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Due to the high individual differences in the anatomy and pathophysiology of
patients, planning individualized treatment requires patient-specific diagnosis. Indeed,
hemodynamic quantification can be immensely valuable for accurate diagnosis,
however, we still lack precise diagnostic methods for numerous cardiovascular diseases
including complex (and mixed) valvular, vascular, and ventricular interactions (C3VI)
which is a complicated situation made even more challenging in the face of other
cardiovascular pathologies. Transcatheter aortic valve replacement (TAVR) is a new
less invasive intervention and is a growing alternative for patients with aortic stenosis.
In a recent paper, we developed a non-invasive and Doppler-based diagnostic and
monitoring computational mechanics framework for C3VI, called C3VI-DE that uses
input parameters measured reliably using Doppler echocardiography. In the present
work, we have developed another computational-mechanics framework for C3VI
(called C3VI-CT). C3VI-CT uses the same lumped-parameter model core as C3VI-
DE but its input parameters are measured using computed tomography and a
sphygmomanometer. Both frameworks can quantify: (1) global hemodynamics (metrics
of cardiac function); (2) local hemodynamics (metrics of circulatory function). We
compared accuracy of the results obtained using C3VI-DE and C3VI-CT against
catheterization data (gold standard) using a C3VI dataset (N = 49) for patients with C3VI
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who undergo TAVR in both pre and post-TAVR with a high variability. Because of the
dataset variability and the broad range of diseases that it covers, it enables determining
which framework can yield the most accurate results. In contrast with C3VI-CT, C3VI-
DE tracks both the cardiac and vascular status and is in great agreement with cardiac
catheter data.

Keywords: computational model, local hemodynamics, global hemodynamics, workload, diagnostic tool, doppler
echocardiography, computed tomography

INTRODUCTION

Cardiovascular disease remains the primary cause of death
worldwide and produces immense health and economic burdens
(Roth et al., 2017; Ritchie and Roser, 2018; Benjamin et al.,
2019). Cardiovascular disease is prevalent in 48.0% of adults
and was responsible for 31.8% of all deaths in 2017 (Ritchie
and Roser, 2018; Benjamin et al., 2019) and will remain the
first cause of death globally by 2030. In the most general
condition, several diseases of the valves, ventricles and the
vascular system mechanically interact with one another and their
combination exacerbate adverse effect of each isolated disease
on the cardiovascular system (Généreux et al., 2013; Nombela-
Franco et al., 2014; Blanke et al., 2016; Sotiropoulos et al., 2016).
This complex (and mixed) valvular, vascular and ventricular
interactions (C3VI) is a complicated situation made even more
challenging in the face of other cardiovascular pathologies. C3VI
represent situations in which a number of vascular, valvular
and ventricular pathologies have mechanical interactions with
each other. C3VI includes diseases of the heart valves such as
stenosis and regurgitation of aortic and mitral valves, ventricular
pathologies such as hypertrophy and heart failure, diseases of
the vascular system such as hypertension as well as anatomical
alterations due to interventions for C3VI such as transcatheter
and surgical valve replacement (Elmariah et al., 2013; Généreux
et al., 2013; Nombela-Franco et al., 2014; Pibarot et al., 2015;
Ben-Assa et al., 2019).

“Cardiology is flow”(Richter and Edelman, 2006) and indeed
quantifications of hemodynamics can be immensely valuable
for precise diagnosis, however, we still lack precise diagnostic
tools for various cardiovascular diseases (Di Carli et al., 2016).
There has been an emerging conclusion by many researchers
that valvular disease is a complex and mixed disease that
also depends on the ventricle and the vascular system states
(Yin, 1987; Burkhoff et al., 2005; Borlaug and Kass, 2008;
Taylor and Steinman, 2010; Dweck et al., 2012; Antonini-
Canterin et al., 2013; Keshavarz-Motamed et al., 2014, 2016; Ben-
Assa et al., 2019; Ikonomidis et al., 2019; Keshavarz-Motamed
et al., 2020; Sadeghi et al., 2020; Khodaei et al., 2021a,b).
Indeed, the quantitative investigations of hemodynamics in
patients with C3VI should take into account the interactive
coupling of the valves, ventricle, and the vascular system.
The conclusions and recommendations made in the previous
studies can be boiled down to define the following two
hemodynamics quantification capabilities that computational
diagnostic frameworks are required to have to be clinically useful
for patients with C3VI. The required quantities are local and

global hemodynamics metrics (Yin, 1987; Burkhoff et al., 2005;
Borlaug and Kass, 2008; Taylor and Steinman, 2010; Dweck et al.,
2012; Antonini-Canterin et al., 2013; Ky et al., 2013; Keshavarz-
Motamed et al., 2014, 2016; Ben-Assa et al., 2019; Ikonomidis
et al., 2019; Seemann et al., 2019; Keshavarz-Motamed et al.,
2020; Sadeghi et al., 2020) as follows: (1) Metrics of circulatory
function (local), e.g., fluid dynamics of the circulatory system,
and (2) Metrics of cardiac function (global), e.g., heart workload
and its breakdown to the contributing disease components.
Assessments of hemodynamics, if available, would offer valued
information about the cardiac health condition and could be
used for planning C3VI interventions and making critical clinical
decisions with life-threatening risks. Presently, there are no
tools available to invasively or non-invasively quantify local
and global hemodynamics. Phase-contrast magnetic resonance
imaging (MRI) can offer the fluid dynamics. However, MRI has a
lower temporal resolution than doppler echocardiography (DE)
(Elkins and Alley, 2007; Kilner et al., 2007). It is important
to note that, due to the high risk of the magnetic field of
the machine for patients with implanted devices, MRI cannot
be used for patients with most implanted medical devices
except safely for MRI-conditional devices (Orwat et al., 2014).
Computed tomography (CT) has a high spatial resolution
and can provide anatomical information with a high accuracy
(Villarraga-Gómez et al., 2018), however, it has a low temporal
resolution (Maleki and Esmaeilzadeh, 2012; Watson et al.,
2018; Rehman and Makaryus, 2019) and cannot measure
any (local and global) hemodynamic parameters. Furthermore,
CT uses ionizing radiation (Burgstahler and Schroeder, 2007;
Fleischmann et al., 2008) so receiving multiple scans increases
the risk of developing cancer (Edwards and Arthurs, 2011;
Pearce et al., 2012; Power et al., 2016; Rigsby et al., 2018).
Cardiac catheterization is the gold standard for evaluating
cardiac function but it is invasive and carries high risk (Omran
et al., 2003) so it not practical for diagnosis in patients
with cardiovascular diseases in regular clinical practice. Most
importantly, cardiac catheterization offers access to flow and
pressure only in very limited regions. Doppler echocardiography
(DE) is risk-free, has high temporal resolution and can be
used to investigate cardiac function in real time. Despite DE’s
potential advantages, there is no DE methods to quantify
global hemodynamics and there is no method to quantify local
hemodynamics accurately.

In this work, we seek for a method that can quantify global
hemodynamics in addition to measures of local hemodynamics.
Currently only lumped-parameter models have these capabilities
due to the complexity of the cardiovascular system and
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the unmanageable computational cost that 3-D models of
hemodynamics in the entire cardiovascular system has.
A diagnostic lumped parameter model framework that can
quantify both local and global hemodynamics in patients
with cardiovascular diseases should meet the following 2
conditions:

(1) The computational diagnostic framework should be
developed based on the clinical patient-specific input
parameters (e.g., hemodynamic metrics, clinical data and
imaging). Upon development of a diagnostic lumped
parameter model, its results should be validated against
clinical data obtained using DE, MRI, and more specifically
cardiac catheterization.

(2) The patient-specific input parameters for such
development should be obtained non-invasively in
each patient. It is critical to note that obtaining
the input parameters invasively in patient refutes
the entire purpose of the diagnostic computational
mechanics framework.

There have been attempts for quantifying hemodynamics
and for fundamental understanding of cardiovascular mechanics
using lumped parameter modeling (Segers et al., 2003; Geven
et al., 2004; Tanné et al., 2008; Garcia et al., 2009, 2005;
Keshavarz-Motamed et al., 2011, 2014, 2015, 2016; Mynard
et al., 2012; Broomé et al., 2013; de Canete et al., 2013;
Revie et al., 2013; Benevento et al., 2015; Frolov et al., 2016;
Mihalef et al., 2017; Duanmu et al., 2018; Li et al., 2018; Pant
et al., 2018; Ben-Assa et al., 2019; Mao et al., 2019; Keshavarz-
Motamed, 2020; Keshavarz-Motamed et al., 2020). All of these
models [except (Keshavarz-Motamed et al., 2016; Keshavarz-
Motamed, 2020)] cannot satisfy Requirements #1 and #2 above,
although they were very important to provide fundamental
understandings using idealized or hypothetical cases (Segers
et al., 2003; Geven et al., 2004; Tanné et al., 2008; Garcia
et al., 2009, 2005; Keshavarz-Motamed et al., 2011, 2014, 2015;
Mynard et al., 2012; Broomé et al., 2013; de Canete et al.,
2013; Revie et al., 2013; Benevento et al., 2015; Frolov et al.,
2016; Mihalef et al., 2017; Duanmu et al., 2018; Li et al.,
2018; Pant et al., 2018; Ben-Assa et al., 2019; Mao et al., 2019;
Keshavarz-Motamed et al., 2020). Among all of the previous
studies, the only lumped-parameter models that satisfy both
Requirements #1 and #2 are one on coarctation of the aorta
(Keshavarz-Motamed et al., 2016) and the other one on C3VI
(Keshavarz-Motamed, 2020).

Transcatheter aortic valve replacement (TAVR) is an emerging
minimally invasive intervention for patients with aortic stenosis
across a broad risk spectrum. In this study, we contributed to
proceeding computational mechanics as an influential revenue to
augment clinical data and measurements, and medical imaging to
develop diagnostic methods for monitoring, treatment planning
and risk assessment in patients with C3VI who undergo TAVR in
both pre and post TAVR states at no risk to the patient. In patients
with C3VI and TAVR, DE and CT are commonly used but MRI is
not usually used due the risk of the magnetic field interactions with
the implanted devices in the body of these patients. We recently

developed (Keshavarz-Motamed, 2020) a highly innovative,
Doppler-based, non-invasive, image-based, patient-specific
diagnostic and monitoring lumped parameter model framework
for C3VI (called C3VI-DE) which uses input parameters,
measured reliably using DE and a sphygmomanometer and
satisfy both Requirements (#1 & #2). C3VI-DE, which has
a lumped-parameter model at its core, quantifies (1) local
hemodynamics (e.g., details of the physiological pulsatile flow
and pressure in the heart and circulatory system); (2) global
hemodynamics (e.g., cardiac function hemodynamic metrics,
LV workload, instantaneous LV pressure and volume) and most
importantly the individual share of each disease constituent on
the global hemodynamics. Currently, in clinical practice, none
of these metrics can be acquired in patients non-invasively and
if invasive procedures using cardiac catherization are conducted,
the measured metrics are not complete. Additionally, in the
present work, we have developed another computational-
mechanics framework for C3VI (called C3VI-CT). C3VI-CT
uses the same lumped-parameter model core as C3VI-DE
and was coupled with input parameters measured using CT
and a sphygmomanometer (for simplicity, we called this latter
framework C3VI-CT). The two frameworks differ in terms of the
modality used for collecting the input parameters for the core
lumped-parameter model. In the present work, we compared
accuracy of the results obtained from C3VI-DE and C3VI-CT
against cardiac catheterization data in forty-nine C3VI patients
who underwent TAVR to determine which framework can
yield the most accurate results. To the best of our knowledge,
this is the first study that investigates the effects of choice of
medical imaging modalities on the accuracy of a computational
diagnostic framework for patients with C3VI in terms of local
and global hemodynamic.

