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1 Original Research Article
Initial insight to effect of exercise on maximum pressure in

3 the aortic root using 2D fluid-structure interaction model

4 Abstract

5  Study of maximum pressure in the left ventricle (MPLV) has aready been a challenging

6  aspect of clinical diagnosis. The aim of this study was to propose a model to estimate the

7  maximum pressure in the left ventricle (MPLV) for a healthy subject based on cardiac

8  outputs measured by echo-Doppler (non-invasive) and catheterization (invasive) techniques

9 atrest and during exercise.

10 Blood flow through aortic valve was measured by Doppler flow echocardiography. Aortic
11  valve geometry was calculated by echocardiographic imaging. A Fluid-Structure Interaction
12 (FSI) smulation was performed, using an Arbitrary Lagrangian-Eulerian (ALE) mesh.

13 Boundary conditions were defined as pressure loads on ventricular and aortic sides during
14  gection phase. The FSI simulation can be used to determine a numerical relationship between
15 the cardiac output to aortic diastolic and left ventricular pressures. This relationship enables
16 the prediction of pressure loads from cardiac outputs measured by invasive and non-invasive
17  clinical methods. Ventricular systolic pressure peak that was calculated from cardiac output
18  of Doppler method, Fick oximetric and Thermodilution method lead to a 82.1%, 95.6% and
19  147% increment throughout exercise, respectively. The mean slopes obtained from curves
20  of ventricular systolic pressure based on Doppler, Fick oximetric and Thermodilution

21  methodsare 1.27, 1.85 and 2.65 mmHg/heart rate, respectively. Our predicted Fick-MPLV
22  valueswerelower 8% to 19%, Thermodilution-MPLV ones 17% to 25% ,and Doppler-
23 MPLV ones 57% to 73% when compared to clinical reports. Since flow depends on the

24 pressure loads, measuring more accurate intraventricular pressures helps to understand the
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cardiac flow dynamics for better clinical diagnosis. Furthermore, the method is noninvasive,
safe, cheap and more practical. Asclinical Fick-measured values have been known to be
more accurate, our Fick-based prediction could be the most applicable.

Key wor ds: maximum pressure in the left ventricle, Fluid-Solid interaction, Fick oximetric,

Thermodilution.

1. Introduction
Cardiac disease isamajor cause of death in industrialized countries, in spite of advancesin

prevention, diagnosis, and therapy [1]. Despite challenging aspects of clinical diagnosis, the
investigation of maximum pressure in the left ventricle (MPLV) assessment is among the
most clinically important [2]. Therefore, detecting MPLV during blood pumping isimportant
for recognition of such diseases. This study has used a Fluid-Structure Interaction (FSI)
model to predict MPLV and trans-aortic pressure. Common invasive techniques like Fick
oximetric and Thermodilution have associated risks [4]. MPLV measurements were first
examined using invasive catheters [5]. Brenner et al. studied the MPLV at peak which was
estimated in five infants using echo-Doppler and catheterisation method [6]. Greenberg et al.
progressed a method to evaluate the MPLV by analyzing intraventricular flow velocities [7].
Firstenberg et al [8] and Tonti et al [9] non-invasively determined correlations between the
earlier invasive MPLV measurements. Few studies have estimated MPLV with respect to
the heart rate variations during exercise. However, heart rate changes during exercise,
simultaneous intraventricular pressure gradients and g ection flow patterns have been
measured by a multisensor catheter at rest and exercise [10]. Redaelli and M ontevecchi
studied only intraventricular pressure gradients using fluid structure interaction at a heart
heart rate of 72 bpm. Without using an exercise protocol [11] Clavin et a and Spinelli et al
used an electrical model to assess cardiac function based on |eft intraventricul ar-impedance

at rest condition [12, 13].
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Experimentally, intraventricular pressure is a valuable measurement. Nonetheless, due to the
fact that the heart is not perfused via the normal route, intraventricular pressure cannot be
measured even with sophisticated medical instruments like an open-ended catheter [14].
These studies demonstrated the importance of pressure measurement to make certain efficient
LV performances.

