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A B S T R A C T

Purpose: We exploited 4-dimensional flow magnetic resonance imaging (4D Flow), combined with a standar-
dized in vitro setting, to establish a comprehensive benchmark for the systematic hemodynamic comparison of
surgical aortic bioprosthetic valves (BPVs).
Materials and methods: 4D Flow analysis was performed on two small sizes of three commercialized pericardial
BPVs (Trifecta™ GT, Carpentier-Edwards PERIMOUNT Magna and Crown PRT®). Each BPV was tested over a
clinically pertinent range of continuous flow rates within an in vitro MRI-compatible system, equipped with
pressure transducers. In-house 4D Flow post-processing of the post-valvular velocity field included the quanti-
fication of BPV effective orifice area (EOA), transvalvular pressure gradients (TPG), kinetic energy and viscous
energy dissipation.
Results: The 4D Flow technique effectively captured the 3-dimensional flow pattern of each device. Trifecta
exhibited the lowest range of velocity and kinetic energy, maximized EOA (p < 0.0001) and minimized TPGs
(p≤ 0.015) if compared with Magna and Crown, these reporting minor EOA difference s (p≥ 0.042) and similar
TPGs (p ≥ 0.25). 4D Flow TPGs estimations strongly correlated against ground-truth data from pressure
transducers; viscous energy dissipation proved to be inversely proportional to the fluid jet penetration.
Conclusion: The proposed 4D Flow analysis pinpointed consistent hemodynamic differences among BPVs,
highlighting the not negligible effect of device size on the fluidynamic outcomes. The efficacy of non-invasive 4D
Flow MRI protocol could shed light on how standardize the comparison among devices in relation to their actual
hemodynamic performances and improve current criteria for their selection.

1. Introduction

More than 60 million persons are nowadays affected by aortic valve
disease [1] with>250,000 aortic valves surgically replaced yearly
worldwide [2]. Surgical aortic valve replacement, continuously in-
creasing due to progressive population ageing, has revealed a major
shift from mechanical valves towards bioprosthetic aortic valves, given
the improved hemodynamics of the latter [1,3]. Though several aortic
bioprosthetic valves (BPV) are currently commercialized to mimic the
patient-specific characteristics of the normal native valve, a common

challenge is the selection of the optimal valve substitute able to provide
the largest effective orifice area (EOA) to blood flow and to minimize
the transprosthetic transvalvular pressure gradient (TPG) [4–7]. In
particular, proper BPV selection is crucial when implanting stented
BPVs in patients with small aortic sizes, frequently revealing high
postoperative TPGs and not negligible incidence of patient-prosthesis
mismatch (PPM), likely due to a too small EOA in relation to the pa-
tient-specific hemodynamic requirements [3,8,9].

Given the lack of uniformity in size labels, commercial valve sizers
and suggested sizing strategies [4,6,10], a consistent and
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comprehensive comparison among BPVs is needed to establish re-
ference hemodynamic BPV values of performance under standardized
conditions and improve BPV selection criteria. This can be addressed
exploiting advanced cardiovascular imaging combined with in vitro
testing platforms.

On the one hand, three-dimensional (3D) time-resolved phase con-
trast magnetic resonance imaging (MRI) with three-directional velocity
encoding (4D Flow) can offer a comprehensive insight into blood flow
patterns enabling full volumetric coverage of the region of interest, a
detailed 3D visualization of the flow pattern and post hoc quantification
of several hemodynamic metrics [11,12].

On the other hand, the in vitro setting is the gold-standard approach
to consistently investigate the BPVs hemodynamics in a fully controlled
environment, through ad hoc system sensorization, under a standar-
dized setup and protocol of measurements, with no influence by con-
founding in vivo factors [5,13].

Combined with an MRI compatible in vitro set-up, 4D Flow hemo-
dynamic characterization of BPVs has already proved to be feasible on
3D phantoms [14,15]; viability of 4D Flow EOA measurements has al-
ready been documented [16] and recent advancements in 4D Flow
processing have enabled non-invasive access to relative pressure map-
ping [17,18]. If compared with Doppler echocardiography, which is the
method of choice to evaluate BPV function in the clinical setting, 4D
Flow has the technical advantage to overcome the bi-dimensional
constraint of echo-Doppler imaging and its possible drawbacks due to
ultrasound beam misalignment [19].

