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Aims: Pressure loss versus transvalvular flow analysis challenges physiologic models of current aortic valve ste-
nosis. New conceptual frameworks are needed to explain these real-world observations.
Methods and results: A patient-specific, 3D-printed, siliconmodel of a stenotic valve was placed inside an in-vitro
haemodynamic model of the circulatory system. Instantaneous pressure and flow in the aorta and left ventricle
were simulated according to measured patient specific parameters. Thereafter, a realistic transcatheter aortic
valve was implanted (TAVI) in the model. Simulated post-TAVI mean pressure gradients resembled patient ob-
servations (3.7± 0.7mmHg vs 6.7± 2.3mmHg), but pre-TAVImeasurements underestimated the pressure gra-
dient (35.1 ± 0.6 mmHg vs 45.3 ± 1.5 mmHg).
Conclusion: Patient-specific 3D-printed stenotic aortic valve models could simulate baseline haemodynamics. A
TAVI procedure was successfully performed on the 3D silicone rubber valve in a physiologic in-vitro model.
Pre-TAVI haemodynamics in the model underestimated in-patient mean pressure gradient, whereas post TAVI
pressure gradient was predicted correctly with the TAVI valve inside the 3D printed model. This study shows
that these types of models could be used to study AS hemodynamics with the TAVI valve inside the 3D printed
model. Improvements in the 3D-printed model, like addition of calcification and fine-tuning of the haemody-
namic model, could further enhance accuracy of the simulation.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Transcatheter aortic valve implantation (TAVI) has become a well-
established treatment option for severe aortic valve stenosis (AS) [1].
Correctly diagnosing severe AS, however, can be challenging in several
patient subsets. Furthermore, classic physiological models, like the
Gorlin equation, onwhich current guideline criteria for AS rely, have re-
cently been challenged by pressure versus flow analyses [2]. Conceptual
frameworks are needed to explain these real-world observations in se-
vere native AS and after TAVI. In recent years, 3D printing has found
multiple applications in clinical practice and research. Patient-specific
3D printed silicone aortic valves offer the novel possibility to customise
diagnosis and predict TAVI benefit.
ography; LV, left ventricular;
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elis).
Wepresent a case of a patient-specific 3D printed stenotic aortic valve
placed in an in-vitro model that mimics measured haemodynamics. A
TAVI procedure was performed on this printed model to simulate post-
intervention haemodynamics and to examine if in-vivo measurements
could be replicated successfully. Potentially this type of physiology-
based model could be used to customise patient care and train operators
in TAVI procedures.
2. Methods

A patient from the cohort of Johnson et al. [2] was selected in which
pre- and post-TAVI pressure loss vs. transvalvular flow measurements
were performed. The patient was a 75 year-old man with severe aortic
stenosis, good left ventricular (LV) function, and no other concomitant
severe valve disease. As is routine practice, a computed tomography
(CT) scan of the aortic valve and aorta was performed before TAVI. Dur-
ing the TAVI procedure, continuous pressure loss over the aortic valve
wasmeasuredwith two high-fidelity pressurewires, one in the left ven-
tricle and one far above the aortic valve to minimize pressure recovery.
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Cardiac output was measured intermittently via a pulmonary artery
catheter.

UsingMimics (v 18.0, Materialise, Belgium), the CT scanwas used to
create a 3D mesh of the stenotic aortic valve including calcified leaflets,
aortic sinus, and part of the LV outflow tract. A negative mould was de-
signed in Solidworks (v2017, Dassault Systèmes, France), and 3D
printed usingmaterial jetting. The valve was finally created by injection
moulding of a soft silicone rubber compound (Ecoflex 5, Smooth-on,
USA) (Supplement Fig. 1).