FSI ssimulations are overall well matched to cardiovascular modeling [15, 16 ]. This method
requires the use of an Arbitrary Lagrange-Euler (ALE) mesh to analyze both structural
deformation and fluid flow; i.e. Computational Fluid Dynamics and Finite Element Analysis
[17, 18]. Recently, FSI has been used to investigate heart valves[19,20, 21, 22, 23, 24
,25, 26 ]. Previously we have measured the cardiac output and stroke volume for a healthy
subject by coupling an echo-Doppler method with a fluid-structure interaction simulation at
rest and during exercise and particular attention was given to validating the model versus
measures of cardiac function that could be reliably calculated by applying clinical protocols,
with varying exercise [27 ] and the effect of exercise on blood flow hemodynamic including
the change of flow patterns across the aortic valve, vorticity, shear rate, stress and strain on
the leaflets while exercise [28 ]. In our previous studies pressures across the aorta were
measured and applied to models. However, accurate predictions of aortic pressures are only
possible using invasive techniques. Numerical calculation method is a useful tool for
prediction of the real pressure values and it can analyze how different parameters, like
material properties, affect output . It also has a potential role in clinical diagnosis.

The aim of this study isto predict MPLV by numerical derivation from the relationship of
cardiac output to MPLV [27 ] from invasive clinical cardiac output measurement [29 ]. First,
the relationship between Cardiac output and systolic ventricular pressure and systolic aortic
pressure is derived, based on our previous numerical study [27 ]. Additionally, Christie et

al.[29] clinically obtained equations for Thermodilution cardiac output (COT) and Fick
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oximetric cardiac output (COF) to Doppler cardiac output (COD). Therefore, COT and COF
were measured for the subject [27 ]. Then, MPLV was calculated noting to the numerical

relationship among cardiac output, systolic ventricular pressure and systolic aortic pressure.

2. Methods

2.1 Overview
We have presented our two-dimensional FSI aortic valve model previously [27, 28]. The
model, as well as clinical measurements, are briefly described in section 2.2. Section 2.3

presents the methods to calculate to derive pressure predictions based on cardiac output.

2.2 Combined clinical and numerical approach

A healthy male, aged 33, with normal cardiovascular function had his hemodynamic data
recorded while rest and exercise. Informed consent was acquired for the participant in line
with accepted procedures approved by the Department of Cardiovascular Imaging (Shaheed
Rajael Cardiovascular, Medical and Research Center, Tehran, Iran). Hemodynamic data was
assessed from maximal bicycle exercise tests and Doppler ECG. Systolic and diastolic
pressures of the brachial artery were measured and related to heart rate changes at rest and
exercise (Figure 1). Equations 1 and 2 were used to determine the central aortic pressure from
brachial aortic pressure measurements. This relationship was previously determined by
comparing brachial pressure (acquired by Oscillometry) to the central pressure acquired using
an invasive method [30].

Central systolic pressure =Brachial systolic pressure + 2.25 1

Central diastolic pressure =Brachial diastolic pressure —5.45 2

where all pressures were measured in mmHg.
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Left ventricular systolic pressure was derived from the calculated central systolic pressure.
Previously, a pressure difference of around 5 mmHg was found between peak left ventricul ar
systolic pressure and central systolic pressure, using catheterization [31 ]. The gection times
were derived from Doppler-flow imaging under B-mode.

The aortic valve geometry simulated is presented in figure 2 and dimensions are
provided in table 1. Briefly, dimensions were obtained with respect to T-wave of ECG
(maximum opening area), with diameters of the aortic valve annulus and the sinus valsalva
measured at the peak T-wave time using aresting para-sternal long-axis view. The two cusps
were considered to be isotropic, homogenous and to have a linear stress-strain relationship.
This assumption has been used in other heart valve models[20, 23, 24, 32]. Blood was
assumed to be an incompressible and Newtonian fluid [16 ]. All material properties are
provided in table 2 and were obtained from the literature [33, 34 ].

For fluid boundaries (figure 2), pressure was applied at the inflow boundary of the aortic root
at the left ventricular side. A moving ALE mesh was used which enabled the deformation of
the fluid mesh to be tracked without the need for re-meshing [35]. Second order Lagrangian
elements were used to define the mesh. The mesh contained atotal of 7001 elements (Figures
3aand 3b). The finite element analysis package Comsol Multi-physics (v4.2) was used to
solve the FSI model under time dependent conditions[23, 24, 36 ]. The fluid velocity is
coupled to the structural deformation while the valve isloaded by the fluid, this ensures

simultaneous coupling [37, 38, 39].