Hence, within the present study, a dedicated MRI-compatible in
vitro system was designed to assess the potential of 4D Flow in pro-
viding a consistent benchmark to quantify reference values of hydro-
dynamic performance in commercialized pericardial aortic BPVs, under
a standardized setup and protocol for BPVs hemodynamic comparison.
4D Flow variables were quantified according to state-of-the-art ap-
proaches and BPVs compared to detect differences in their fluid-dy-
namic performance; the reliability of the 4D Flow protocol was finally
validated against ground-truth in vitro measurements.

2. Methods

2.1. Tested bioprostheses

In vitro 4D Flow analysis was accomplished on three commercia-
lized pericardial BPVs: the Trifecta™ GT (Abbott Laboratories, Irvine,
USA), the Carpentier-Edwards PERIMOUNT Magna Ease (Edwards
Lifesciences, Irvine, USA), and the Crown PRT® (LivaNova Barnaby,
Canada). Specifically, two among the smallest label sizes with com-
parable stent internal diameter (ID) were selected for each vendor and
herein reported as size A, ID = 19 ÷ 20 mm, and size B,
ID = 17 ÷ 18 mm (Table 1). Each BPV was tested over a clinically
pertinent flow rate (Q) range of 10 ÷ 25 l/min, with a 5 l/min incre-
ment.

2.2. Experimental set-up

The dedicated and MR-compatible in vitro test bench (Fig. 1) con-
sisted of a centrifugal pump (BM04APP, Savino-Barbera, Brandizzo, TO,
Italy) pumping a blood mimicking fluid (water-glycerol solution,
μ= 3cP) towards the inlet port of a paradigmatic 3D-printed aortic root
(AR). Each BPV was adequately housed into the AR by compressing
axially the suture ring, with AR longitudinal axis parallel to the head-
foot direction and avoiding any distortion of the BPV struts; a cylind-
rical phantom was positioned alongside to increase the signal received
by the MR scanner. The entire phantom was placed on the MRI bed and
firmly fixed using the MRI thorax coil; additional plastic ties were
employed to prevent any motion of the hydraulic connections. A
transit-time flow meter (HT110R, Transonic Systems, Ithaca, NY, USA)
with a 3/8 flow probe monitored Q downstream of the centrifugal
pump. The circuit was then closed into the reservoir, which was con-
nected to the AR outlet port. We assembled the connections between
the hydraulic line and the 3D-printed AR employing non-ferromagnetic
materials while the pump and the electronic hardware were positioned
outside the MR scanner room [20]. Pressures were measured by pres-
sure transducers (140 PC series, Honeywell Inc., Morristown, NJ, USA)
at four pre-defined locations along the longitudinal axis of the system
(Fig. 1): one (P0) located 25 mm upstream the aortic annulus and three
downstream (x = 15, 40 and 115 mm with x = 0 referring to AR an-
nulus). The first and the last downstream pressure ports (P1 and P3)
were used to calculate TPGMAX and TPGnet: the former as the pressure
drop between P0 and P1 and the latter as the pressure drop between P0
and P3. The central pressure port (P2) was available as additional
pressure information for comparison with 4D Flow data. The transdu-
cers, as other electronic equipment, were placed outside the MRI room
and connected with the pressure ports by 1/4″ Tygon tubing. The flow
and pressures were acquired concomitantly with 4D Flow data.

2.3. 4D Flow analysis

A prototype 4D Flow sequence (Fig. 2A) was used on a Magnetom
Aera 1.5 T (Siemens Healthcare, Erlangen, Germany) adopting the
following MR parameters: field of view up to 270 × 187 × 93.6 mm,
isotropic 1.3 × 1.3 × 1.3 mm spatial resolution, echo time
2.8 ÷ 3.7 ms, flip angle 8° (please refer to Tables S1 and S2 for the
specific setting of each tested 4D Flow sequence).

Velocity encoding was adjusted to minimize velocity aliasing based
on long-axis MRI scout sequences (Table S3). Specifically, long-axis
velocity encoding range (VENClong) was set 10% higher than the ex-
pected maximum velocity [11] to minimize velocity aliasing using MRI
scout sequences; in the direction perpendicular to the main flow vector,
isotropic in-plane VENC (VENCin-plane) was set equal to 1/3 of VENClong

to facilitate the analysis of flow regions with low velocity around BPV.
4D Flow data were processed through in-house Matlab (The MathWorks
Inc., Natick, MA, USA) code [21] and using the open-source ParaView
(Kitware Inc., Clifton Park, NY, USA) environment (Fig. 2B). For each
flow rate, the 4D Flow volume was averaged voxel-wise over 5 con-
secutive acquisitions (overall duration of 3 min) to improve signal-to-
noise ratio.

