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INTRODUCTION

Hypertrophic cardiomyopathy (HCM) is a genetic disease character-
ized by concentric left ventricular hypertrophy with preserved or
increased ejection fraction.' Disease progression is highly variable.
While some patients remain asymptomatic for years, others rapidly
progress toward end-stage heart failure and sudden cardiac death.”
Patients with end-stage HCM characterized by progressive left ventric-
ular dysfunction and restrictive ventricular filling are candidates for or-
thotopic heart transplantation (OHT).> Echocardiography and
cardiovascular magnetic resonance (CMR) are used to establish the
diagnosis and during follow-up for disease progression.” While echo-
cardiography is a cost-effective and accessible diagnostic tool, learning
echocardiography requires advanced and repetitive training.*
Conventional educational strategies for teaching echocardiography
rely on idealized cardiac models® or models computed from in vivo
imaging techniques.® While these models are anatomically correct,
they lack variability in the surface anatomy, internal structures, and pa-
thology a learner would expect to see between human hearts.” As an
initial step toward being able to augment our real-time understanding
of the anatomic and pathophysiologic features of end-stage HCM
beyond transthoracic echocardiography (TTE) and contrast-enhanced
CMR, we describe a novel approach using microcomputed tomogra-
phy (uCT). This modality provides a much higher resolution, of both
the internal and surface cardiac anatomy, to create a three-dimen-
sional (3D) printed model and virtual reality scene.

The overarching aim of our work is to develop an integrated, im-
mersive, and interactive educational platform that uses multimodal
digital tools to enhance the knowledge and understanding of cardiac
anatomy, physiology, and pathophysiology for medical students,
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VIDEO HIGHLIGHTS

Video 1: Two-dimensional TTE parasternal long-axis view
demonstrating severe biventricular hypertrophy without signifi-
cant valvular pathology.

Video 2: Two-dimensional TTE parasternal short-axis view at
the basal level demonstrating severe interventricular septal and
papillary muscle hypertrophy and right ventricular free-wall
hypertrophy and a right ventricular ICD lead.

Video 3: Two-dimensional TTE apical 4-chamber view
demonstrating severe biventricular hypertrophy and a right
ventricular ICD lead.

View the video content online at www.cvcasejournal.com.

residents, fellows, and faculty across multiple medical and bioengi-
neering disciplines.

CASE PRESENTATION

A 12-year-old female patient presented to the Emergency
Department with chest pain and palpitations while running.
Transthoracic echocardiography confirmed a diagnosis of HCM.
Following rapid disease progression managed medically with meto-
prolol, intravenous milrinone, and an automatic implantable cardi-
overter-defibrillator (ICD), the patient underwent a successful OHT.
Prior to OHT, the electrocardiogram showed biventricular hypertro-
phy with strain pattern, T-wave inversion throughout (Figure 1), and
ischemic ST segment changes during exercise stress testing.
Transthoracic echocardiography showed significant biventricular hy-
pertrophy with posterior and septal wall thickness of 22 and
32 mm, respectively (Figure 2, Videos 1-3). Other findings included
a midcavitary gradient of 17 mm Hg (Figure 3), restrictive filling
pattern, and visually estimated left ventricular ejection fraction of
60% to 65%. Cardiovascular magnetic resonance confirmed the diag-
nosis of HCM (Figure 4). Right heart cardiac catheterization demon-
strated a cardiac index of 2.22 L/min/m?, a mixed venous oxygen
saturation of 64%, and a pulmonary capillary wedge pressure of
20 mm Hg, consistent with diastolic dysfunction and increased left
atrial pressure.

Following the patient's OHT, the heart was donated to the Visible
Heart Laboratory at the University of Minnesota for further imaging
and characterization. Immediately upon receipt of the diseased heart,
it was formalin fixed. A uCT was performed (X3000 CT, NorthStar
Imaging, Rogers, MN) with 91 um resolution (Figure 5). The uCT im-
aging data sets were imported into Mimics Innovation Suite
(Materialise NV, Leuven, Belgium) to create a 3D computational
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Figure 1 Twelve-lead electrocardiogram showing right atrial enlargement, elevated QRS voltages associated with left ventricular
hypertrophy, inverted T waves in all precordial leads (V1-V6), and ST-segment depression in septal leads (V1-V3).

A

Figure 2 Two-dimensional TTE parasternal long-axis view showing severe biventricular and septal hypertrophy during (A) diastole

and (B) systole.

model that was subsequently sliced to represent the standard imaging
views recommended by the American Society of Echocardiography
(Figure 6). The model was 3D printed, and a virtual reality application
was developed that allowed for dynamic cutting of cardiac anatomy in
real time (Figure 7).