2.3 Cardiac output

Regression equations were used to calculate Left ventricular systolic pressure (V SP; equation
3) and Aortic diastolic pressure (ADP; equation 4) from the cardiac output predicted

numerically (figure 4). :
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VSP = 1.266E — 06 * (CO)? — 0.017 * (CO) + 152.3 ; (R*=0.997) ©)

ADP = 5.915E — 07 * (CO)2 — 0.014 * (CO) + 142.2 ; (R°=0.965) (4)
Previously we extracted the relationship between Doppler cardiac output and heart rate using
equation 527, 40]:

COD = —0.498 % (Hr)?> + 213.550 * (Hr) - 6164 ; (R2 = 0.995) (5)
Christie et a. (1987) obtained regression equations for the relationship between
Thermodilution cardiac output (COT) and Fick oximetric cardiac output (COF) to Doppler
cardiac output (COD), based on the data given from 15 subjects:

COT = 1.41 % COD - 2394 (6)

COF = 1.03 * COD + 2165 )
Combining equations (6) and (7) with equation (5) by applying Matlab (2010), we have
extracted the following relations and shown the curves of Fick oximetric (COF) and
Thermodilution cardiac output (COF) relative to the heart rate in Figure 5.

COT = —0.705 * (Hr)? + 301.796 * (Hr) - 11131; (R2 = 0.995) (8)

COF = —0.515 = (Hr)? + 220.461 * (Hr) - 4217; (R2= 0.995) (9)

Combining equations (3) and (4) with equation (8), enables left ventricular systolic and aortic
diastolic pressures to be plotted with respect to heart rate respectively, based on
Thermodilution method. These plots are shown for our subject in figures6 and 7. Also,
Combining equations (3) and (4) with equation (9) enables usto plot left ventricular systolic
and aortic diastolic pressures with heart rate, respectively. The plots derived from a Fick
oximetric method for our subject are shown in figures 6 and 7. Combining equations (3) and
(4) with eguation (5), enables the plotting of left ventricular systolic and aortic diastolic
pressures with respect to heart rate, respectively. The plots derived from the use of a Doppler

method for our subject are shown in figures 6 and 7.
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3. Results
Aortic diastolic pressure, derived from Doppler based measurements, increased by 13.4%,

corresponding to 8.7 mmHg, with increasing heart rate from 98 bpm to 169 bpm. Instead,
using the Fick oximetric method a 42%, corresponding to 26.7 mmHg, increase was
calculated. Whereas Thermodilution led to a prediction of a 62.6% increase, corresponding to
39.6 mmHg. The mean slopes obtained from curves of aortic diastolic pressure based on
Doppler, Fick oximetric and Thermodilution methods were 0.14, 0.40 and 0.60 (mmHg/heart
rate), respectively.

The ventricular systolic pressure, predicted from the Doppler method, increased 82.1%,
corresponding to 87.2 mmHg, with increasing heart rate from 98 bpm to 169 bpm (figure 7).
This increase was calculated to be 95.6%, corresponding to 127.9 mmHg, using the Fick
oximetric method and 147% (or 181.6 mmHg) for the Thermodilution method. The mean
slopes obtained from curves of ventricular systolic pressure based on Doppler, Fick oximetric

and Thermodilution methods are 1.27, 1.85 and 2.65 (mmHg/heart rate) respectively.

4. Discussion

4.1 Study findings

The study has combined FSI hemodynamic measurements of the cardiac output, from a
healthy subject [27 ] with invasive clinical measurements [29 ] in order to estimation of
maximum pressure in the left ventricles during exercise. Despite using a simplified two-
dimensional model, the method developed has potential for clinical application (section 4.2)
and the obtained values show good agreement with the literature (see section 4.3). Moreover,
the FSI model reliably predicted MPLV over arange of heart rates based on clinical

measurement of cardiac outputs. MPLV was calculated by cardiac output of Doppler method,
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Fick oximetric and Thermodilution method which shows 82.1%, 95.6% and 147%
increment during exercise. Since cardiac output calculated with Fick method eliminates the
plights associated with measuring VVO2 precisely and do not require either an assumption of
or measurement of the respiratory exchange ratio, that may prove to be more clinically useful
for continuous cardiac output monitoring than Thermodilution cardiac [41, 42]. In thisregard
we can say that our Fick-based results could be more precise than the other two methods.
Christie et a, furthermore, reported the advantage of Doppler measurement is its operational
feasibility, although its outputs can be modified by the correlation equations between that and
invasive techniques[29].