MATERIALS AND METHODS

Our recent non-invasive diagnostic and monitoring
computational-mechanics framework for C3VI (called
C3VI-DE) (Keshavarz-Motamed, 2020) uses limited input
parameters, measured reliably using Doppler echocardiography
and a sphygmomanometer. In this study, we have developed
another computational-mechanics framework for C3VI (called
C3VI-CT). C3VI-CT uses the same lumped-parameter model
core as C3VI-DE and was coupled with input parameters
measured using CT and a sphygmomanometer (Figure 1;
Schematic diagrams of C3VI-DE and C3VI-CT). The
developed algorithm (for both C3VI-DE and C3VI-CT)
uses the following input parameters: systolic and diastolic
brachial blood pressures, forward left ventricular outflow
tract stroke volume, cardiac cycle duration, ejection time,
ascending aorta area, left ventricular outflow tract area,
aortic valve effective orifice area, mitral valve effective orifice
area, and grading of the severity of aortic and mitral valves
regurgitation. The algorithm consists of a parameter estimation
algorithm and a lumped-parameter model that incorporates
several sub-models to analyze any combination of mixed
and complex valvular, vascular and ventricular diseases in
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FIGURE 1 | Schematic diagram of the lumped parameter modeling. (A) Anatomical representation. (B) Electrical representation of C3VI-DE. This model includes four
sub-models. (1) left atrium, (2) left ventricle, (3) aortic valve, (4) mitral valve, (5) systemic circulation, and (6) pulmonary circulation (Table 1, abbreviations). C3VI-DE
input parameters were measured using DE and sphygmomanometer. (C) Electrical representation of C3VI-CT. Input parameters of C3VI-CT were measured using
CT and sphygmomanometer.
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FIGURE 2 | Patient-specific response optimization flow chart. This flow chart
was used for both C3VI-DE and C3VI-CT.

both pre and post interventional status (see Figure 1 for
Schematic diagrams; Figure 2 for Flow chart; Table 1 for
Cardiovascular parameters).

Lumped Parameter Model
Cardiac-Arterial Model
Left ventricle
LV pressure and LV volume were coupled using a time varying
elastance E(t) as follows:

E(t) =
PLV(t)

V(t)− V0
(1)

where, PLV(t), V(t), and V0 are the LV time-varying pressure,
time-varying volume, and unloaded volume, respectively
(Keshavarz-Motamed et al., 2016). As explained by Keshavarz-
Motamed (2020), to represent the normalized elastance function
of the LV, we observed that among summation of Gaussian
functions (Pironet et al., 2013; Chaudhry, 2015), Boltzmann
Distribution (McDowell, 1999), double Hill function (Mynard
et al., 2012; Broomé et al., 2013), and the latter provided the most
physiologically accurate results (e.g., pressure, volume, and flow
waveforms). The double Hill function which is a cooperative

process (Moss et al., 2004), as physiologically expected from
myocyte recruitment during preload and is modeled by a
sigmoidal Hill function.

E(t) = N


(

t
τ1

)m1

1+
(

t
τ1

)m1


 1

1+
(

t
τ2

)m2

+ Emin (2)

N =
Emax − Emin

2
(3)

where, N, τ1, τ2, m1, m2, and Emin are elastane normalization,
ascending time translation, descending time translation,
ascending gradient, descending gradient, and minimum
elastance, respectively (see Table 1). A double Hill function
was modeled the contraction and relaxation in the heart
chambers (equation 2); the first term in brackets resembles to
the contraction of the chamber and the second term in brackets
resembles to the relaxation of the chamber. τ1, τ2, m1, m2 govern
the time translation and gradient of the elastance function,
respectively: (1) τ1 and τ2 are parameters that are functions of
the cardiac cycle duration (T) and are calculated in each patient
using the equations provided in Table 1; (2) m1, m2 are constant
for all patients (see Table 1 for more details). Parameter values
used for the elastance function were adapted from Gleason and
Braunwald (1962); Van de Werf et al. (1984); Brown and Ditchey
(1988); Dell’Italia and Walsh (1988); Kass et al. (1988); Takeuchi
et al. (1992); Senzaki et al. (1996); Stergiopulos et al. (1996);
Maniar et al. (2003); Liang et al. (2009) to obtain physiologically
waveforms (Table 1).

Left atrium
Left atrium pressure and LA volume were coupled using time
varying elastance E(t), following the same method described
above for the LV model (defined in equations 2 and 3) (Mynard
et al., 2012; Broomé et al., 2013; Table 1). Additionally, a phase lag
was used in the LA elastance function to account for the relative
onset of contractions between LA and LV (Mynard et al., 2012).
In Particular, LV contraction was introduced at T = 0, and LA
contraction was launched at 0.85 T (Mynard et al., 2012), causing
in a time delay of 0.15 T.

Modeling Heart Valves
Aortic valve
Aortic valve was modeled using the net pressure gradient
formulation (PGnet) through the aortic valve as follows:

PGnet|AV =
2πρ√

ELCo|AV

∂Q(t)
∂t
+

ρ

2 ELCo|2AV
Q2(t) (4)

and

ELCo|AV =
(EOA|AV)AAO

AAO − EOA|AV
(5)

where, ELCo|AV , EOA|AV , AAO, ρ, and Qare the valvular
energy loss coefficient, effective orifice area, ascending aorta
cross sectional area, fluid density, and transvalvular flow
rate, respectively.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 5 July 2021 | Volume 9 | Article 643453

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-09-643453 July 2, 2021 Time: 17:46 # 6

Baiocchi et al. Non-invasive Diagnostic Framework

TABLE 1 | Cardiovascular parameters.

Description Abbreviation Value

Valve parameters

Effective orifice area EOA Measured using DE and CT

Inertance (mitral valve) MMV Constant value: 0.53 gcm−2 (Flachskampf et al., 1993; Tanné et al., 2008; Keshavarz-Motamed,
2020)
Defined by Flachskampf et al. (1993)

Systematic circulation parameters

Aortic resistance Rao Constant value: 0.05 mmHg.s.mL−1 (Keshavarz-Motamed et al., 2011, 2014, 2016;
Keshavarz-Motamed, 2020)

Aortic compliance Cao 0.6 CSAC (Stergiopulos et al., 1999)
Initial value: 0.5 mL/mmHg (Keshavarz-Motamed et al., 2011, 2014, 2016; Keshavarz-Motamed,
2020)
Optimized based on brachial pressures
(Systolic and diastolic brachial pressures are optimization constraints)

Systemic vein resistance RSV 0.05 mmHg.s.mL−1 (Keshavarz-Motamed et al., 2011, 2014, 2016; Keshavarz-Motamed, 2020)

Systemic arteries and veins compliance CSAC Initial value: 2 mL/mmHg (Keshavarz-Motamed et al., 2011, 2014, 2016; Keshavarz-Motamed,
2020)
Optimized based on brachial pressures
(Systolic and diastolic brachial pressures are optimization constraints)

systemic arteries resistance
(including arteries, arterioles and capillaries)

RSA Initial value: 0.8 mmHg.s.mL−1 (Keshavarz-Motamed et al., 2011, 2014, 2016;
Keshavarz-Motamed, 2020)
Optimized based on brachial pressures
(Systolic and diastolic brachial pressures are optimization constraints)

Upper body resistance Rub Adjusted to have 15% of total flow rate in healthy case (Keshavarz-Motamed et al., 2016)

Proximal descending aorta resistance Rpda Constant value: 0.05 mmHg.s.mL−1 (Keshavarz-Motamed et al., 2016; Keshavarz-Motamed, 2020)

Elastance Function*

Maximum Elastance Emax 2.1 (LV)
0.17 (LA)

Minimum Elastance Emin 0.06 (LV, LA)

Elastance ascending gradient m1 1.32 (LV, LA)

Elastance descending gradient m2 27.4 (LV)
13.1 (LA)

Elastance ascending time translation τ1 0.269 T (LV)
0.110 T (LA)

Elastance descending time translation τ2 0.452 T (LV)
0.18 T (LA)

Pulmonary circulation parameters

Pulmonary Vein Inertance LPV Constant value:0.0005 mmHg·s2
·mL−1 (Tanné et al., 2008; Keshavarz-Motamed, 2020)

Pulmonary Vein Resistance RPV Constant value: 0.002 mmHg·s·mL−1 (Tanné et al., 2008; Keshavarz-Motamed, 2020)

Pulmonary Vein and capillary Resistance RPVC Constant value: 0.001 mmHg·s·mL−1 (Tanné et al., 2008; Keshavarz-Motamed, 2020)

Pulmonary Vein and Capillary Compliance CPVC Constant value: 40 mL/mmHg (Tanné et al., 2008; Keshavarz-Motamed, 2020)

Pulmonary Capillary Inertance LPC Constant value: 0.0003 mmHg·s2
·mL−1 (Tanné et al., 2008; Keshavarz-Motamed, 2020)

Pulmonary Capillary Resistance RPC Constant value: 0.21 mmHg·s·mL−1 (Tanné et al., 2008; Keshavarz-Motamed, 2020)

Pulmonary Arterial Resistance RPA Constant value: 0.01 mmHg·s·mL−1 (Tanné et al., 2008; Keshavarz-Motamed, 2020)

Pulmonary Arterial Compliance CPA Constant value: 4 mL/mmHg (Tanné et al., 2008; Keshavarz-Motamed, 2020)

Mean Flow Rate of Pulmonary Valve QMPV Forward LVOT-SV is the only input flow condition. QMPV is a flow parameter that was optimized so
that the lump-parameter model could reproduce the desirable measured Forward LVOT-SV

Input flow condition

Forward left ventricular outflow tract stroke
volume

Forward
LVOT-SV

Measured using DE and CT

Output condition

Central venous pressure PCV0 Constant value: 4 mmHg (Keshavarz-Motamed et al., 2011, 2014, 2016; Keshavarz-Motamed,
2020)

Other

Constant blood density ρ Constant value: 1050 kg/m3 (Keshavarz-Motamed et al., 2011, 2014, 2016; Keshavarz-Motamed,
2020)

Cardiac cycle duration T Measured using DE and CT

Systolic End Ejection time TEJ Measured using DE and CT

Summarized parameters used in the lumped parameter modeling to simulate all patient-specific cases.
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Aortic regurgitation
Aortic regurgitation (AR) was modeled using the similar
formulation as the aortic valve:

PGnet|AR =
2πρ√

ELCo|AR

∂Q(t)
∂t
+

ρ

2 ELCo|2AR
Q2(t) (6A)

and

ELCo|AR =
EOAARALVOT

ALVOT − EOAAR
(6B)

where, ELCo|AR, EOAAR, and ALVOT are regurgitation energy
loss coefficient, regurgitant effective orifice area and LVOT area,
respectively. AR pressure gradient is the difference between aorta
pressure and LV pressure during diastole.

Mitral valve
Mitral valve (MV) was modeled using the analytical formulation
for the net pressure gradient ( PGnet|MV ) across the MV during
LA ejection. PGnet|MV was expressed as a function of ρ, QMV ,
EOAMV and MMV , represent the fluid density, transvalvular flow
rate, effective orifice area and inertance, respectively.

PGnet|MR =
MMV

EOAMV

∂QMV(t)
∂t

+
ρ

2 EOA|2MV
Q2

MV(t) (7)

Mitral regurgitation
Mitral regurgitation (MR) pressure gradient is the difference
between mitral pressure and LA pressure during systole and was
modeled using the following equation:

PGnet|MR =
MMV

EOAMR

∂Q(t)
∂t
+

ρ

2 EOA|2MR
Q2(t) (8)

where, EOA|MR is MR effective orifice area.

