction and reduced focus in a virtual envi-
ronment. Non-essential elements, such as background noise
or other stimuli, can distract students and reduce their abil-
ity to concentrate and learn effectively. This can hinder the
development of important skills.

Overall, the use of MR devices in medical training and
education has the potential to provide significant benefits,
but also comes with challenges that must be carefully con-
sidered and addressed.

Limitations of the study

The main limitation of this study consists in the relatively
small number of participants as it involved only a single class
on a specific topic, thereby restricting the generalizability of
the findings. Future work should entail a pre-class assess-
ment to gauge the baseline (medical and technological) pro-
ficiency level of the students in each group, including their
perception on the use of headsets and MR in a classroom
setting. The final questionnaire could be improved by add-
ing more items that more accurately assess the spatio-visual
aspects of MR (such as labelling structures). Furthermore,
a more in-depth, interview-based qualitative study could be
devised, as to better explore students’ perceptions, expecta-
tions, hopes and worries concerning the use of MR during
lessons. This is why we regard this study as exploratory
and mainly aimed at estimating the effect size of this kind
of educational intervention, which could inform the power
analysis of further, more comprehensive and representative
studies involving different classes and topics.

Conclusions

In conclusion, this study demonstrates that the use of
holographic heart models can improve the morphological
understanding of complex congenital heart defects and their
interventional planning and treatment. These models offer a
unique way to visualize and analyze complex cadiological
structures, while further research is needed to understand
how best to integrate holographic technology into tradi-
tional teaching methods in medical education. The most
interesting outcome of the study is the demonstration that
the differences in performance between group MR and
group HV are not statistically significant, suggesting no
real measurable improvement in participant knowledge (MR
vs HV) with the questionnaires employed. However, the use
of MR displayed clear benefits in terms of user experience,
demonstrating that immersive technology can effectively
engage and inspire students. The enthusiasm and interest
shown by the students in this study suggests that MR has
the potential to revolutionize medical education, with more
research needed to fully understand and capitalize on this
new opportunity for teaching and training the upcoming
generation of doctors.
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Appendix

Table 2 Items of the proficiency test. Correct answers are bolded except for question 5, as the correct answer consisted in entering the corre-
sponding names for the structures shown in a heart diagram

ID Domain

1. About the superior sinus venosus ASD prevalence Knowledge
A They are rare defects with very low prevalence
B They represent about 10% of atrial septal defects
C They represent over 50% of atrial septal defects
D They represent about 70% of atrial septal defects
2. How would you define a superior sinus venosus ASD? Anatomy
A A localized defect in the lower portion of the atrial septum (adjacent to the atrioventricular valves)
B A confined defect in the region of the oval fossa
C A defect located in the postero-superior portion of the atrial septum near the outlet of the superior vena cava
D A stenosis of the superior vena cava at the outlet in the right atrium
3. The superior sinus venosus ASDs are frequently associated with Knowledge
A Abnormal drainage of the right pulmonary veins
B Mitral valve cleft
C Ventricular Septal Defect
D Abnormal drainage of the left pulmonary veins
4. What best describes the most common form of superior sinus venosus ASD? Anatomy
A It is associated with the persistence of the left superior vena cava
B Abnormal pulmonary veins always drain into the upper portion of the superior vena cava
C The wall between the right inferior pulmonary vein and the Inferior Vena Cava is missing

D The wall between the right upper-middle pulmonary vein and the SVC is missing (pulmonary veins drain at the atrial
cavity junction)

5. Enter the names of the following structures in the image below Anatomy
A Superior sinus venosus ASD
B Superior vena cava
C Inferior vena cava
D Inferior sinus venosus ASD

@ Springer
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Table 3 Items of the proficiency

test (cont.)

ID

Domain

6. The superior sinus venosus ASD can be repaired
A Only by surgery
B It cannot be corrected
C Surgery or transcatheter treatment
D Only with transcatheter treatment
7. Transcatheter correction is possible with
A Covered stent implantation
B Double disk device implantation
C Uncovered stent implantation
D Transcatheter treatment is not possible
8. Transcatheter correction is possible with

A The abnormal drainage is at the cavo-atrial junction

B Always possible

C The abnormal drainage of the pulmonary veins is in the upper portion of the superior

veéna cava

D There is an anchor point in superior vena cava

9. During the catheterization, balloon catheters are used to

A Dilate the superior vena cava
B Dilate the pulmonary veins

C Measure the diameters

D Simulate the implantation of the stent in the superior vena cava

10. What is the most severe complication of transcatheter treatment with a covered stent?

A Occlusion of the superior vena cava

B Interference with the coronary sinus

C Interference with the right coronary artery

D Stenosis of the right pulmonary veins

Treatment

Treatment

Treatment

Treatment

Treatment

Table 4 Items of the UX questionnaire

ID Item Domain
1 “On a scale from 0 to 10, what is the likelihood that you would recommend to a colleague or friend to Recommendability
attend a lecture conducted via holographic images and immersive devices?”
2 On a scale from 1 (strongly disagree) to 6 (strongly agree) (+ one “don’t know” option) indicate your ~ User Experience (incl. Usability,
degree of agreement with the following statements Anatomy exploration, Learning
experience)
22 I think it would be easy for me to become proficient in using the immersive device Usability
2.3 I can use the immersive device easily and without special help Usability
24 I was able to do “air tapping” and other gestures to interact with the holographic images Usability
2.1 It was easy to explore the anatomy and observe the interatrial sinus venous defect with the immersive Anatomy exploration
device
2.5 The holographic images enhanced and strengthened my understanding of the anatomical defect that ~ Anatomy exploration
was the subject of the lecture
2.7 The holographic images can represent the cardiac anatomy adequately Anatomy exploration
2.6 I believe that holographic images are useful in medical learning and training Learning Experience
2.8 These immersive devices are useful in my course of study to enhance the enjoyment of lectures and Learning Experience

the understanding of the topics covered
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