For each BPV, the post-valvular 3D flow was characterized by means
of six velocity isosurfaces (i.e., the 3D region of space characterized by
the same velocity magnitude value) extracted from the 65th, 70th, 75th,
80th, 85th and 90th percentile of the maximum velocity magnitude
(VMAX), whose location within the 90th isosurface identified the BPV-
specific vena contracta, i.e., the peak velocity within the 3D velocity
field. The jet distance (JD), a metric of jet penetration within the in vitro
system, was computed as the distance between the highest point of each
isosurface and the valvular housing.

2.3.1. EOA calculation
4D Flow EOA estimation, i.e., the cross-sectional area of the

Table 1
Tested small BPV models and corresponding dimensions.

Model Size Label size Stent ID Stent OD Sewing ring
ED

Trifecta™ GT A 21 19 21 26
B 19 17 19 24

PERIMOUNT Magna
Ease

A 21 20 21 26
B 19 18 19 24

Crown PRT® A 23 19 22.7 26
B 21 17.3 20.7 23

All dimensions are expressed in mm.
ID = internal diameter; OD = outer diameter; ED = external diameter.
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compressed bloodstream at the level of vena contracta, was accom-
plished according to single plane velocity truncation (SPVT) and jet
shear layer detection (JSLD) methods [16,22].

The JSLD method is based on the acoustical source term (AST),
computed from the velocity field [23,24], and providing an enhanced
visualization of flow jet separation from recirculating flow downstream
from the aortic valve. The AST scalar field scales the vorticity field by
the velocity magnitude as:

= ∇∙ ∧ω vAST ( ) (1)

where v is the velocity field, ω the corresponding vorticity field, ∇ the
nabla operator and ∧ the wedge product. The minimum cross-sectional
area of the AST field is detected at the peak velocity position down-
stream of the aortic valve, thus identifying the vena contracta. An au-
tomated contour detection algorithm was employed to extract the AST
cross-sectional shear layer profile, which internal area corresponds to
EOAJSLD. Specifically, the AST cross-section located at the vena con-
tracta (Fig. 3A) was sampled on a polar coordinate system (ϑ, ρ) to
extract normalized profiles, on which an automated peak detection
algorithm was employed to identify the two highest peaks (Fig. 3B), i.e.,
(ϑ1,ρ1) and (ϑ1 + π,ρ2), respectively. Peaks identification was accom-
plished with a ϑ sampling rate equal to 5°; EOAJSLD was finally defined
as the area enclosed by all the detected points.

In the SPVT method, the normalized 3D velocity map is truncated
with a threshold of 0.65 (λ65), which defines the velocity isosurface
characterized by the same velocity magnitude corresponding to the 65th

percentile of velocity peak (VMAX). At the level of the vena contracta
cross-section, pixel inside the λ65 threshold are counted to estimated
EOASPVT.

Both EOASPVT and EOAJSLD were compared with experimental va-
lues (EOAGorlin) derived from the Gorlin formula, which takes the
pressure recovery phenomenon into account according to the corrected
Gorlin formula [25]:

=EOA Q
TPG50Gorlin

MAX (2)

where Q is expressed in ml/s and TPGMAX is the maximum transvalvular
pressure gradient measured in mm Hg by the pressure transducer po-
sitioned at port P1 (Fig. 1). BPVs were also compared in terms of the
performance index (Pi), defined as the ratio between each EOA and the
BPV-specific internal nominal area [13]:

=Pi EOA

π ID
4

2

(3)

where ID is the internal BPV diameter and the internal nominal area
was assumed circular. In all the tested BPVs, Pi was computed ac-
cording to the different methods of EOA estimation, i.e., EOASPVT,
EOAJSLD and EOAGorlin.

2.3.2. Transvalvular pressure gradients
The 3D relative pressure field was extracted from the discrete ve-

locity field yielded by the 4D Flow sequence along the longitudinal
centerline of the in vitro set-up (i.e., the longitudinal axis of the in vitro
phantom) to quantify the maximum transvalvular pressure gradient
(TPGMAX), the net transvalvular pressure gradient (TPGnet) and their
difference, i.e., pressure recovery. The pressure gradient b (N·m−3) was
expressed rearranging the Navier-Stokes equation as [17,26]:

= − ∂
∂

− ∙∇ + ∇b v v vρ
t

ρ μ v( ) 2
(4)

where t is the time, ρ the density (1060 kg·cm−3) and μ the viscosity
(4·10−3 N·s·m−2). First order and second order spatial velocity deri-
vatives were calculated with finite differences, characterized by a
variable approximation order depending on the position of the con-
sidered point within the domain: e.g., from 1st order for boundary
points to 4th order for bulk flow points. Time-dependency was