Pulmonary flow
The pulmonary valve flow waveform was modeled using a
rectified sine curve with duration tee and amplitude QMPV as
follows:

QPV(t) = QMPV sin
(

πt
tee

)
, t ≤ tee;QPV(t) = 0, tee < t ≤ T

(9)
where, QMPV , tee and T are mean flow rate of the pulmonary
valve, end-ejection time and cardiac cycle duration, respectively.
Forward left ventricular outflow tract stroke volume (Forward
LVOT-SV) was the sole input flow condition in this study. Indeed,
the mean flow rate of the pulmonary valve (QMPV ) was optimized
so that the lump-parameter algorithm replicates the measured
Forward LVOT-SV.

Input Parameters and Patient-Specific Parameter
Estimation
Both C3VI-CT and C3VI-DE algorithms use the following input
parameters: forward left ventricular outflow tract stroke volume
(Forward LVOT-SV), cardiac cycle duration (T), ejection time
(TEJ), ascending aorta area (AAO), left ventricle outflow tract
area (ALVOT), aortic valve effective orifice area ( EOA|AV ), mitral

valve effective orifice area ( EOA|MV ), grading of the severity of
aortic, and mitral valves regurgitation and systolic and diastolic
blood pressures.

Flow inputs
Both C3VI-CT and C3VI-DE use only one measured flow
parameter as an input: forward left ventricle stroke volume
(Forward LVOT-SV). Forward LVOT-SV is defined as the volume
of blood that passes through the LVOT cross sectional area every
time the heart beats.

C3VI-CT
Forward LVOT-SV measured using CT is defined (Equation 10)
as follows:

Forward LVOT − SV = EDV − ESV (10)

where, EDV and ESV are the end diastolic volume and the end
systolic volume, respectively. Using CT data, we have estimated
end diastole phase and end systole phase by tracking the images
and the spatial position of the mitral valve and aortic valve leaflets
as well as the left ventricle. Therefore, the very first image after
aortic-valve closure was deemed as the end systole (beginning
of diastole) and the very first image after mitral-valve closure
was considered as the end diastole (beginning of systole). We
segmented and reconstructed the 3-D geometries of the complete
ventricle in patients in both pre and post-TAVR using CT images
and ITK-SNAP (version 3.8.0-BETA) (Yushkevich et al., 2006),
a 3-D image processing and model generation software package
(Figure 1C). We then, using an in house Matlab code, calculated
the left ventricle volume at the end systole and end diastole after
reconstructing the 3-D shape using CT data. We used smoothing
procedure for the surfaces. The smoothing procedure mainly
removed the effect of trabeculae and papillary muscles, which
has been shown to have negligible influence on the ventricle
hemodynamics (Vedula et al., 2016). Change in the volume due
to smoothing was less than 3% in all patients.

C3VI-DE
Forward LV-SV measured using DE is defined as the following
(Keshavarz-Motamed, 2020):

Forward LV − SV = ALVOT VTILVOT =
π(DLVOT)

2

4
VTILVOT

(11)
where, DLVOT , ALVOT , and VTILVOT are LVOT diameter, LVOT
area, and LVOT velocity-time integral, respectively.

Time inputs
Cardiac cycle time (T) and ejection time (TEJ) were measured
using Doppler echocardiography and ECG-Gated CT to be used
in C3VI-DE and C3VI-CT, respectively.

Aortic valve and mitral valve inputs
To model blood flow in forward direction, both C3VI-CT and
C3VI-DE require aortic valve effective orifice area ( EOA|AV ),
mitral valve effective orifice area ( EOA|MV ), ascending aorta area
(AAO) and left ventricle outflow tract area (ALVOT).
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C3VI-CT
We segmented and reconstructed the 3-D geometries of the
aortic and mitral valves, ascending aorta and LVOT section in
C3VI patients in both pre and post-TAVR using CT images
and ITK-SNAP (version 3.8.0-BETA) (Yushkevich et al., 2006)
(Figure 1C). We calculated EOA|AV , EOA|MV , AAO and ALVOT
using an in house Matlab code, after reconstructing the 3-D
shape using CT data.

C3VI-DE
EOA|AV , AAO, ALVOT were calculated using the following
equations (Keshavarz-Motamed, 2020):

EOA|AV =
Forward LVOT − SV

VTIAO
(12)

AAO =
π(DAO)

2

4
(13)

ALVOT =
π(DLVOT)

2

4
(14)

where, VTIAO, DAO, and DLVOT are the velocity time integral
in the ascending aorta (amount of the blood flow going
through the aorta), ascending aorta diameter and LVOT
diameter, respectively.

Moreover, mitral valve is approximately an ellipse and its
area was quantified using the following equation where d1
and d2 are mitral-valve diameters measured in the apical
two-chamber and apical four-chamber views, respectively
(Keshavarz-Motamed, 2020).

EOA|MV =
πd1d2

4
(15)

Grading of aortic and mitral valve regurgitation severity
inputs
To model blood flow in the reverse direction, both C3VI-CT and
C3VI-DE require grading of aortic and mitral valve regurgitation
severity (e.g., regurgitant effective orifice area of aortic valve
and regurgitant effective orifice area of mitral valve) [(see
Keshavarz-Motamed, 2020) for all details)]. C3VI-CT uses CT
data for all the mentioned input parameters, however, it cannot
provide measurements for grading of aortic and mitral valve
regurgitation severity, which are measured using DE (Keshavarz-
Motamed, 2020). We therefore use grading of aortic and mitral
valve regurgitation severity measured by DE for both C3VI-
CT and C3VI-DE.

Systolic and diastolic blood pressures
Systolic and diastolic blood pressures measured using a
sphygmomanometer are additional input parameters for both
C3VI-CT and C3VI-DE.

Parameter estimation for systemic circulation
Parameters RSA, CSAC, and Cao were optimized so that the
aorta pressure calculated using the model matched the patient’s
systolic and diastolic brachial pressures measured using a
sphygmomanometer (see section “Computational Algorithm”
and section “Patient-Specific Response Optimization” for details)
for both C3VI-CT and C3VI-DE.

Simulation execution
Please see the section “Computational Algorithm” for both C3VI-
CT and C3VI-DE calculations.

Computational Algorithm
The lumped-parameter algorithm was analyzed numerically by
creating and solving a system of ordinary differential equations in
Matlab Simscape (MathWorks, Inc.), supplemented by additional
functions written in Matlab and Simscape. Matlab’s ode23t
trapezoidal rule variable-step solver was used to solve the
system of differential equations with an initial time step of 0.1
milliseconds. The convergence residual criterion was set to 10−6.
Initial voltages and currents of capacitors and inductors were set
to zero. The model was run for several cycles (around 50 cycles)
to reach steady state before starting the response optimization
process described below. In order to generate a signal to model LV
elastance, a double Hill function representation of a normalized
elastance curve for human adults was used (Mynard et al.,
2012; Broomé et al., 2013). This elastance formulation was
shown to completely represent the LV function independent of
its pathological condition. Simulations started at the onset of
isovolumic contraction. The instantaneous LV volume, V(t), was
calculated using the time varying elastance (Equation 1) and LV
pressure, PLV . Subsequently, the LV flow rate was calculated as
the time derivative of the instantaneous LV volume. The same
method was used to obtain the left-atrium volume, pressure and
flow rate. PLV was initially calculated using the initial values of
the model input parameters from Table 1. The Forward LVOT-
SV was calculated using the lumped-parameter model and then
fitted to the one measured (Equation 10) by optimizing QMPV
(as detailed below). Finally, for each patient RSA, CSAC, and
Cao were optimized to fit the aortic pressure from the model
to the patient systolic and diastolic pressures measured using a
sphygmomanometer.

Patient-Specific Response Optimization
The parameters of the lumped parameter algorithm are listed
in Table 1. Some of the parameters were considered constant
based on the previous studies in the literature or based on
the rationale given below and their values are reported in
Table 1. Additionally, the parameters that were measured in
each patient are indicated in that table. To precisely replicate the
body conditions of individual patients, as described below, four
parameters of the lumped parameter algorithm were optimized
so that the model replicated the physiological measurements
performed in the patient. Simulink Design Optimization toolbox
was used to optimize the response of the lumped-parameter
model using the trust region reflective algorithm implemented
in Matlab fmincon function. The response optimization was
performed in two consecutive steps with tolerances of 10−6

(Figure 2, flow chart).
The mean flow rate of the pulmonary valve, QMPV , could

not be measured or computed using CT and cannot be reliably
measured using Doppler echocardiography. However, because
Forward LVOT-SV can be measured reliably using Doppler
echocardiography and can be computed using CT, in the first
step of optimization, QMPV was optimized to minimize the
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error between the Forward LVOT-SV calculated by the lumped-
parameter algorithm and the one measured in each patient
reliable using DE.

In the second step, RSA, CSAC, and Cao were optimized so that
maximum and minimum of the aorta pressures were equal to the
systolic pressure and diastolic pressure, respectively, measured
using a sphygmomanometer in each patient. Because the left
ventricle confronts the total systemic resistance and not the
specific resistances, and the systemic arteries resistance (RSA) is
one order of magnitude greater than both the aortic resistance
(Rao) and systemic vein resistance (RSV ), we considered Rao and
RSV as constants and optimized RSA as the main contributor of
the total systemic resistance (Keshavarz-Motamed et al., 2011,
2012, 2014, 2015; Benevento et al., 2015; Keshavarz-Motamed,
2020; Sadeghi et al., 2020). Cao was considered to be 0.6 of CSAC
because 60% of the total arterial compliance lives in the proximal
aorta (Stergiopulos et al., 1999).

In addition, we performed a comprehensive parameter
sensitivity analysis that discovered negligible effects of changes in
the pulmonary parameters (e.g., CPVC) on the lumped parameter
model output variables (Keshavarz-Motamed, 2020). Therefore,
we did not include these pulmonary parameters in the parameter-
optimization process and counted them as constants (Table 1).

Study Population
Forty-nine deidentified and anonymous C3VI patients with
severe aortic valve stenosis who underwent TAVR (see
Table 2 for patients characteristics) between 2011 and 2018
at St. Joseph’s Healthcare and Hamilton General Hospital
(Hamilton, ON, Canada) and Hospital Universitario Marques
de Valdecilla (IDIVAL, Santander, Spain) were considered
(Keshavarz-Motamed, 2020; Keshavarz-Motamed et al., 2020).
The selections were done by operators blinded to the objectives
and contents of this study. Informed consent was obtained from
all participants. The protocols were reviewed and approved by
the Institutional Review Boards of each institution as follows:
the Hamilton Integrated Research Ethics Board (HiREB)
of Hamilton Health Sciences and St. Joseph’s Healthcare,
both affiliated to McMaster University and Comité de ética
de la investigación con medicamentos de Cantabria of the
Hospital Universitario Marques de Valdecilla. All methods and
measurements were conducted in accordance with pertinent
guidelines and regulations, e.g., guidelines of the American
College of Cardiology and American Heart Association. Cardiac
catheterizations were performed only in pre intervention status.
The patient medical records were used to collect demographic
and procedural data (see Table 1 for details). Data was acquired
at two time points: pre-procedure and 90-days post-procedure.

Statistical Analysis
All results were expressed as mean ± standard deviations (SD).
Statistical analyses were performed using SigmaStat software
(Version 3.1, Systat Software, San Jose, CA, United States).
Coefficient of determination, R2, was used to quantify the
quality of linear regressions. Statistically significant differences
between two datasets were assessed using two-sample t-test at 1%
significance level.