The mean slopes which were derived from curves of ventricular systolic pressure are 1.27,
1.85 and 2.65 (mmHg/heart rate). This validation involved comparison numerical and clinical
results for cardiac output and stroke volume. Such methods are well-founded when

combining a model with experimental measurement [29, 30, 43, 44].

4.2 Clinical application & reliability

Predicting reliable intraventricular pressures isimportant in clinical diagnosis and treatment
[2]. For instance, One of the recent commercially available medical investigating devices to
assess intraventricular pressure has a fluid-filled, balloon-tipped catheter that isintended for
insertion into the ventricle [14]. The balloon provides a closed system from which
intraventricular pressure is determined. The balloon is attached to a fluid-filled catheter and
connected to a pressure transducer and bridge amplifier [14]. This highly advanced method
clearly demonstrates its involved risk and because of that they are mostly applicable for
animal studies due to their invasive method.

The presented non invasive method let us predict more accurate MPLV by measuring

brachial pressures of subjects. Our numerical estimations based on Fick oximetric have
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potential for clinical application (8% to 19% underestimation when compared to clinical
approaches; see discussion, Comparison to literature), this is important because Fick
methods’ evaluations have been reported to be more accurate than other clinical approaches
[41, 42]. Catheterization-Thermodilution , the current gold-standard for measuring
intraventricular pressure [4], isan invasive procedure with potential risks such as heart
failure, cardiac arrhythmia, and even death [4]. Moreover, Thermodilution exposesthe
patient and doctor to radiation. Exercising while catheterized results in arange of practical
problems too, therefore, is not common customary action. However, the use of a numerical
method permits the estimation of cardiac function by non-invasive measurements during an
exercise protocol. Therefore, the key-concern is the dependability of numerical methods
when predicting MPLV while exercise. Y et, computational methods have not been combined
with non-invasive clinical measurements to predict a patient’s MPLV. Our model enables
assessment of cardiac function and hemodynamic changes from rest to exercise [27, 28 ]. It
was feasible to derive the relationship for cardiac output to MPLV. Concerning invasive
clinica cardiac output measurement as more accurate [29 ], we are able to estimate more
precise MPLV. It should be mentioned that most of clinical measurement of MPLV have
done for animals like dog such as Monroe study [45] due to the risk associated with them.

It is generally accepted that cardiovascular modelling is mechanical-based system, in
particular when the mechanical characteristic (e.g. MPLV) isintended to investigate. In this
point of view, development of such mechanical simulations can be resulted in more accurate
prediction of cardiovascular performance. By thisit is thought that electrical-based
simulations are more limited and less useful as compared to mechanical-based modelling.
Based on our current knowledge, Max pressure of left ventricle, for example, has not been

studied yet by electrical-based modelling.
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4.3 Comparison to literature

Following aliterature search we have not found a previous comparable study that combined a
clinical and numerical approach to predict MPLV during exercise. In our study, the patient
specific MPLV were predicted at arange of heart rates induced by exercise for echo-Doppler,
Thermodilution, and Fick oximetric methods. While the variation for MPLV from rest to
peak of external work is established [3] thisisthe first study to use numerical methods to
predict these values for an individual. Textbook MPLV range from 80 (mmHg) at 70 bpm to
270 mmHg at 180 bpm. It can also be approximateed that the slope of MPLV is about 2.2
mmHg/heart rate for non athletes during exercise [3]. Our subject is also a nonathlete. Our
Thermodilution-based prediction is overestimated by 17%, our Fick oximetric-based
prediction is underestimated by 19% and our Doppler prediction is underestimated by 73%
when compared to textbook values.

Loeppky et al. clinically investigated the systolic blood pressure changes while exercise for
ten subjects. The mean slope of MPLV over the exercise protocol roughly was 2
mmHg/Heart rate [46]. Our Thermodilution-based estimation is overestimated by 25%, our
Fick oximetric-based estimations is underestimated by 8% and our Doppler-based estimation
is underestimated by 57% when compared to the results from Loeppky et al.