Fig. 1. In vitro experimental set-up.
Design of the employed MR-compatible in vitro system consisting of a paradigmatic rigid phantom of the aortic root (AR) placed on the MRI exam table and equipped
with 4 pressure transducers (i.e., P0 to P3 transducers) localized at a pre-defined distance with respect to the annular BPV housing (x = 0). Flow reservoir, pump unit,
flow meter and I/O electronic hardware for flow pressure measurement were located outside the MRI room and connected to the AR phantom employing non-
ferromagnetic materials.
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neglected due to the steady condition of the flow field.
The Pressure Poisson Equation (PPE) was defined from the diver-

gence of Eq. (3) as:

∇ = ∇∙bp2 (5)

Relative pressure maps were finally computed by integration of the
computed gradients through a multigrid finite element solver [17],
already validated against gold-standard estimations provided by com-
putational fluid dynamics models [20,27]. Specifically, the numerical
PPE solution resulted in the relative pressure field p and a zero-pressure
reference was imposed at the same location of the experimental P0
pressure port (Fig. 1).

Subsequently, the velocity field was sampled along the longitudinal
centerline coordinate (x) of the in vitro phantom and the velocity points
corresponding to P0 (i.e., vP0) and to P1 (i.e., vP1) ports (Fig. 1) were

used to compute the transvalvular pressure drop Δpvalve according to
the modified Bernoulli equation:

∆ = ∙ −p v v4 ( )valve P P1
2

0
2 (6)

To minimize possible peaks underestimation due to post-valve re-
lated artifacts [28], the difference Φp between the absolute minimum
(pmin) of the pressure field p and Δpvalve was applied as a shift to correct
the pressure field, thus obtaining the corrected pressure field pcorr(x):

= + = + − ∆p x p x p x p p( ) ( ) Φ ( ) (| | )corr p min valve (7)

with TPGMAX and TPGnet corresponding to pcorr(x = P1) and
pcorr(x = P3), respectively. 4D Flow-derived TPG estimations were
compared against ground-truth measurements directly taken from the
pressure transducers.

Fig. 2. 4D Flow analysis.
Schematic of the 4D Flow output (A) consisting, for each acquired dataset, of the magnitude and the 3D velocity-encoded images; 4D Flow analysis (B) enables the
extraction of both the 3D velocity and pressure fields within the acquired 4D Flow ROI. Velocity flow streamlines were compared between BPVs (C) along the
longitudinal axis of the 3D-printed AR model, herein visualized at Q = 25 l/min.
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2.3.3. Kinetic energy and viscous energy loss rate
The post-valvular 4D Flow volume, up to 10 cm downstream of each

BPV along the longitudinal axis of the AR phantom, was considered to
quantify the kinetic energy (KE), the energy conversion of static pres-
sure into dynamic pressure to accelerate blood to the vena contracta, for
each 4D Flow voxel as [29]

∑=
=

KE ρV v1
2

N

i i
i 1

2
voxels

(8)

where Vi is the ith voxel volume and v the velocity magnitude.
In addition, the rate of instantaneous viscous dissipation (EL̇), also

referred as viscous energy loss and expressed in power unit [30], was
calculated within the post-valvular 4D Flow volume of interest. EL̇,
which is a 4D Flow-derived hemodynamic metric of irreversible power
loss due to viscous effects, was estimated by the product of the dynamic
blood viscosity (μ) and the voxel-wise integral of a viscous dissipation
function ϕV, as:

∑=
=

E μ ϕ VL̇
i

N

v i
1

voxels

(9)

with Nvoxels the total number of voxels within the region of interest. The
viscous dissipation function ϕv per unit volume [30,31], expressed in s-
2, can be obtained reformulating the viscous portion of the in-
compressible Navier-Stokes energy equation as:

∑ ∑ ⎜ ⎟= ⎡

⎣
⎢

⎛
⎝

∂
∂

+
∂
∂

⎞
⎠
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⎦
⎥

= =

vϕ v
x

v
x

δ1
2

2
3

( )V
i j

i

j

j

i
ij

1

3

1

3 2

(10)

where i and j represent the principal orthogonal velocity directions (i.e.,
x, y and z, respectively), δij is the Kronecker delta (δij = 1 for i = j and
δij = 0 for i ≠ j) and ∇ ∙ v is the divergence of the velocity field.