RESULTS

C3VI-DE and C3VI-CT vs. Clinical
Cardiac Catheterization Data
Validation with clinical cardiac catheterization is a gold standard
and the highest-level validation that is possible in patients in
the field of cardiovascular mechanics. However, because of its
invasive nature, catheter data are rare and collecting a useable
dataset are incredibly rare. It is important to note that from
a fluid mechanics point of view, in incompressible flow the
relationship between pressure and velocity is well defined and
therefore from catheter pressure data, the velocity can be easily
obtained. In the complex time-varying cardiovascular system,
in which many phenomena interact with one another, having a
model that replicates the catheter data in each patient, shows
the validity of the model to the highest degree. Our results
show that C3VI-DE can non-invasively quantify pulsatile flow
and pressure throughout the heart in C3VI patients and provide
instantaneous quantities such as left ventricle and aorta pressures.
Conversely, C3VI-CT cannot accurately obtain these quantities
(Figures 3, 4).

Pressure Waveforms
The instantaneous pressure computed by C3VI-DE were
compared with clinical cardiac catheter pressure measurements
in all forty-nine C3VI patients. Figure 3 shows the comparison
of C3VI-DE calculations with catheter data in 3 of the 49
patients (Patients #1, #2, and #3). C3VI-DE results are in
qualitative agreement with catheter measurements, e.g., similar
waveform shape as well as specific wave elements such as the
amplitude and timing of the systolic peak. Quantitatively, results
computed by C3VI-DE had an average RMS error of 11.8 mmHg
and 9.9 mmHg in the LV and aorta pressures, respectively
(n = 49). Conversely, results from C3VI-CT do not precisely
agree with catheter measurements with the average RMS errors
of 64.5 mmHg and 12.7 mmHg in the left ventricle and aorta
pressures, respectively (n= 49).

Peak Pressure
The peak pressures obtained from C3VI-DE (LV:
164.5 ± 30.7 mmHg; aorta: 133.88 ± 14.25 mmHg) are
in close agreement with catheter measurements (LV:
165.9 ± 30.9 mmHg, aorta: 133.75 ± 14.67 mmHg) in all
forty-nice C3VI patients (Figure 4). The high coefficients of
determination (LV: R2

= 0.982; aorta: R2
= 0.933; Figure 4)

indicate a strong correlation between C3VI-DE and cardiac
catheter measurements, with maximum relative errors of 4.49%
for aorta pressure and 4.33% for LV pressure in all forty-nine
patients. In contrast with those obtained from C3VI-DE, peak
pressures obtained from C3VI-CT (LV: 143.4 ± 27.5 mmHg,
aorta: 134.4 ± 14.5 mmHg) are incompatible with the catheter
measurements. Its low coefficients of determination (LV:
R2
= 0.63; aorta: R2

= 0.83; Figure 4) indicate a weak correlation
between C3VI-CT and catheter measurements, with maximum
relative errors of 31.4% and 7.8% for LV and aortic pressures,
respectively, in all C3VI subjects.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 9 July 2021 | Volume 9 | Article 643453

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-09-643453 July 2, 2021 Time: 17:46 # 10

Baiocchi et al. Non-invasive Diagnostic Framework

TABLE 2 | Patient characteristics.

Pre interventionMean ± SD (n = 49) Post interventionMean ± SD (n = 49)

Ventricular indices – DE findings

Ejection fraction, % 53.5 ± 12.7 61 ± 14.6

Heart rate, bpm 70.7 ± 9.5 68 ± 11.8

Stroke volume, mL 48.3 ± 11.7 44.5 ± 15.5

NYHA classifications ≥ grade 2 82% 76%

Valvular indices – DE findings

Aortic valve effective orifice area (cm2) 0.58 ± 0.16 1.75 ± 0.4

Mean aortic valve gradient, mmHg 51.52 ± 13.6 11.1 ± 6.1

Maximum aortic valve gradient, mmHg 84.5 ± 21.32 20.4 ± 10.28

Aortic valve disease type Tricuspid: 46; Bicuspid: 3 None

Aortic valve regurgitation ≥ grade 2 48% 5%

Mitral valve regurgitation ≥ grade 2 19% 20%

Vascular indices – Sphygmomanometer

Brachial systolic blood pressure, mmHg 139 ± 22.5 135 ± 16.8

Brachial diastolic blood pressure, mmHg 79 ± 11.7 68 ± 10.3

Patient description

Mean age, years; Gender 64.5 ± 5.5; (Female: 36%) Same as pre TAVR

Mean weight, kg; Mean height, cm 73.4 ± 12.8; 165.7 ± 9.6 71.6 ± 10.5; 165.7 ± 9.6

Body surface area, m2 1.73 ± 0.14 Not available

Body mass index, kg/m2 31.9 ± 21.5 Not available

EuroScore II 7.2 ± 5.33 Not available

STS mortality rate 6.89 ± 4.45 Not available

Associated cardiovascular lesions

Previous percutaneous coronary intervention 39% Same as pre TAVR

Previous coronary artery bypass grafting 30% Same as pre TAVR

Previous myocardial infarction 19% Same as pre TAVR

Previous stroke 1% Same as pre TAVR

Atrial fibrillation 26% Same as pre TAVR

Cerebrovascular accident 5% Same as pre TAVR

Peripheral vascular disease 38% Same as pre TAVR

Hypertension 82% 78%

Changes in hemodynamic metrics from baseline to post-intervention.

C3VI-DE vs. C3VI-CT: Input Parameters
to the Model
The developed algorithm uses the following input parameters:
forward LVOT stroke volume, cardiac cycle duration, ascending
aorta area, LVOT area, aortic valve effective orifice area, mitral
valve effective orifice area, and grading of aortic and mitral
valves regurgitation severity. While for C3VI-DE all of these
parameters are reliably measured using DE, for C3VI-CT they are
measured using CT, except for grading of aortic and mitral valve
regurgitation severity, which are measured using DE since CT
cannot provide these measurements. The other input parameters
of the model are systolic and diastolic blood pressures, which
are measured using a sphygmomanometer for both C3VI-DE
and C3VI-CT. Figure 5 shows that when the measurements
of the input parameters were performed using CT data, aortic
valve effective orifice area, LVOT area, and ascending aorta area
were significantly higher than those measured using DE, while
the forward LVOT stroke volume and mitral valve effective area
were lower than the ones measured using DE. Table 3 shows
the maximum variations of the computed LV workload and LV

peak pressure, averaged over all patients, obtained from one-
parameter-at-a-time sensitivity analysis of ±30% relative to the
baseline. As shown in Table 3, the LV worklaod and LV peak
pressure are greatly sensitive to the forward LVOT stroke volume,
among all of the input parameters of the model, and consequently
the underestimated forward LVOT stroke volume obtained from
the CT data can introduce an error in the calculated LV workload.

C3VI-DE vs. C3VI-CT: Model Outputs
(Hemodynamics Metrics of Circulatory
and Cardiac Function)
Figure 6 shows that the calculated hemodynamics metrics of
circulatory and cardiac function (e.g., LV workload, LV peak
pressure and peak to peak pressure gradient) were substantially
different when the measurements of the input parameters were
performed using DE rather than CT. Compared to C3VI-DE,
C3VI-CT underestimates the LV workload, LV peak pressure
and peak to peak pressure gradient (the difference between LV
peak pressure and aorta peak pressure) by 18%, 16%, and 55%,
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FIGURE 3 | Pressure waveform comparison (C3VI-CT & C3VI-DE vs. cardiac catheter): The instantaneous C3VI-DE pressure compared favorably with cardiac
catheter pressure in all subjects. Conversely, results from C3VI-CT do not precisely agree with catheter measurements. (A) Patient #1; (B) Patient #2; (C) Patient #3.

respectively (average in N = 49). Moreover, we used the pre-
intervention states (both from DE and CT) of the patients,
virtually performed intervention in the models and used our
framework to predict the patient state post intervention. Figure 7
compares the actual post-intervention LV workload with the
LV workload that our framework predicted that all patients

would have after the intervention (patients with C3VI underwent
TAVR; N = 49). We observed quantitative agreement, resulted
from, between the post-intervention LV workload predicted
using C3VI-DE and the actual post-intervention LV workload
in all C3VI subjects (error of average: 0.4%, N = 49; Figure 7)
which demonstrates the validity of the C3VI-DE model and
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FIGURE 4 | Peak pressure correlation (C3VI-CT & C3VI-DE vs. cardiac catheter). Peak pressures calculated by C3VI-DE correlated well with catheter measurements
in all forty-nine C3VI patients, described by high coefficients of determination. In contrast with C3VI-DE, peak pressures obtained from C3VI-CT are incompatible
with the catheter measurements, described by low coefficients of determination. (A) Aorta. (B) Left ventricle.

its predictive capability. However, there is no firm quantitative
agreement between the post-intervention LV workload predicted
using C3VI-CT and the actual post-intervention LV workload in
C3VI patients (error of average: 11.4%, N = 49; Figure 7).

DISCUSSION

Because of high individual differences in the anatomy
and pathophysiology of patients, planning individualized
treatment requires patient-specific diagnosis. Hemodynamics
quantification in C3VI plays an essential role in precise and
early diagnosis (Marsden, 2013; Khalafvand et al., 2014; Di Carli
et al., 2016), however, present diagnostic methods are limited

and cannot quantify hemodynamics of C3VI (Marsden, 2013; Di
Carli et al., 2016; Anvari et al., 2021).

As the need for patient-specific diagnostic methods continues
to be studied, understanding the strengths and limitations of
imaging modalities is crucial toward creating accurate diagnostic
tools. Over the past decade, the use of medical imaging has
exponentially increased (Smith-Bindman et al., 2012; Blecker
et al., 2013), likely due to its technological advancements
which is evident through the miniaturization of imaging devices
and the dramatic increase in sensitivity and spatial resolution
(Fleischmann et al., 2008; Smith-Bindman et al., 2012; Di Carli
et al., 2016). In spite of astonishing advancements in medical
imaging, medical imaging on its own cannot quantify local and
global hemodynamics: (1) Phase-contrast magnetic resonance
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FIGURE 5 | Doppler echocardiography measurements vs. computed tomography measurements (N = 49). (A) aortic valve effective orifice area; (B) LVOT area;
(C) ascending aorta area; (D) mitral valve effective orifice area; (E) forward LVOT stroke volume. DE and CT generated significantly different results for aortic valve
effective orifice area, LVOT area, ascending aorta area, mitral valve effective orifice area, and forward LVOT stroke volume as the two sample t-test rejected the null
hypothesis at 0.01 significance level.
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TABLE 3 | Maximum variation of the computed LV workload and LV peak pressure.