DISCUSSION

Accurate and detailed characterization of the phenotypic changes
associated with HCM is essential for appropriate prognostication
and management.®” There are currently a number of subtypes of

HCM, all associated with variable degrees of left ventricular hypertro-
phy.? Echocardiography and magnetic resonance imaging are essen-
tial diagnostic tools for managing patients who present with
HCM.'° Echocardiography has high sensitivity and specificity but is
heavily operator dependent and requires a thorough knowledge of
cardiovascular anatomy and pathophysiology.” Educational simula-
tors have recently emerged as popular tools to overcome these limita-
tions but offer a limited number of pathological conditions and rely on
a flat screen to display a highly complex 3D structure."!

A metanalysis demonstrated that 3D educational tools to visualize
and learn anatomy and pathophysiology outperform two-
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Figure 3 Two-dimensional TTE apical 4-chamber view with continuous-wave Doppler across the left ventricular outflow tract showing

a 17 mm Hg gradient.

Figure 4 Cardiovascular magnetic resonance showing severe free-wall and septal left ventricular hypertrophy in (A) coronal, (B) axial,

(C) sagittal, and (D) oblique long-axis displays.
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Figure 5 A uCT of the explanted heart in short-axis view showing
biventricular hypertrophy and foreign material in the right
ventricle corresponding to a right ventricular ICD lead (red arrow).

Figure 6 Three-dimensional high-resolution computational
model of the heart in the long-axis view with labels showing (1)
posteromedial papillary muscle, (2) right ventricular cavity, (3)
anterior mitral leaflet, (4) posterior mitral leaflet, (5) chordae
tendinea, and (6) hypertrophied interventricular septum.
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dimensional methods.'? Therefore, we propose a novel approach to
enhance the understanding of cardiac anatomy, pathophysiology,
and disease progression in HCM. Furthermore, we propose an inno-
vative workflow for clinicians and students to experience two-dimen-
sional imaging in multiple 3D modalities. Indeed, leveraging data sets
from pCT to create computational models that can be 3D printed or
used to create virtual reality scenes allows clinicians the opportunity to
interact more closely with a diseased heart. In the past, ex vivo uCT
imaging has been used to generate high-resolution 3D models and
define the anatomical features of congenital heart disease in fetuses.'
While providing adequate representation of cardiac surface anat-
omy, computational models developed from in vivo imaging using
echocardiography, magnetic resonance imaging, and computed to-
mography are limited by the resolution required to segment the inter-
nal cardiac anatomy including atrioventricular valves and their
corresponding subvalvular apparatuses in a way that accurately repre-
sents their details and variations.'* In using uCT, albeit ex vivo, we can
generate computational models with logarithmically higher resolution
and detail. In this instance, the authors acknowledge that, to date, we
are unable to create these high-resolution images in vivo as we are un-
able to place humans in uCT machines, and as we have not animated
these models, the myocardium and valves can only be visualized in a
static position. We are currently working on developing high-fidelity
tissue movement simulation using these images. However, we are
encouraged by this proof of principle for several reasons: (1) We
have demonstrated the feasibility of harvesting, fixing, and imaging
an explanted human heart for the purpose of creating 3D prints and
virtual scenes. (2) We can enhance the experience of clinicians and stu-
dents caring for patients with heart disease by creating 3D prints and
virtual scenes. (3) While HCM patients undergo gross anatomic
changes that are easily seen using echocardiography and CMR,
uCT-based computational modeling may offer meaningful advantages
with cardiac lesions that are less obvious. These detailed 3D models
can be used to provide insight beyond macroscopic anatomical varia-
tions, as they might aid in the understanding of hemodynamic reper-
cussions secondary to the diseased cardiac geometry, although we
acknowledge that additional educational research should be per-
formed to confirm its value, and we are working toward that goal.

CONCLUSION

Herein, we report a novel approach for creating 3D printed models
and virtual reality scenes using ex vivo imaging of an explanted heart
of a female patient with HCM and massive concentric left ventricular

Figure 7 Three-dimensional model of the heart in (A) short-axis and (B) long-axis views as seen in virtual reality. The image plane in
panel A is blue with a transparent silhouette of the heart on the right. The image plane in panel B is black and has no silhouette.
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hypertrophy. We consider this a foundational step toward developing
a more comprehensive and multimodal approach for experiencing
and understanding cardiac anatomy and pathophysiology.

SUPPLEMENTARY DATA

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.case.2022.06.005.
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