2.3.4. Statistical analysis
Continuous variables, expressed as mean ± SD after Shapiro-Wilk

normality tests, were compared using two-way analysis of variance
considering BPV type and Q as independent factors; the Bonferroni
correction was used in post hoc analysis. Correlations were assessed
with linear regression; differences in reported EOA and TPG estimations
(e.g., between 4Dflow and transducers measurements) were assessed
through Bland-Altman plots. Statistical analyses were performed using
GraphPad Prism 7 (GraphPad Software Inc., La Jolla, CA, USA); a p
value<0.05 was considered significant.

3. Results

3.1. BPV differential 3D flow pattern

4D Flow acquisitions were successfully acquired within the experi-
mental environment for all BPVs and testing conditions (Fig. 2C). Flow
rate measurements (Fig. 4A, Table S4), taken from the flow meter on
the in vitro system, revealed excellent agreement (r2 = 0.999) with the
4D Flow MRI measurements; paired t-test comparison reported negli-
gible differences (p = 0.20) and percentage relative change ranged
between −3.2% (Crown size B, 10 l/min) and + 2.7% (Trifecta size A,
20 l/min) with respect to the corresponding 4D Flow measurement.

The analysis provided a clear 3D evaluation of the velocity iso-
surfaces (Fig. 4B), accurate localization of vena contracta and compre-
hensive evaluation of the velocity field downstream of each BPV (Fig.
S1).

For each valve size, VMAX linearly increased with Q and showed a
similar trend in Magna and Crown while it was significantly lower
(p < 0.0001) in Trifecta (Fig. 4C). Mean jet distance proved to be
unaffected by Q (p > 0.8); minor differences among sizes A and B were
observed, especially at 25 l/min, in Magna and Crown, with the latter
showing a higher jet penetration (57.7 ± 11.1 mm, size B). By con-
trast, valve size had a strong impact on the downstream flow of Trifecta,
which exhibited the shortest (36.6 ± 10.6 mm, size B) and the longest
(59.7 ± 16.4 mm, size A) jet distances depending on the valve size
(Fig. 4D).

3.2. Effective orifice area

The overall EOA shape (Fig. 5A) was almost circular for Trifecta,
markedly trilobal for the Magna and triangular for Crown BPV; as a
result, Trifecta EOA was maximized (p < 0.0001) for both A and B
sizes (Fig. 5A). Magna and Crown were comparable for size B (EOAJSLD,
p = 0.098) while differences were not negligible (EOAJSLD, p = 0.042)
for size A. The two methods of EOA estimation from 4D Flow reported
excellent agreement (r2 = 0.96, Fig. 5B) with almost no bias
(b = −0.8%) and low variation (Bland-Altman limits of agreement
between −8.8% and 7.2%, Fig. 6A). Both methods exhibited a strong
correlation against EOAGorlin (r2 = 0.84 for both EOASPVT and EOAJSLD)
with comparable biases (b = −2.6% for EOASPVT and b = −3.3% for
EAOJSLD) and similar limits of agreements (−15.9% ÷ 10.7% for
EOASPVT and − 17.8% ÷ 11.1% for EOAJSLD). Trifecta maximized Pi
for each valve size (p < 0.0001), with overall Pi values ranging

Fig. 3. EOA jet Shear layer detection method.
At vena contracta, the normalized AST scalar field (A) calculated from the 4D Flow velocity field was sampled on a polar coordinate system (ϑ, ρ); on each normalized
AST profile, an automated algorithm detected the two highest peaks (B), i.e., (ϑ1,ρ1) and (ϑ1 + π,ρ2), corresponding to the inflexion points of the normalized velocity
profiles where noise production due to vorticity is maximal [23]. EOAJSLD was finally accomplished as the area enclosed by the delineation of all the detected peaks
(green dotted line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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between 0.58 (size A tested at 10 l/min, Fig. 7A) and 0.76 (size A tested
at 25 l/min, Fig. 7C). Notably, Trifecta size B outperformed both Crown
and Magna, with the latter reporting the lowest overall Pi values.