Input parameters of the algorithm measured using CT or DE Abbreviation Maximum variations of computed LV workload
and LV peak pressure (N = 49)

Forward left ventricular outflow tract stroke volume Forward LVOT-SV 58% and 51%

Cardiac cycle duration T 14.5% and 11%

Ascending aorta area AAO 0.68% and 0.5%

LVOT area ALVOT 0.7% and 0.65%

Aortic valve effective orifice area EOAAV 14% and 18%

Mitral valve effective orifice area EOAMV 1.4% and 0.9%

Input parameters of the algorithm measured using DE

Regurgitant effective orifice area of the aortic valve EOAAR 19% and 10.6%

Regurgitant effective orifice area of the mitral valve EOAMR 11.5% and 4.5%

Input parameters of the algorithm measured using
sphygmomanometers

Systolic pressure PSYS 1.2% and 0.85%

Diastolic pressure PDIAS 1% and 0.9%

Results were obtained from one-parameter-at-a-time sensitivity analysis (±30%) relative to the baseline, averaged over all patients (N = 49). LV workload, the integral of
LV pressure and its volume change, is greatly sensitive to the forward LVOT stroke volume, among all of the input parameters of the algorithm.

imaging (MRI): MRI can provide 3-D velocity and volumetric
data throughout the cardiac cycle, making it a great tool for
characterizing flow throughout the volume with a relatively
high spatial resolution (Fleischmann et al., 2008; Shen et al.,
2021). On the downside, MRI has a lower temporal resolution
(20 ms highest) than Doppler echocardiography does, and is
the most costly of the compared imaging modalities (Picano,
2005; Watson et al., 2018). In addition, Gadolinium contrast
agent, used in approximately 1 in 3 MRI scans to increase
the image clarity, is toxic and may lead to the development
of Nephrogenic Systemic Fibrosis in patients with severe renal
failure (Kuo et al., 2007; Paterson et al., 2013). However, 4D
flow MRI is an emerging technology to allow comprehensive
assessment of cardiac function, vascular and valvular function
(Zhong et al., 2019). Most importantly, although use MRI is
limited in patients with implanted medical devices as they remain
a major risk during the examination (Orwat et al., 2014), some
devices [e.g., MRI-conditional pacemakers; Saunderson et al.
(2020) and (Saunderson et al., 2020)] may be used in MRI
environment if certain conditions are fulfilled. However, the
possibility, safety and reliability of 4-D flow MRI remain to
be confirmed in patients with implanted cardiac devices. As
Saunderson et al. (Saunderson et al., 2020) mentioned, larger
studies are required to fully evaluate safety of 4D flow MRI
across a wider range of cardiovascular implanted devices; (2)
Computed tomography (CT): CT scans allows for 3D and 4D
visualization and measurement of complex anatomy as well as
flexible structures at high spatial resolution (Villarraga-Gómez
et al., 2018). Dual source CT has poor temporal resolution with
the highest resolution outputs of 83 ms, which is the lowest of
the compared modalities, thus requiring slow and steady heart
rates to yield a clear image (Lin and Alessio, 2009; Sabarudin
and Sun, 2013; Watson et al., 2018). Additionally, due to the
ionizing radiation, receiving multiple scans increases the risk
of developing cancer by 2.7–12% for the general population
and up to triple the risk of brain tumors and leukemia for
pediatric patients. Furthermore, CT typically requires the use

of an iodine-based contrast agent which, in rare cases, may
induce anaphylaxis or contrast-induced nephropathy (Andreucci
et al., 2014; Faggioni and Mehran, 2016; Rehman and Makaryus,
2019). More importantly, CT cannot measure any (local and
global) hemodynamic parameters; (3) Doppler echocardiography
(DE): DE provides functional, real-time information regarding
cardiac geometry, instantaneous flow and pressure gradients
(Anavekar and Oh, 2009; Steeds, 2011). DE can detect structural
abnormalities as well as assess contractility and ejection fraction,
at an excellent temporal resolution of < 4 ms and has an
infinitesimal risk-to-benefit ratio (Papolos et al., 2016). As a
result, DE remains the gold standard for assessing cardiac
function, and is essential for basic and clinical cardiovascular
research (Anavekar and Oh, 2009; Steeds, 2011; Parra and Vera,
2012). Moreover, DE is the least costly of the compared imaging
modalities as well as the most widely available. Despite its
versatility and potential, DE cannot precisely evaluate local and
global hemodynamics, or provide breakdown contributions of
each component in cardiovascular disease (Anavekar and Oh,
2009; Scantlebury Dawn et al., 2013). Such information has
a high clinical importance for planning advanced treatments
for C3VI patients.

We recently developed a non-invasive, image-based, patient-
specific diagnostic and monitoring lumped parameter modeling
framework for C3VI patients (called C3VI-DE) which uses
limited input parameters, measured using DE reliably and a
sphygmomanometer (Keshavarz-Motamed, 2020). Additionally,
in this study, we have developed another computational
framework that used the same lumped-parameter model core in
conjunction with input parameters measured using CT and a
sphygmomanometer (called C3VI-CT). In this study, we focused
on comparing data generated from DE and CT as they are
commonly used in clinics for patients with C3VI and severe aortic
stenosis who received TAVR. In this paper, we compared accuracy
of the results obtained using C3VI-DE and C3VI-CT against
catheterization data in forty-nine C3VI patients with severe
aortic stenosis who underwent TAVR with substantial inter- and
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FIGURE 6 | Changes in hemodynamics assessments calculated by C3VI-DE and C3VI-CT in patients with C3VI (N = 49). (A) LV workload; (B) LV peak pressure;
(C) Peak to peak pressure. Two-sample t-test showed that calculations of C3VI-DE and C3VI-CT for all three variables (LV workload, LV peak pressure and peak to
peak pressure) are significantly different at 0.01 significance level.

intra-patient variability covering a wide range of diseases to
determine with which modality the framework can yield the most
accurate results. Based on our analysis, we found that results

from C3VI-DE are in qualitative and quantitative agreement with
catheter measurements, whereas results from C3VI-CT do not
agree with catheter measurements.
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FIGURE 7 | Changes in predicted LV workload after intervention and actual post-intervention LV workload in patients with C3VI (N = 49). (A) Computed by C3VI-DE
and C3VI-CT. (B) Computed by C3VI-DE. (C) Computed by C3VI-CT. The two-sample t-test rejects the null hypothesis that the prediction and the actual values of
the post-intervention LV workload have equal means for C3VI-CT predictions but not for C3VI-DE predictions at 0.01 significance.

Although DE suffers from operator dependence and is only
able to provide a single component of the flow velocity, the
input parameters that are used in C3VI-DE (detailed in section

“Materials and Methods”) can be reliably measured using DE.
Furthermore, our proposed method decreases the operator
dependence of DE by providing many quantitative measures
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that are obtained independent from the operator and are not
accessible otherwise by any other method or imaging modality.
CT has a high spatial resolution and can provide anatomical
information with a high accuracy (Villarraga-Gómez et al.,
2018), however, it has a low temporal resolution (Maleki and
Esmaeilzadeh, 2012; Watson et al., 2018; Rehman and Makaryus,
2019). All input parameters obtained from CT images to be used
in C3VI-CT (detailed in section“ Materials and Methods”) were
measured at the closest instance to end systole and end diastole
but because of poor time resolution, the situation of the left
ventricle and valves are not known at the exact end systole and
end diastole instances. we have estimated end diastole phase and
end systole phase by tracking the images and the spatial position
of the mitral valve and aortic valve leaflets as well as the left
ventricle. Therefore, the very first image after aortic-valve closure
was deemed as the end systole (beginning of diastole) and the
very first image after mitral-valve closure was considered as the
end diastole (beginning of systole). Although DE images do not
have as high spatial resolution as CT images, the input parameters
that are required for C3VI-DE are among the quantities that
can be reliably measured in DE images. Furthermore because of
high temporal resolution of DE, the end diastole and end systole
instances can be accurately determined. We believe that reliably
measured input parameters at a high temporal resolution using
DE enabled more accurate results in C3VI-DE than the ones
obtained from C3VI-CT based on input parameters that were
affected by the poor temporal resolution of CT. Please note in
this study, all measurements of the input parameters for both
C3VI-DE and C3VI-CT were verified by two cardiologists.

The C3VI-DE framework is an innovative non-invasive
diagnostic and monitoring tool that can investigate and
quantify effects of C3VI components on cardiac function
and the circulatory system. C3VI-DE is centered around
calculations of local hemodynamics (fluid dynamics of the
circulatory system) and global hemodynamics (cardiac function
and hemodynamics). Furthermore, by decomposing the global
hemodynamics into the individual contributions of each C3VI
disease constituent, it can help predicting the effects of
interventions as well as planning for the suitable sequence of
interventions and for making critical clinical decisions with
life-threatening risks. C3VI-DE is capable of monitoring both
the cardiac and vascular conditions and can be used for their
diagnosis with direct clinical relevance.

LIMITATIONS

This study was performed using data collected in 49 patients with
C3VI. Future studies must confirm the conclusion of this study

about C3VI-DE and C3VI-CT in a larger population of C3VI
patients. In addition, future studies should further investigate the
C3VI-CT algorithm with a higher temporal resolution of CT data
(if becomes available).

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the correspondence author upon request.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by the Institutional Review Boards of each
institution as follows: the Hamilton Integrated Research Ethics
Board (HiREB) of Hamilton Health Sciences and St. Joseph’s
Healthcare, both affiliated to McMaster University and Comité
de ética de la investigación con medicamentos de Cantabria
of the Hospital Universitario Marques de Valdecilla. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

MB and SB: data collection and analysis, interpretation of data,
and manuscript writing. SK, JT, SV, ED, and MM: clinical data
collection and analysis. ZK-M: conception and design, algorithm
development (both C3VI-DE and C3VI-CT), data analysis,
interpretation of data, manuscript writing, critical revision final
approval of the manuscript, and supervise the research. All
authors read and approved the final manuscript.

FUNDING

This work was supported by NSERC Discovery Grant (RGPIN-
2017-05349) (https://www.nserc-crsng.gc.ca/index_eng.asp).
MB, SB, and SK were supported by NSERC Discovery Grant
(RGPIN-2017-05349). NSERC as the funders had no role in
study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

ACKNOWLEDGMENTS

We are thankful of great comments of two reviewers that helped
us to improve the quality of the manuscript.

REFERENCES
Anavekar, N. S., and Oh, J. K. (2009). Doppler echocardiography: a contemporary

review. J. Cardiol. 54, 347–358. doi: 10.1016/j.jjcc.2009.10.001
Andreucci, M., Solomon, R., and Tasanarong, A. (2014). Side effects of radiographic

contrast media: pathogenesis, risk factors, and prevention. BioMed Res. Int.
2014, 741018. doi: 10.1155/2014/741018

Antonini-Canterin, F., Poli, S., Vriz, O., Pavan, D., Bello, V. D., and Nicolosi,
G. L. (2013). The Ventricular-Arterial Coupling: From Basic Pathophysiology
to Clinical Application in the Echocardiography Laboratory. J. Cardiovasc.
Echography 23, 91–95. doi: 10.4103/2211-4122.127408

Anvari, S., Nambiar, S., Pang, J., and Maftoon, N. (2021). Computational Models
and Simulations of Cancer Metastasis. Arch. Comput. Methods Eng. doi: 10.
1007/s11831-021-09554-1

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 17 July 2021 | Volume 9 | Article 643453

https://www.nserc-crsng.gc.ca/index_eng.asp
https://doi.org/10.1016/j.jjcc.2009.10.001
https://doi.org/10.1155/2014/741018
https://doi.org/10.4103/2211-4122.127408
https://doi.org/10.1007/s11831-021-09554-1
https://doi.org/10.1007/s11831-021-09554-1
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-09-643453 July 2, 2021 Time: 17:46 # 18

Baiocchi et al. Non-invasive Diagnostic Framework

Ben-Assa, E., Brown, J., Keshavarz-Motamed, Z., de la Torre Hernandez, J. M.,
Leiden, B., Olender, M., et al. (2019). Ventricular stroke work and vascular
impedance refine the characterization of patients with aortic stenosis. Sci.
Transl. Med. 11, doi: 10.1126/scitranslmed.aaw0181

Benevento, E., Djebbari, A., Keshavarz-Motamed, Z., Cecere, R., and Kadem, L.
(2015). Hemodynamic Changes following Aortic Valve Bypass: A Mathematical
Approach. PLoS ONE 10, doi: 10.1371/journal.pone.0123000

Benjamin, E. J., Muntner, P., Alonso, A., Bittencourt, M. S., Callaway, C. W.,
Carson, A. P., et al. (2019). Heart Disease and Stroke Statistics—2019 Update:
A Report From the American Heart Association. Circulation 139, e56–e528.
doi: 10.1161/CIR.0000000000000659

Blanke, P., Naoum, C., Dvir, D., Bapat, V., Ong, K., Muller, D., et al. (2016).
Predicting LVOT Obstruction in Transcatheter Mitral Valve Implantation:
Concept of the Neo-LVOT. JACC Cardiovasc. Imaging. Available online
at: http://www.sciencedirect.com/science/article/pii/S1936878X16000395
[Accessed September 17, 2016]

Blecker, S., Bhatia, R. S., You, J. J., Lee, D. S., Alter, D. A., Wang, J. T., et al. (2013).
Temporal trends in the utilization of echocardiography in Ontario, 2001 to
2009. JACC Cardiovasc. Imaging 6, 515–522. doi: 10.1016/j.jcmg.2012.10.026

Borlaug, B. A., and Kass, D. A. (2008). Ventricular-Vascular Interaction in Heart
Failure. Heart Fail. Clin. 4, 23–36. doi: 10.1016/j.hfc.2007.10.001

Broomé, M., Maksuti, E., Bjällmark, A., Frenckner, B., and Janerot-Sjöberg, B.
(2013). Closed-loop real-time simulation model of hemodynamics and oxygen
transport in the cardiovascular system. Biomed. Eng. Online 12, 69. doi: 10.1186/
1475-925X-12-69

Brown, K. A., and Ditchey, R. V. (1988). Human right ventricular end-systolic
pressure-volume relation defined by maximal elastance. Circulation 78, 81–91.