The valve was then placed inside a haemodynamic in-vitro model of
the circulatory system as previously described and validated [3]. The LV
model driving the piston-pumps was tuned to patient-specific parame-
ters including contractility, unloaded LV volume, LV wall volume, con-
traction time, and heart rate. Instantaneous aortic and LV pressure,
flow over the aortic valve, and left and right ventricular volume were
measured continuously; a high speed camera (Phantom v9.0, Vision Re-
search, Groningen, The Netherlands) positioned in the artificial aorta
filmed the stenotic valve. During the experiment, an Edwards Sapien
III valve was positioned in the aortic valve in typical fashion. After in-
creasing the artificial heart rate to 180 beats per minute and lowering
the contractility to simulate rapid pacing as in routine TAVI procedures,
the valve was implanted. The delivery device was retracted from the
system after deflation (supplement video). All data were collected and
analysed using off-line software (Matlab 2018b, Mathworks, Natick,
MA, USA). Systolic and diastolic LV and aortic pressure were compared
with real-life clinical observations (Fig. 1). Results are purely descriptive.
3. Results

Themeasured data were averaged over six beats, both in the patient
and the model (Fig. 2). Pre- and post-TAVI mean pressure gradients
were 45.3 ± 1.5 mmHg and 6.7 ± 2.3 mmHg for the patient and
35.1 ± 0.6 mmHg and 3.7 ± 0.7 mmHg for the model. Mean pressure
gradients post-TAVI were 6.6 ± 2.2 mmHg and 3.6 ± 0.7 mmHg. Peak
aortic to peak LV pressure gradient for the patient was 44.0 ±
0.6 mmHg and 39.5 ± 0.9 mmHg for the model. During simulated
rapid pacing the aortic flow was very low as in real life (see video sup-
plement for full procedure). After valve implantation the peak-to-peak
gradient for the patient was 0.3 ± 0.7 mmHg and −0.8 ± 0.9 mmHg
for the model. Cardiac output measurements were also comparable
Fig. 1. Left ventricular and aortic pressure curves from
before (3.2 ± 0.0 model versus 3.5 L/min observed) and after TAVI
(4.0 ± 0.1 versus 3.9 L/min).

4. Discussion

Patient-specific 3D-printed valves offer a novel opportunity to simu-
late baseline AS haemodynamics and can potentially serve as a
physiology-based model to train TAVI implantation techniques. This is
the first case in which key patient-specific parameters are used for a
simulated TAVI procedure with real time haemodynamics. In this case,
post-TAVI hemodynamics could be accurately simulated and gave in-
sight into post-TAVI physiology. The circulatory model allows for
more adjustments and could potentially be used to simulate low-flow
low-gradient AS or concomitant valve disease like mitral regurgitation
in future studies.

In our model, pre-TAVI measurements underestimated the mean
pressure gradient and the peak-to-peak gradient compared to the in-
patient measurements. These pre-TAVI differences between patient
and model might first be explained by limitations in the 3D printing of
the stenotic aortic valve and/or from inaccurate model parameters or
from tuning the model. Calcifications in real stenotic valves consist of
a dense material containing calcium, whereas in the model valve these
calcificationswere represented geometrically only, using softermaterial
(silicone rubber). This difference in material properties can potentially
influence aortic valve opening area during the cardiac cycles, and there-
fore influence flow patterns and pressure gradient across the valve, as
well as TAVI deployment success.

In a previous study, patient specific 3D-printed stenotic aortic valves
were used to measure echocardiographic gradients [4]. However, these
valves were printed in an open state, using a stiff material. Accurate
physiology modelling requires true leaflet movement to reproduce ob-
served flow patterns. Ours is also the first case in which several patient
specific parameters are used for a simulated TAVI procedure with real
time haemodynamics.

5. Limitations

As of this moment this is a single case study and the 3D printed
valve was completely made of silicone. Calcification could be printed
more realistic using other material and might improve haemody-
namic simulation and TAVI deployment. Cardiac output was
the patient and the model pre- and post-TAVI.



Fig. 2.Model and patient mean pressure gradient, peak-to-peak pressure gradient and cardiac output measurements pre- and post-TAVI.
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simulated accurately, however, in this instance not increased yet to
fully compare the pressure versus flow relationships found by John-
son et al. [2]
6. Conclusion

The patient-specific 3D-printed stenotic aortic valve reproduced
baseline gradient and cardiac output reasonably. A TAVI procedure
was successfully performed on a 3D printed stenotic aortic valve in-
side an in-vitro model. This study shows that these types of models
could be used to study AS hemodynamics. Pre-TAVI measurements
could be improved with more realistic printed calcifications. Future
studies should deploy different patient valves, improve material
properties and also include e.g., simulation of dobutamine-induced
aortic flow increase to produce stenosis-specific pressure loss versus
transvalvular flow curves.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijcard.2020.04.087.
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