3.3. Transvalvular pressure drop

For each BPV size, consistently with EOA estimations, Trifecta
yielded the lowest TPGMAX (size A, p = 0.0014; size B, p = 0.002) and
TPGnet (size A, p = 0.0145; size B, p = 0.0019), respectively (Fig. 8A).
Similar trends in pressure drops were observed in Magna and Crown
(p > 0.24) at all the tested Q, reporting TPGMAX and TPGnet up to 10
and 12 mm Hg higher than Trifecta, respectively. Trifecta exhibited the
lowest pressure recovery (p equal to 0.0168 and 0.0036 for size A and
B, respectively) if compared to Magna and Crown, which showed a si-
milar behavior (p > 0.47). Both TPGMAX and TPGnet reported good to
excellent correlation against ground-truth data from pressure transdu-
cers (Fig. 8B), i.e., r2 = 0.96 and r2 = 0.89, respectively. Bland-Altman
bias (Fig. 9) was equal to +0.09 mm Hg for TPGnet (limits of agree-
ments between −4.60 mm Hg and + 4.78 mm Hg) and + 1.13 mm Hg
for TPGMAX (limits of agreements from −3.73 mm Hg to
+5.99 mm Hg).

3.4. Energy viscous dissipation

BPVs were characterized by a similar KE (p = 0.2382) for size A
(Fig. 10A), while differences appeared in size B (p = 0.0074) with
Trifecta minimizing KE vs. Crown (p = 0.0867) and Magna
(p = 0.0077). Considering the downstream EL̇ (Fig. 10B), BPVs showed
a similar trend for size A, with slightly differences between Trifecta and
Magna (p = 0.0366). By contrast, for size B, EL̇ was almost unaltered
for Crown, which exhibited a significant lower degree of viscous dis-
sipation up to −66.3% and − 63.7% with respect to Magna
(p = 0.0283) and Trifecta (p = 0.0105), respectively. Of note, power
loss was inversely proportional to the fluid jet penetration (Fig. 3B): the
lowest rate of viscous dissipation was paralleled by the highest JD va-
lues as highlighted in the Trifecta size A (EL̇ ≤ 0.57 mW and JD up to
78 mm) and in the Crown valve (EL̇ ≤ 0.50 mW and JD up to 75 mm in
the size B). Conversely, the highest power loss was associated with the
lowest jet penetration as reported at size B by both Trifecta (EL̇ up to
1.50 mW and a maximum JD of 50.9 mm) and Magna (EL̇ up to
1.16 mW with a maximum JD of 62.2 mm). Interestingly, Trifecta re-
ported a very low viscous energy loss with the highest JD for size A and,
conversely, a very high energy loss for size B paralleled by the lowest
JD. On the contrary, Crown reported the lowest EL̇ variations between
size A and B.

Fig. 4. BPV-specific 3D velocity flow pattern.
Flow pump validation (A) through comparison of Q measurements (Table S4) from the in vitro system, measured at the outlet of the pump by a flowmeter, and from
4D flow MRI data, measured on a cross-section plane of the fluid domain 30 mm upstream of the aortic annulus. (B) Velocity 3D isosurfaces evaluated between the
65th and the 90th percentile of maximum velocity (VMAX), and corresponding jet flow distances (JD) downstream of each BPV. Peak velocity (C) computed at the vena
contracta, highlighted with a black asterisk (*), for each 4D Flow velocity field and mean JD averaged on the 65th–90th 3D velocity isosurfaces (D).
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4. Discussion

In the present study, we demonstrated both the efficacy and the
advantages of the proposed 4D Flow framework to comprehensively
characterize the hemodynamics of three pericardial stented BPVs.
Indeed, a robust comparative assessment of BPVs hemodynamic per-
formances is crucial to tackle heterogeneous anatomical and hemody-
namic requirements in guiding a patient-tailored BPV selection.

The 4D Flow acquisition effectively captures the 3D distribution of
the velocity field and estimated blood pressure drops across each BPV
while the MRI compatible in vitro setting assured a ground-truth term
of comparison for TPG measurements.

According to our 4D Flow data, the hemodynamic performance of
BPVs directly depends on their specific design. For instance, the ex-
ternally mounted configuration of Trifecta leaflets assures an almost
circular jet cross-section with minimal transvalvular pressure drops
(i.e., TPGMAX and TPGnet) and the highest EOA within each BPV-size.
Conversely, the internally mounted design of Magna leaflets sig-
nificantly reduces the EOA available to blood flow, especially when
considering size B, mimicking a more pronounced PPM tendency.

Notably, Crown valve underperforms the Trifecta performance index,
though designed with the bovine pericardium mounted outside the BPV
stent.