Burgstahler, C., and Schroeder, S. (2007). Magnetic resonance imaging versus
computed tomography for the detection of coronary stenosis: do we really have
to focus on “stenoses”? Heart 93, 1322–1324. doi: 10.1136/hrt.2006.113910

Burkhoff, D., Mirsky, I., and Suga, H. (2005). Assessment of systolic and
diastolic ventricular properties via pressure-volume analysis: a guide for clinical,
translational, and basic researchers. Am. J. Physiol. Heart Circ. Physiol. 289,
H501–H512. doi: 10.1152/ajpheart.00138.2005

Chaudhry, Q. A. (2015). A Gaussian function model for simulation of complex
environmental sensing. Complex Adapt. Syst. Model. 3, 3. doi: 10.1186/s40294-
015-0009-0

de Canete, J. F., del Saz-Orozco, P., Moreno-Boza, D., and Duran-Venegas,
E. (2013). Object-oriented modeling and simulation of the closed loop
cardiovascular system by using SIMSCAPE. Comput. Biol. Med. 43, 323–333.
doi: 10.1016/j.compbiomed.2013.01.007

Dell’Italia, L. J., and Walsh, R. A. (1988). Application of a time varying elastance
model to right ventricular performance in man. Cardiovasc. Res. 22, 864–874.

Di Carli, M. F., Geva, T., and Davidoff, R. (2016). The Future of Cardiovascular
Imaging. Circulation 133, 2640–2661.

Duanmu, Z., Yin, M., Fan, X., Yang, X., and Luo, X. (2018). A patient-specific
lumped-parameter model of coronary circulation. in Scientific Reports doi: 10.
1038/s41598-018-19164-w

Dweck, M. R., Boon, N. A., and Newby, D. E. (2012). Calcific aortic stenosis: a
disease of the valve and the myocardium. J. Am. Coll. Cardiol. 60, 1854–1863.
doi: 10.1016/j.jacc.2012.02.093

Edwards, A. D., and Arthurs, O. J. (2011). Paediatric MRI under sedation: is it
necessary? What is the evidence for the alternatives? Pediatr. Radiol. 41, 1353.
doi: 10.1007/s00247-011-2147-7

Elkins, C. J., and Alley, M. T. (2007). Magnetic resonance velocimetry: applications
of magnetic resonance imaging in the measurement of fluid motion. Exp. Fluids
43, 823–858. doi: 10.1007/s00348-007-0383-2

Elmariah, S., Palacios, I. F., McAndrew, T., Hueter, I., Inglessis, I., Baker, J. N.,
et al. (2013). Outcomes of Transcatheter and Surgical Aortic Valve Replacement
in High-Risk Patients With Aortic Stenosis and Left Ventricular Dysfunction
Results From the Placement of Aortic Transcatheter Valves (PARTNER) Trial
(Cohort A). Circ. Cardiovasc. Interv. 6, 604–614.

Faggioni, M., and Mehran, R. (2016). Preventing Contrast-induced Renal Failure:
A Guide. Interv. Cardiol. Rev. 11, 98–104. doi: 10.15420/icr.2016:10:2

Flachskampf, F. A., Rodriguez, L., Chen, C., Guerrero, J. L., Weyman, A. E., and
Thomas, J. D. (1993). Analysis of mitral inertance: a factor critical for early
transmitral filling. J. Am. Soc. Echocardiogr. Off. Publ. Am. Soc. Echocardiogr.
6, 422–432. doi: 10.1016/s0894-7317(14)80241-1

Fleischmann, D., Liang, D. H., and Herfkens, R. J. (2008). Technical advances
in cardiovascular imaging. Semin. Thorac. Cardiovasc. Surg. 20, 333–339. doi:
10.1053/j.semtcvs.2008.11.015

Frolov, S. V., Sindeev, S. V., Lischouk, V. A., Gazizova, D. S., Liepsch, D., and
Balasso, A. (2016). A lumped parameter model of cardiovascular system with
pulsating heart for diagnostic studies. J. Mech. Med. Biol. 17, 1750056. doi:
10.1142/S0219519417500567

Garcia, D., Barenbrug, P. J. C., Pibarot, P., Dekker, A. L. A. J., van der Veen, F. H.,
Maessen, J. G., et al. (2005). A ventricular-vascular coupling model in presence
of aortic stenosis. Am. J. Physiol. Heart Circ. Physiol. 288, H1874–H1884. doi:
10.1152/ajpheart.00754.2004

Garcia, D., Camici, P. G., Durand, L.-G., Rajappan, K., Gaillard, E., Rimoldi,
O. E., et al. (2009). Impairment of coronary flow reserve in aortic stenosis.
J. Appl. Physiol. Bethesda Md 1985 106, 113–121. doi: 10.1152/japplphysiol.000
49.2008

Généreux, P., Head, S. J., Hahn, R., Daneault, B., Kodali, S., Williams, M. R., et al.
(2013). Paravalvular leak after transcatheter aortic valve replacement: the new
Achilles’ heel? A comprehensive review of the literature. J. Am. Coll. Cardiol. 61,
1125–1136.

Geven, M. C. F., Bohté, V. N., Aarnoudse, W. H., van den Berg, P. M. J., Rutten,
M. C. M., Pijls, N. H. J., et al. (2004). A physiologically representative in vitro
model of the coronary circulation. Physiol. Meas. 25, 891–904. doi: 10.1088/
0967-3334/25/4/009

Gleason, W. L., and Braunwald, E. (1962). Studies on the first derivative of the
ventricular pressure pulse in man. J. Clin. Invest. 41, 80–91. doi: 10.1172/
JCI104469

Ikonomidis, I., Aboyans, V., Blacher, J., Brodmann, M., Brutsaert, D. L.,
Chirinos, J. A., et al. (2019). The role of ventricular–arterial coupling
in cardiac disease and heart failure: assessment, clinical implications and
therapeutic interventions. A consensus document of the European Society of
Cardiology Working Group on Aorta & Peripheral Vascular Diseases, European
Association of Cardiovascular Imaging, and Heart Failure Association. Eur. J.
Heart Fail. 21, 402–424. doi: 10.1002/ejhf.1436

Kass, D. A., Midei, M., Graves, W., Brinker, J. A., and Maughan, W. L. (1988).
Use of a conductance (volume) catheter and transient inferior vena caval
occlusion for rapid determination of pressure-volume relationships in man.
Cathet. Cardiovasc. Diagn. 15, 192–202.

Keshavarz-Motamed, Z. (2020). A diagnostic, monitoring, and predictive tool for
patients with complex valvular, vascular and ventricular diseases. Sci. Rep. 10,
1–19. doi: 10.1038/s41598-020-63728-8

Keshavarz-Motamed, Z., Edelman, E. R., Motamed, P. K., Garcia, J., Dahdah,
N., and Kadem, L. (2015). The role of aortic compliance in determination of
coarctation severity: Lumped parameter modeling, in vitro study and clinical
evaluation. J. Biomech. 48, 4229–4237.

Keshavarz-Motamed, Z., Garcia, J., Gaillard, E., Capoulade, R., Ven, F. L., Cloutier,
G., et al. (2014). Non-Invasive Determination of Left Ventricular Workload in
Patients with Aortic Stenosis Using Magnetic Resonance Imaging and Doppler
Echocardiography. PLoS One 9:e86793. doi: 10.1371/journal.pone.0086793

Keshavarz-Motamed, Z., Garcia, J., Maftoon, N., Bedard, E., Chetaille, P., and
Kadem, L. (2012). A new approach for the evaluation of the severity of
coarctation of the aorta using Doppler velocity index and effective orifice area:
in vitro validation and clinical implications. J. Biomech. 45, 1239–1245.

Keshavarz-Motamed, Z., Garcia, J., Pibarot, P., Larose, E., and Kadem, L. (2011).
Modeling the impact of concomitant aortic stenosis and coarctation of the
aorta on left ventricular workload. J. Biomech. 44, 2817–2825. doi: 10.1016/j.
jbiomech.2011.08.001

Keshavarz-Motamed, Z., Rikhtegar Nezami, F., Partida, R. A., Nakamura, K.,
Staziaki, P. V., Ben-Assa, E., et al. (2016). Elimination of trans-coarctation
pressure gradients has no impact on left ventricular function or aortic shear
stress post intervention in patients with mild coarctation. JACC Cardiovasc.
Interv. 9, 1953–1965.

Keshavarz-Motamed, Z., Khodaei, S., Rikhtegar Nezami, F., Amrute, J., Lee Suk,
J., Brown, J., et al. (2020). Mixed Valvular Disease Following Transcatheter
Aortic Valve Replacement: Quantification and Systematic Differentiation Using
Clinical Measurements and Image-Based Patient-Specific In Silico Modeling.
J. Am. Heart Assoc. 9, e015063. doi: 10.1161/JAHA.119.015063

Khalafvand, S. S., Zhong, L., and Ng, E. Y. K. (2014). Three-dimensional CFD/MRI
modeling reveals that ventricular surgical restoration improves ventricular