Compared to published values [3, 46], our results based on Thermodilution method are
overestimated by 17% to 25%, the Fick oximetric method underestimates values by 8% to
19% and the Doppler method leads to underestimates of 57% to 73% when compared to
clinical data.

Fick methods’ evaluations has been reported to be more accurate [41, 42]. Hence, our
numerical estimations based on Fick oximetric are more reliable when it is considered that an
8% to 19% underestimation could be due to our considered limitations for the numerical

model or that only single subject was investigated. Textbook maximum systolic pressure for
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the normal |eft ventricle range from 250 to 300 mmHg, but varies widely among different
subjects with heart strength and degree of heart stimulation by cardiac nerves. [10] MPLV
has been studied by catheterization. MPLV ranged between 121 (mmHg) at the heart rate of
75 bpm to 210 (mmHg) at 180 bpm. They reported the average of MPLV of 6 patients with
normal left ventricular function and no valve abnormalities, was 121 (mmHg) at 75 bpm at
rest to 149 (mmHg) at 108 bpm during exercise. Although our study is numerical and based
on one subject, our model predicted MPLV would be useful to quantify how closely the

values match the literature.

4.4 Limitations & future trends

A fully developed discussion of the limitations of the FSI model has been explained
previously [27 ]. In short, the main limitations are that:
" simplifications of the mechanical properties, plus using a constant orifice areaand a

single diameter for the ascending aortain the model;

" statistical and generalized data was applied for clinical determination of

hemodynamic;

= Instead of three-dimensional structure atwo-dimensional model was used to

investigate;

Despite model limitations we previously presented excellent agreement with clinical
measurements and the general literature [27 ]. A real model as three-dimensional could
results more precise predictions, while, it would also increase the solution time (currently less
than 15 minutes). Thiswould hold disadvantages for clinical applications, yet, it is required
to be balanced against the short solution time for a 2D FSI model. Our model solution timeis

potentially able to be trandated into clinical practise, moreover, ameliorating of solution time
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can be possible with more robust computer power. Furthermore, arange of values for
statistical comparison are not predictable without the including variability in models[24 ]. At
thistime, there is atendency towards patient specific models, like [47 ], due to potential
profitsin aiding treatment/diagnosis for an individual. Prediction of intraventricular pressure
could be useful to construct more reliable heart valve prototypes [48].

Although pattern pressure of left ventricle isimposed by its walls contraction, we predicted
this with comparing the underestimated numerical values of cardiac output [27 ] with that of
invasive clinical reports[29 ]. Needless to say, this underestimation resulted from pressures
of boundary conditions. Consequently, they were studied to be modified to correspond with

clinical approaches.

5. Conclusions
We introduced a two-dimensional model of aortic valve which is able to predict maximum

pressure in the left ventricles during exercise using fluid-structure interaction. The model was
analyzed against results from echo-Doppler, Thermodilution and Fick oximetric methods as
invasive and non-invasive clinical methods. The model has potential applicationsin the
prediction of ventricular pressures. As clinical Fick-measured values have been suggested as

most accurate, our Fick-based predictions are likely the most applicable.
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441  Figure 2 - @) Ascending aortaradial after sinotubular site; b) Aortic sideradial; c) Leaflet

440

442  thickness; d) Valve height; €) Leaflet length; f) Ventricular side radial; g) Maximum radial of

443  normal aortic root.
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445  Figure 3 - Mesh for the (a) the fluid domain mesh generation valve cusps and (b)
446  elements on a cusp of the solid domain mesh generation.
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475 Tables
476 Table 1 - Geometric parameters of the aortic valve as shown in figure 2.
(@) (b) (©) (d) (€) () 9
Ascending
aortaradius Maximum
after radius of
sinotubular  Aorticside  Leaflet’s  Valve’s  Leaflet’s Ventricular  normal
junction radius thickness  height length  sideradius aortic root
(mm) (mm) (mm) (mm) (mm) (mm) (mm)
11.75 115 0.6 20.36 16.6 111 16.65
477
478
479 Table 2 - Mechanical properties.
Young’s
Viscosity Density modulus Poisson
(Pa.s) (kg/m°) (N/m?) ratio
35x10° 1056 6.885 x 10° 0.4999
480
481
482

-26 -