Thanks to the 4D Flow full volumetric coverage of the velocity field,
the comprehensive visualization of the 3D jet flow velocity structure is
clearly detectable by using velocity isosurfaces (Fig. 4B). This facilitates
the identification of the vena contracta and EOA calculation; 4D Flow-
driven EOA measures proved to be consistent (r2 = 0.96), reproducible,
and in good agreement with in vitro EOA measures (r2 = 0.84). Trifecta
exhibited the highest EOA values, which were consistent with average
EOAs reported at discharge in a large population of 1014 patients, i.e.,
1.77 cm2 and 1.58 cm2 for BPV size A and B, respectively [32]. Also, 4D
Flow EOA results are in agreement with pre-discharge echocardio-
graphic results for 1436 implanted patients with Trifecta reporting
higher EOA values, if compared to the other bovine bioprostheses, up to
1.84 cm2 and 1.53 cm2 for size A and B, respectively [33]. Of note, for
all BPVs, our EOA results at different Q flow rates confirm an EOA flow
dependency, as already observed on pericardial stented valves by pre-
vious experimental analyses [5,34].

The elaboration of 4D Flow data yielded reliable estimations of 3D

Fig. 5. Effective orifice area (EOA).
4D Flow-derived EOA estimation (A) according to single plane velocity truncation (EOASPVT) and jet shear layer detection (EOAJSLD) methods. (B) Relation between
4D Flow methods for EOA estimations (r2 = 0.96, p < 0.0001, slope regression 95% CI of 0.88 to 1.06, y = 0.97x + 0.03) and correlations between each 4D Flow-
derived method and EOA estimation through Gorlin formula (EOASPVT vs. EOAGorlin: r2 = 0.84, p < 0.0001; EOAJSLD vs. EOAGorlin: r2 = 0.84, p < 0.0001). Center
continuous line represents the linear regression line with dotted lines delimiting the corresponding 95% confidence band of each best-fit line; SEE = standard error of
estimate; CI = confidence interval.
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relative pressure field within the acquired volume. 4D Flow TPGMAX

and TPGnet matched well with the corresponding measurements taken
from pressure transducers (r2 = 0.96 for TPGMAX and r2 = 0.89 for
TPGnet), effectively capturing the pressure recovery phenomenon
downstream of each BPV. In accordance with clinical studies [33,35],
our data corroborate the hemodynamic differences observed between
pericardial BPVs and confirm the lowest mean gradients (p < 0.01)
reported for Trifecta in early postoperative conditions [33]. At 6-month
follow-up [35], the Trifecta valve still exhibited higher aortic valve area
than Magna but no significant influence of BPV type on pressure gra-
dients could be demonstrated. Within the clinical community, a longer

follow-up is still expected, especially for the Trifecta valve [36,37], in
order to elucidate whether these small but consistent differences can
have a tangible impact on mid- to long-term clinical outcomes.

The proposed 4D Flow hemodynamic comparison can directly im-
pact aspects of potential clinical relevance.

First, the 4D Flow analysis is valid per se to enable effective and
independent in vitro evaluations of BPVs hemodynamic performance
under repeatable and fully controlled conditions [5,13,35].

Second, the potential of 4D Flow analysis is directly transferable to
clinical in vivo scenarios enabling the 3D comprehensive assessment of
patient-specific aortic hemodynamics, including EOA calculation and

Fig. 6. Bland-Altman plots of EOA differences.
Bland-Altman plots comparing absolute and percentage differences between the two methods of EOA estimations derived from 4D Flow (A, EOAJSLD vs. EOASPVT) and
between each of the two 4D Flow methods and the experimental EOA estimation through the Gorlin formula (B, EOASPVT vs. EOAGorlin; C, EOAJSLD vs. EOAGorlin).

Fig. 7. BPVs performance index.
Comparison of the performance index (Pi) computed in all the BPVs according to the different methods of EOA estimation: single plane velocity truncation (A, using
EOASPVT), jet shear layer detection (B, using EOAJSLD) and the Gorlin formula (C, using EOAGorlin). At denominator, the internal nominal area (IA) was assumed
circular and calculated according to the nominal internal diameter (ID) of each tested BPV (Table 1).
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Fig. 8. Transvalvular pressure drop.
Maximum and net transvalvular pressure gradients extracted from 4D Flow analysis for each tested BPV (A) with their difference represented as pressure recovery. 4D
Flow estimations strongly correlated (B) with pressure drops estimations from transducers (TPGMAX, r2 = 0.96; TPGnet, r2 = 0.89; Precovery, r2 = 0.96). Center
continuous line represents the linear regression line with dotted lines delimiting the corresponding 95% confidence band of each best-fit line; SEE = standard error of
estimate; CI = confidence interval.

Fig. 9. Bland-Altman plots of TPG differences.
Bland-Altman plots comparing absolute and percentage differences between the use of 4D Flow and in vitro transducers to estimate TPGMAX (A) and TPGnet (B), and
their difference, i.e., pressure recovery (C).