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 18 July 2021 | Volume 9 | Article 643453

https://doi.org/10.1126/scitranslmed.aaw0181
https://doi.org/10.1371/journal.pone.0123000
https://doi.org/10.1161/CIR.0000000000000659
http://www.sciencedirect.com/science/article/pii/S1936878X16000395
https://doi.org/10.1016/j.jcmg.2012.10.026
https://doi.org/10.1016/j.hfc.2007.10.001
https://doi.org/10.1186/1475-925X-12-69
https://doi.org/10.1186/1475-925X-12-69
https://doi.org/10.1136/hrt.2006.113910
https://doi.org/10.1152/ajpheart.00138.2005
https://doi.org/10.1186/s40294-015-0009-0
https://doi.org/10.1186/s40294-015-0009-0
https://doi.org/10.1016/j.compbiomed.2013.01.007
https://doi.org/10.1038/s41598-018-19164-w
https://doi.org/10.1038/s41598-018-19164-w
https://doi.org/10.1016/j.jacc.2012.02.093
https://doi.org/10.1007/s00247-011-2147-7
https://doi.org/10.1007/s00348-007-0383-2
https://doi.org/10.15420/icr.2016:10:2
https://doi.org/10.1016/s0894-7317(14)80241-1
https://doi.org/10.1053/j.semtcvs.2008.11.015
https://doi.org/10.1053/j.semtcvs.2008.11.015
https://doi.org/10.1142/S0219519417500567
https://doi.org/10.1142/S0219519417500567
https://doi.org/10.1152/ajpheart.00754.2004
https://doi.org/10.1152/ajpheart.00754.2004
https://doi.org/10.1152/japplphysiol.00049.2008
https://doi.org/10.1152/japplphysiol.00049.2008
https://doi.org/10.1088/0967-3334/25/4/009
https://doi.org/10.1088/0967-3334/25/4/009
https://doi.org/10.1172/JCI104469
https://doi.org/10.1172/JCI104469
https://doi.org/10.1002/ejhf.1436
https://doi.org/10.1038/s41598-020-63728-8
https://doi.org/10.1371/journal.pone.0086793
https://doi.org/10.1016/j.jbiomech.2011.08.001
https://doi.org/10.1016/j.jbiomech.2011.08.001
https://doi.org/10.1161/JAHA.119.015063
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-09-643453 July 2, 2021 Time: 17:46 # 19

Baiocchi et al. Non-invasive Diagnostic Framework

function by modifying intraventricular blood flow. Int. J. Numer. Methods
Biomed. Eng. 30, 1044–1056. doi: 10.1002/cnm.2643

Khodaei, S., Henstock, A., Sadeghi, R., Sellers, S., Blanke, P., Leipsic, J., et al.
(2021a). Personalized intervention cardiology with transcatheter aortic valve
replacement made possible with a non-invasive monitoring and diagnostic
framework. Sci. Rep. 11, 10888. doi: 10.1038/s41598-021-85500-2

Khodaei, S., Sadeghi, R., Blanke, P., Leipsic, J., Emadi, A., and Keshavarz-Motamed,
Z. (2021b). Towards a non-invasive computational diagnostic framework
for personalized cardiology of transcatheter aortic valve replacement in
interactions with complex valvular, ventricular and vascular disease. Int. J.
Mech. Sci. 202–203, 106506. doi: 10.1016/j.ijmecsci.2021.106506

Kilner, P. J., Gatehouse, P. D., and Firmin, D. N. (2007). Flow Measurement by
Magnetic Resonance: A Unique Asset Worth Optimising. J. Cardiovasc. Magn.
Reson. 9, 723–728. doi: 10.1080/10976640701465090

Kuo, P. H., Kanal, E., Abu-Alfa, A. K., and Cowper, S. E. (2007). Gadolinium-
based MR Contrast Agents and Nephrogenic Systemic Fibrosis. Radiology 242,
647–649. doi: 10.1148/radiol.2423061640

Ky, B., French, B., May Khan, A., Plappert, T., Wang, A., Chirinos, J. A., et al.
(2013). Ventricular-arterial coupling, remodeling, and prognosis in chronic
heart failure. J. Am. Coll. Cardiol. 62, 1165–1172. doi: 10.1016/j.jacc.2013.
03.085

Li, B., Wang, W., Mao, B., and Liu, Y. (2018). A Method to Personalize the Lumped
Parameter Model of Coronary Artery. Int. J. Comput. Methods 16, 1842004.
doi: 10.1142/S0219876218420045

Liang, F., Takagi, S., Himeno, R., and Liu, H. (2009). A Lumped Parameter Model
Of Cardiovascular System With Pulsating Heart For Diagnostic Studies. Med.
Biol. Eng. Comput. 47, 743–755. doi: 10.1007/s11517-009-0449-9

Lin, E., and Alessio, A. (2009). What are the basic concepts of temporal, contrast,
and spatial resolution in cardiac CT? J. Cardiovasc. Comput. Tomogr. 3, 403–
408. doi: 10.1016/j.jcct.2009.07.003

Maleki, M., and Esmaeilzadeh, M. (2012). The Evolutionary Development of
Echocardiography. Iran. J. Med. Sci. 37, 222–232.

Maniar, H. S., Prasad, S. M., Gaynor, S. L., Chu, C. M., Steendijk, P., and Moon,
M. R. (2003). Impact of pericardial restraint on right atrial mechanics during
acute right ventricular pressure load. Am. J. Physiol. Heart Circ. Physiol. 284,
H350–H357. doi: 10.1152/ajpheart.00444.2002

Mao, B., Feng, Y., Li, B., Liu, J., Feng, Y., and Liu, Y. (2019). Lumped parameter
model based surgical planning for CABG. Med. Nov. Technol. Devices 2, 100014.
doi: 10.1016/j.medntd.2019.100014

Marsden, A. L. (2013). Simulation based planning of surgical interventions in
pediatric cardiology. Phys. Fluids 1994-Present 25, 101303.

McDowell, S. A. C. (1999). A Simple Derivation of the Boltzmann Distribution.
J. Chem. Educ. 76, 1393. doi: 10.1021/ed076p1393

Mihalef, V., Itu, L., Mansi, T., and Sharma, P. (2017). “Lumped Parameter Whole
Body Circulation Modelling,” in Patient-specific Hemodynamic Computations:
Application to Personalized Diagnosis of Cardiovascular Pathologies, eds L. M.
Itu, P. Sharma, and C. Suciu (Cham: Springer International Publishing), 111–
152. doi: 10.1007/978-3-319-56853-9_5

Moss, R. L., Razumova, M., and Fitzsimons, D. P. (2004). Myosin crossbridge
activation of cardiac thin filaments: implications for myocardial function in
health and disease. Circ. Res. 94, 1290–1300. doi: 10.1161/01.RES.0000127125.
61647.4F

Mynard, J. P., Davidson, M. R., Penny, D. J., and Smolich, J. J. (2012). A
simple, versatile valve model for use in lumped parameter and one-dimensional
cardiovascular models. Int. J. Numer. Methods Biomed. Eng. 28, 626–641. doi:
10.1002/cnm.1466

Nombela-Franco, L., Ribeiro, H. B., Urena, M., Allende, R., Amat-Santos, I.,
DeLarochellière, R., et al. (2014). Significant mitral regurgitation left untreated
at the time of aortic valve replacement: a comprehensive review of a frequent
entity in the transcatheter aortic valve replacement era. J. Am. Coll. Cardiol. 63,
2643–2658.

Omran, H., Schmidt, H., Hackenbroch, M., Illien, S., Bernhardt, P., von der
Recke, G., et al. (2003). Silent and apparent cerebral embolism after retrograde
catheterisation of the aortic valve in valvular stenosis: a prospective, randomised
study. The Lancet 361, 1241–1246.

Orwat, S., Diller, G.-P., and Baumgartner, H. (2014). Imaging of congenital heart
disease in adults: choice of modalities. Eur. Heart J. Cardiovasc. Imaging 15,
6–17. doi: 10.1093/ehjci/jet124

Pant, S., Corsini, C., Baker, C., Hsia, T.-Y., Pennati, G., and Vignon-Clementel,
I. E. (2018). A Lumped Parameter Model to Study Atrioventricular Valve
Regurgitation in Stage 1 and Changes Across Stage 2 Surgery in Single Ventricle
Patients. IEEE Trans. Biomed. Eng. 65, 2450–2458. doi: 10.1109/TBME.2018.
2797999

Papolos, A., Narula, J., Bavishi, C., Chaudhry, F. A., and Sengupta, P. P. (2016). U.S.
Hospital Use of Echocardiography: Insights From the Nationwide Inpatient
Sample. J. Am. Coll. Cardiol. 67, 502–511. doi: 10.1016/j.jacc.2015.10.090

Parra, D. A., and Vera, K. (2012). New imaging modalities to assess cardiac
function: not just pretty pictures. Curr. Opin. Pediatr. 24, 557–564. doi: 10.1097/
MOP.0b013e328357bae3

Paterson, I., Mielniczuk, L. M., O’Meara, E., So, A., and White, J. A. (2013). Imaging
Heart Failure: Current and Future Applications. Can. J. Cardiol. 29, 317–328.
doi: 10.1016/j.cjca.2013.01.006

Pearce, M. S., Salotti, J. A., Little, M. P., McHugh, K., Lee, C., Kim, K. P., et al.
(2012). Radiation exposure from CT scans in childhood and subsequent risk
of leukaemia and brain tumours: a retrospective cohort study. The Lancet 380,
499–505. doi: 10.1016/S0140-6736(12)60815-0

Pibarot, P., Hahn, R. T., Weissman, N. J., and Monaghan, M. J. (2015). Assessment
of paravalvular regurgitation following TAVR: a proposal of unifying grading
scheme. JACC Cardiovasc. Imaging 8, 340–360. doi: 10.1016/j.jcmg.2015.
01.008

Picano, E. (2005). Economic and biological costs of cardiac imaging. Cardiovasc.
Ultrasound 3, 13. doi: 10.1186/1476-7120-3-13

Pironet, A., Dauby, P. C., Paeme, S., Kosta, S., Chase, J. G., and Desaive, T.
(2013). Simulation of Left Atrial Function Using a Multi-Scale Model of
the Cardiovascular System. PLoS One 8:e65146. doi: 10.1371/journal.pone.00
65146

Power, S. P., Moloney, F., Twomey, M., James, K., O’Connor, O. J., and Maher,
M. M. (2016). Computed tomography and patient risk: Facts, perceptions and
uncertainties. World J. Radiol. 8, 902–915. doi: 10.4329/wjr.v8.i12.902

Rehman, R., and Makaryus, A. N. (2019). “Cardiac Imaging,” in StatPearls (Treasure
Island (FL): StatPearls Publishing). Available online at: http://www.ncbi.nlm.
nih.gov/books/NBK448128/ [Accessed July 3, 2019]

Revie, J. A., Stevenson, D., Chase, J. G., Pretty, C. J., Lambermont, B. C., Ghuysen,
A., et al. (2013). Evaluation of a Model-Based Hemodynamic Monitoring
Method in a Porcine Study of Septic Shock. Comput. Math. Methods Med. 2013,
e505417. doi: 10.1155/2013/505417

Richter, Y., and Edelman, E. R. (2006). Cardiology is flow. Circulation 113, 2679–
2682.

Rigsby, C. K., McKenney, S. E., Hill, K. D., Chelliah, A., Einstein, A. J., Han, B. K.,
et al. (2018). Radiation Dose Management for Pediatric Cardiac Computed
Tomography: A Report from the Image Gently “Have-A-Heart” Campaign.
Pediatr. Radiol. 48, 5–20. doi: 10.1007/s00247-017-3991-x

Ritchie, H., and Roser, M. (2018). Causes of Death. Our World Data. Available
online at: https://ourworldindata.org/causes-of-death [Accessed June 27, 2019].

Roth, G. A., Johnson, C., Abajobir, A., Abd-Allah, F., Abera, S. F., Abyu, G., et al.
(2017). Global, Regional, and National Burden of Cardiovascular Diseases for
10 Causes, 1990 to 2015. J. Am. Coll. Cardiol. 70, 1–25. doi: 10.1016/j.jacc.2017.
04.052

Sabarudin, A., and Sun, Z. (2013). Beta-blocker administration protocol for
prospectively ECG-triggered coronary CT angiography. World J. Cardiol. 5,
453–458. doi: 10.4330/wjc.v5.i12.453

Sadeghi, R., Khodaei, S., Ganame, J., and Keshavarz-Motamed, Z. (2020).
Towards non-invasive computational-mechanics and imaging-based diagnostic
framework for personalized cardiology for coarctation. Sci. Rep. 10, 9048. doi:
10.1038/s41598-020-65576-y

Saunderson, C. E. D., Paton, M. F., Chowdhary, A., Brown, L. A. E., Gierula,
J., Sengupta, A., et al. (2020). Feasibility and validation of trans-valvular flow
derived by four-dimensional flow cardiovascular magnetic resonance imaging
in pacemaker recipients. Magn. Reson. Imaging 74, 46–55. doi: 10.1016/j.mri.
2020.08.024

Scantlebury Dawn, C., Geske Jeffrey, B., and Nishimura Rick, A. (2013).
Limitations of Doppler Echocardiography in the Evaluation of Serial Stenoses.
Circ. Cardiovasc. Imaging 6, 850–852. doi: 10.1161/CIRCIMAGING.113.
000575

Seemann, F., Arvidsson, P., Nordlund, D., Kopic, S., Carlsson, M., Arheden, H.,
et al. (2019). Noninvasive Quantification of Pressure-Volume Loops From

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 19 July 2021 | Volume 9 | Article 643453

https://doi.org/10.1002/cnm.2643
https://doi.org/10.1038/s41598-021-85500-2
https://doi.org/10.1016/j.ijmecsci.2021.106506
https://doi.org/10.1080/10976640701465090
https://doi.org/10.1148/radiol.2423061640
https://doi.org/10.1016/j.jacc.2013.03.085
https://doi.org/10.1016/j.jacc.2013.03.085
https://doi.org/10.1142/S0219876218420045
https://doi.org/10.1007/s11517-009-0449-9
https://doi.org/10.1016/j.jcct.2009.07.003
https://doi.org/10.1152/ajpheart.00444.2002
https://doi.org/10.1016/j.medntd.2019.100014
https://doi.org/10.1021/ed076p1393
https://doi.org/10.1007/978-3-319-56853-9_5
https://doi.org/10.1161/01.RES.0000127125.61647.4F
https://doi.org/10.1161/01.RES.0000127125.61647.4F
https://doi.org/10.1002/cnm.1466
https://doi.org/10.1002/cnm.1466
https://doi.org/10.1093/ehjci/jet124
https://doi.org/10.1109/TBME.2018.2797999
https://doi.org/10.1109/TBME.2018.2797999
https://doi.org/10.1016/j.jacc.2015.10.090
https://doi.org/10.1097/MOP.0b013e328357bae3
https://doi.org/10.1097/MOP.0b013e328357bae3
https://doi.org/10.1016/j.cjca.2013.01.006
https://doi.org/10.1016/S0140-6736(12)60815-0
https://doi.org/10.1016/j.jcmg.2015.01.008
https://doi.org/10.1016/j.jcmg.2015.01.008
https://doi.org/10.1186/1476-7120-3-13
https://doi.org/10.1371/journal.pone.0065146
https://doi.org/10.1371/journal.pone.0065146
https://doi.org/10.4329/wjr.v8.i12.902
http://www.ncbi.nlm.nih.gov/books/NBK448128/
http://www.ncbi.nlm.nih.gov/books/NBK448128/
https://doi.org/10.1155/2013/505417
https://doi.org/10.1007/s00247-017-3991-x
https://ourworldindata.org/causes-of-death
https://doi.org/10.1016/j.jacc.2017.04.052
https://doi.org/10.1016/j.jacc.2017.04.052
https://doi.org/10.4330/wjc.v5.i12.453
https://doi.org/10.1038/s41598-020-65576-y
https://doi.org/10.1038/s41598-020-65576-y
https://doi.org/10.1016/j.mri.2020.08.024
https://doi.org/10.1016/j.mri.2020.08.024
https://doi.org/10.1161/CIRCIMAGING.113.000575
https://doi.org/10.1161/CIRCIMAGING.113.000575
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-09-643453 July 2, 2021 Time: 17:46 # 20

Baiocchi et al. Non-invasive Diagnostic Framework

Brachial Pressure and Cardiovascular Magnetic Resonance. Circ. Cardiovasc.
Imaging 12, e008493. doi: 10.1161/CIRCIMAGING.118.008493

Segers, P., Stergiopulos, N., Westerhof, N., Wouters, P., Kolh, P., and Verdonck,
P. (2003). Systemic and pulmonary hemodynamics assessed with a lumped-
parameter heart-arterial interaction model. J. Eng. Math. 47, 185–199. doi:
10.1023/B:ENGI.0000007975.27377.9c

Senzaki, H., Chen, C. H., and Kass, D. A. (1996). Single-beat estimation of end-
systolic pressure-volume relation in humans. A new method with the potential
for noninvasive application. Circulation 94, 2497–2506.

Shen, J., Faruqi, A. H., Jiang, Y., and Maftoon, N. (2021). Mathematical
Reconstruction of Patient-Specific Vascular Networks Based on Clinical Images
and Global Optimization. IEEE Access 9, 20648–20661. doi: 10.1109/ACCESS.
2021.3052501

Smith-Bindman, R., Miglioretti, D. L., Johnson, E., Lee, C., Feigelson, H. S.,
Flynn, M., et al. (2012). Use of diagnostic imaging studies and associated
radiation exposure for patients enrolled in large integrated health care systems,
1996-2010. JAMA 307, 2400–2409. doi: 10.1001/jama.2012.5960

Sotiropoulos, F., Le, T. B., and Gilmanov, A. (2016). Fluid mechanics of heart valves
and their replacements. Annu. Rev. Fluid Mech. 48, 259–283.

Steeds, R. P. (2011). Echocardiography: frontier imaging in cardiology. Br. J. Radiol.
84 Spec No 3, S237–S245. doi: 10.1259/bjr/77730594

Stergiopulos, N., Meister, J. J., and Westerhof, N. (1996). Determinants of stroke
volume and systolic and diastolic aortic pressure. Am. J. Physiol. 270, H2050–
H2059. doi: 10.1152/ajpheart.1996.270.6.H2050

Stergiopulos, N., Segers, P., and Westerhof, N. (1999). Use of pulse pressure method
for estimating total arterial compliance in vivo. Am. J. Physiol. 276, H424–H428.
doi: 10.1152/ajpheart.1999.276.2.H424

Takeuchi, M., Odake, M., Takaoka, H., Hayashi, Y., and Yokoyama, M. (1992).
Comparison between preload recruitable stroke work and the end-systolic
pressure–volume relationship in man. Eur. Heart J. 13, 80–84. doi: 10.1093/
eurheartj/13.suppl_E.80

Tanné, D., Kadem, L., Rieu, R., and Pibarot, P. (2008). Hemodynamic impact of
mitral prosthesis-patient mismatch on pulmonary hypertension: an in silico
study. J. Appl. Physiol. 105, 1916–1926.

Taylor, C. A., and Steinman, D. A. (2010). Image-based modeling of blood flow and
vessel wall dynamics: applications, methods and future directions. Ann. Biomed.
Eng. 38, 1188–1203.

Van de Werf, F., Boel, A., Geboers, J., Minten, J., Willems, J., Geest, H. D., et al.
(1984). Diastolic properties of the left ventricle in normal adults and in patients
with third heart sounds. Circulation 69, 1070–1078. doi: 10.1161/01.CIR.69.6.
1070

Vedula, V., Seo, J., Lardo, A. C., and Mittal, R. (2016). Effect of trabeculae and
papillary muscles on the hemodynamics of the left ventricle. Theoretical and
Computational Fluid Dynamics volume 30, ages3–ages21.

Villarraga-Gómez, H., Lee, C., and Smith, S. T. (2018). Dimensional metrology
with X-ray CT: A comparison with CMM measurements on internal features
and compliant structures. Precis. Eng. 51, 291–307. doi: 10.1016/j.precisioneng.
2017.08.021

Watson, S. R., Dormer, J. D., and Fei, B. (2018). Imaging technologies for cardiac
fiber and heart failure: a review. Heart Fail. Rev. 23, 273–289. doi: 10.1007/
s10741-018-9684-1

Yin, F. C. P. (ed.) (1987). Ventricular/Vascular Coupling: Clinical, Physiological,
and Engineering Aspects. New York: Springer-Verlag, doi: 10.1007/978-1-4613-
8634-6

Yushkevich, P. A., Piven, J., Hazlett, H. C., Smith, R. G., Ho, S., Gee, J. C., et al.
(2006). User-guided 3D active contour segmentation of anatomical structures:
significantly improved efficiency and reliability. NeuroImage 31, 1116–1128.
doi: 10.1016/j.neuroimage.2006.01.015

Zhong, L., Schrauben, E. M., Garcia, J., Uribe, S., Grieve, S. M., Elbaz, M. S. M.,
et al. (2019). Intracardiac 4D Flow MRI in Congenital Heart Disease:
Recommendations on Behalf of the ISMRM Flow & Motion Study Group.
J. Magn. Reson. Imaging 50, 677–681. doi: 10.1002/jmri.26858

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Baiocchi, Barsoum, Khodaei, de la Torre Hernandez, Valentino,
Dunford, MacDonald and Keshavarz-Motamed. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 20 July 2021 | Volume 9 | Article 643453

https://doi.org/10.1161/CIRCIMAGING.118.008493
https://doi.org/10.1023/B:ENGI.0000007975.27377.9c
https://doi.org/10.1023/B:ENGI.0000007975.27377.9c
https://doi.org/10.1109/ACCESS.2021.3052501
https://doi.org/10.1109/ACCESS.2021.3052501
https://doi.org/10.1001/jama.2012.5960
https://doi.org/10.1259/bjr/77730594
https://doi.org/10.1152/ajpheart.1996.270.6.H2050
https://doi.org/10.1152/ajpheart.1999.276.2.H424
https://doi.org/10.1093/eurheartj/13.suppl_E.80
https://doi.org/10.1093/eurheartj/13.suppl_E.80
https://doi.org/10.1161/01.CIR.69.6.1070
https://doi.org/10.1161/01.CIR.69.6.1070
https://doi.org/10.1016/j.precisioneng.2017.08.021
https://doi.org/10.1016/j.precisioneng.2017.08.021
https://doi.org/10.1007/s10741-018-9684-1
https://doi.org/10.1007/s10741-018-9684-1
https://doi.org/10.1007/978-1-4613-8634-6
https://doi.org/10.1007/978-1-4613-8634-6
https://doi.org/10.1016/j.neuroimage.2006.01.015
https://doi.org/10.1002/jmri.26858
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Effects of Choice of Medical Imaging Modalities on a Non-invasive Diagnostic and Monitoring Computational Framework for Patients With Complex Valvular, Vascular, and Ventricular Diseases Who Undergo Transcatheter Aortic Valve Replacement
	Introduction
	Materials and Methods
	Lumped Parameter Model
	Cardiac-Arterial Model
	Left ventricle
	Left atrium

	Modeling Heart Valves
	Aortic valve
	Aortic regurgitation
	Mitral valve
	Mitral regurgitation
	Pulmonary flow

	Input Parameters and Patient-Specific Parameter Estimation
	Flow inputs
	C3VI-CT
	C3VI-DE
	Time inputs
	Aortic valve and mitral valve inputs
	C3VI-CT
	C3VI-DE
	Grading of aortic and mitral valve regurgitation severity inputs
	Systolic and diastolic blood pressures
	Parameter estimation for systemic circulation
	Simulation execution

	Computational Algorithm
	Patient-Specific Response Optimization

	Study Population
	Statistical Analysis

	Results
	C3VI-DE and C3VI-CT vs. Clinical Cardiac Catheterization Data
	Pressure Waveforms
	Peak Pressure

	C3VI-DE vs. C3VI-CT: Input Parameters to the Model
	C3VI-DE vs. C3VI-CT: Model Outputs (Hemodynamics Metrics of Circulatory and Cardiac Function)

	Discussion
	Limitations
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