F. Sturla, et al. Magnetic Resonance Imaging 68 (2020) 18–29

26



non-invasive TPG spatial mapping. On the one hand, robust EOA
quantification is crucial for PPM assessment, clinically identified by
means of the indexed EOA (EOAI), defined as the ratio between the
EOA of a normally functioning prosthesis and the patient body surface
area [6]. For instance, the largest EOA provided by Trifecta valve is
associated with a low incidence of severe PPM [32] and an overall
higher EOAI (p < 0.001) at discharge [33]. On the other hand, the
advent of non-invasive 4D Flow mapping of TPGs within the AR can be
extremely beneficial in the preoperative diagnosis of aortic stenosis
severity providing information complementary to conventional echo-
cardiography [38], although the assumption of laminar Newtonian
fluid flow still limits its use in highly stenotic turbulent flows [12]. Both
small BPVs size and PPM have been associated with increased TPGs
across BPVs [6,39].

Third, 4D Flow offers an additional insight into blood flow en-
ergetics as represented by viscous energy dissipation (EL̇), which proved
able to capture the different 3D flow peculiarities of the three tested
BPVs and the not negligible effect of BPV size (Fig. 10B). Of note, EL̇
measurements suggest that the Trifecta hemodynamics is more sensitive
than Magna and Crown to a variation in the device size; both size and
design of each BPV may be relevant factors able to trigger the gen-
eration of frictional forces and differentiate the fluid evolution in the
AR site of implantation.

In particular, EL̇ can provide an estimation of aortic flow in-
efficiencies associated with aortic stenosis [30], and it may prove useful
for the functional assessment of BPVs during the follow-up. Indeed,
fibrosis and calcification are the predominant modes of structural valve
degeneration (SVD) in pericardial BPVs leading to aortic stenosis [40];
in this scenario, EL̇ could represents a more sensitive marker, than
conventional parameters, of subtle alterations eventually preceding
more evident features of valve degeneration.

5. Limitations

Four limitations of the present analysis should be taken into con-
sideration when interpreting results.

First, steady flow conditions were employed to assess BPV hemo-
dynamics, thus neglecting the influence of flow pulsatility. Though
reducing the complexity of the study, the use of steady flow tests proved
able to magnify the energy losses of prosthetic valves at the peak

systolic velocity of a physiological pulsatile flow regime [41,42] and
allowed to examine the effect of valve shape and flow rate [43]. To
enable pulsatile flow conditions, the in vitro system will be equipped
with a pulsatile MR-compatible pump unit [14,44] and an adjustable
hydraulic afterload mimicking the hydraulic input impedance of the
system circulation [45].

Second, we employed a rigid AR phantom which did not allow to
reproduce AR compliance, which is irrelevant in steady flow conditions.
For future pulsatile flow testing purpose, flexible 3D-printed or silicone
AR models could be used [44,46]. Also, a symmetrical AR anatomy was
assumed and coronary perfusion was not modelled in the in vitro
system [47].

Third, monitoring in vitro the BPV deterioration progression is un-
likely as the single BPV could be tested no more than 1 h. In the future,
by applying in vitro calcification protocols [48], the BVPs could be
tested at different timepoints of the progressing calcification process.
Also, extending the present 4D Flow protocol to in vivo analysis could
definitely enable to monitor BPV at the different stages of structural
valve deterioration [49]. Indeed, extensive 4D Flow longitudinal data
may further elucidate the biomechanical impact of BPV-related factors
on SVD incidence, also addressing the urgent need for standard defi-
nitions to provide accurate data on SVD [3].

Fourth, 4D Flow results were validated against ground-truth ex-
perimental data without considering postoperative in vivo 4D Flow
data from patients receiving the tested BPVs. Though beyond the aim of
the present study, 4D Flow analysis is ongoing on real patients referred
to BPV implantation at our hospital centre.

6. Conclusion

The present MRI-compatible benchmark protocol demonstrated the
4D Flow capability to standardize the comparison of BPVs hydro-
dynamic performance; further extension to BPVs types and sizes could
provide overall benchmark values to comprehensive compare com-
mercialized BPVs. The protocol could also support pre-clinical assess-
ment of prototypal cardiac valves [50] and potentially reduce the need
for animal testing [51].

Fig. 10. BPV-specific energetics.
Volumetric quantification of (A) kinetic energy (KE) and (B) viscous energy dissipation (EL̇) computed for each BPV within the post-valvular region, i.e., up to 10 cm
downstream of each BPV along the longitudinal axis of the 3D-printed AR model.
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