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Aims: Study of maximum pressure in the left ventricle (MPLV) has already been a
challenging aspect of clinical diagnosis. The aim of this study was to propose a model to
estimate the MPLV for a healthy subject based on cardiac outputs measured by echo-
Doppler (non-invasive) and catheterization (invasive) techniques at rest and during exercise.
Study design and methodology:
Blood flow through the aortic valve was measured by Doppler flow echocardiography. The
aortic valve geometry was then calculated by echocardiographic imaging. A Fluid-Structure
Interaction (FSI) simulation was performed, using an Arbitrary Lagrangian-Eulerian (ALE)
mesh. Boundary conditions were defined as pressure loads on ventricular and aortic sides
during ejection phase. The FSI modelling was applied to determine a numerical relationship
between the cardiac output to left ventricular and aortic diastolic pressures. These
relationships enable the prediction of pressure loads from cardiac outputs measured by
invasive and non-invasive clinical methods.
Results: Peak ventricular systolic pressure calculated from cardiac output of Doppler
method, Fick oximetric and Thermodilution  methods led to a 82.1%, 95.6% and 147%
increment  throughout exercise, respectively. 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.min, respectively. Our predicted Fick-MPLV values were 8%
to 19% lower, 17% to 25% lower for Thermodilution-MPLV ,and 57% to 73% lower for
Doppler-MPLV values when compared to clinical reports.
Conclusion: Predicted results are in good agreement with values in the literature. The
method, however, requires validation by additional experiments, comprising independent
quantifications of MPLV. Since flow depends on the pressure loads, measuring more
accurate intraventricular pressures helps to understand the cardiac flow dynamics for better
clinical diagnosis. Furthermore, the method is noninvasive, safe, cheap and practical. As
clinical Fick-measured values have been known to be more accurate, our Fick-based
prediction could be the most applicable.
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1. INTRODUCTION22
23

Cardiac disease is a major cause of death in industrialized countries, in spite of advances in24
prevention, diagnosis, and therapy [1]. Despite challenging aspects of clinical diagnosis, the25
investigation of maximum pressure in the left ventricle (MPLV) assessment is among the26
most clinically important [2]. Therefore, detecting MPLV during blood pumping is important27
for recognition of such diseases. This study has used a Fluid-Structure Interaction (FSI)28
model to predict MPLV and trans-aortic pressure. Common invasive techniques like Fick29
oximetric and Thermodilution have associated risks [4]. MPLV measurements were first30
examined using invasive catheters [5]. Brenner et al. studied the MPLV at peak pressure31
which was estimated in five infants using echo-Doppler and catheterisation [6]. Greenberg et32
al. introduced a method to evaluate the MPLV by analyzing intraventricular flow velocities33
[7]. Firstenberg et al [8] and Tonti et al [9] non-invasively determined correlations between34
the earlier invasive MPLV measurements. Few studies have estimated MPLV  with respect35
to the heart rate variations during exercise. However, heart rate changes during exercise,36
simultaneous intraventricular pressure gradients and ejection flow patterns have been37
measured by a multisensor catheter at rest and exercise [10]. Redaelli and Montevecchi38
studied only intraventricular pressure gradients using fluid structure interaction at a heart39
rate of 72 bpm. Without using an exercise protocol [11]  Clavin et al and  Spinelli et al  used40
an electrical model to assess cardiac function based on  left intraventricular-impedance at41
rest condition  [12, 13].42
Experimentally, intraventricular pressure is a valuable measurement. Nonetheless, due to43
the fact that the heart is not perfused via the normal route, intraventricular pressure cannot44
be measured even with sophisticated medical instruments like an open-ended catheter [14].45
These studies demonstrated the importance of pressure measurements to be certain of46
efficient LV performances.47
FSI simulations are overall well matched to cardiovascular modeling [15, 16]. This method48
requires the use of an Arbitrary Lagrange-Euler (ALE) mesh to analyze both structural49
deformation and fluid flow; i.e. Computational Fluid Dynamics and Finite Element Analysis50
[17, 18]. Recently, FSI has been used to investigate heart valves [19 ,20 , 21 , 22 , 23 , 2451
,25, 26]. Previously we have measured the cardiac output and stroke volume for a healthy52
subject by coupling an echo-Doppler method with an FSI simulation at rest and during53
exercise and particular attention was given to validating the model versus measures of54
cardiac function that could be calculated by applying clinical protocols, with varying exercise55
[27 ] and the effect of exercise on blood flow hemodynamics including the change of flow56
patterns across the aortic valve, vorticity, shear rate, stress and strain on the leaflets while57
exercise [28 ]. In our previous studies pressures across the aorta were measured and58
applied to models. However, accurate predictions of aortic pressures are only possible using59
invasive techniques. Numerical calculation method is a useful tool for prediction of the real60
pressure values and it can be used to analyze how different parameters, such as material61
properties, affect output . It also has a potential role in clinical diagnosis.62
The purpose of this study is to predict MPLV (mmHg) by numerical derivation from the63
relationship of cardiac output to MPLV (mmHg) [27 ] from invasive clinical cardiac output64
measurement [29 ]. First, the relationship between cardiac output and systolic ventricular65
pressure and systolic aortic pressure is derived, based on a previous numerical study [27 ].66
Additionally, Christie et al.[29 ] clinically obtained equations for Thermodilution  cardiac67
output (COT in ml/min) and Fick oximetric cardiac output (COF in ml/min) to Doppler cardiac68
output (COD in ml/min). Therefore, COT and COF were measured for the subject [27 ].69
Then, MPLV (mmHg) was calculated noting to the numerical relationship among cardiac70
output, systolic ventricular pressure and systolic aortic pressure.71

72
2. MATERIAL AND METHODS73
2.1 Overview74



We have presented our two-dimensional FSI aortic valve model previously [27 , 28 ]. The75
model, as well as clinical measurements, are briefly described in section 2.2. Section 2.376
presents the methods to calculate pressure predictions based on cardiac output. Figure 177
shows the workflow diagram.78

79
Figure 1. Workflow diagram.80

81
2.2 Combined clinical and numerical approach82

A healthy male, aged 33, with normal cardiovascular function had his hemodynamic data83
recorded while at rest and during exercise. Informed consent was acquired for the participant84
in line with accepted procedures approved by the Department of Cardiovascular Imaging85
(Atherosclerosis research center, Tehran, Iran). Hemodynamic data was assessed from86
maximal bicycle exercise tests and Doppler echo. Systolic and diastolic pressures of the87
brachial artery were measured and related to heart rate changes at rest and during exercise88
(Figure 2). Equations 1 and 2 were used to determine the central aortic pressure from89
brachial aortic pressure measurements. This relationship was previously determined by90
comparing brachial pressure (acquired by Oscillometry) to the central pressure acquired91
using an invasive method [30 ].92

Central systolic pressure  ≈ Brachial systolic pressure + 2.25 (1)93
Central diastolic pressure  ≈ Brachial diastolic pressure – 5.45 (2)94

where all pressures were measured in mmHg.95



96
Figure 2. Interpolated curves for brachial, aortic and ventricular pressures.97

98
Left ventricular systolic pressure was derived from the calculated central systolic pressure.99
Previously, a pressure difference of around 5 mmHg was found between peak left ventricular100
systolic pressure and central systolic pressure, using catheterization [31 ]. The ejection times101
were derived from Doppler-flow imaging under B-mode.102

103
Table 1. Geometric parameters of the aortic valve as shown in figure 2.104
(a) (b) (c) (d) (e) (f) (g)
Ascending
aorta radius
after
sinotubular
junction (mm)

Aortic side
radius
(mm)

Leaflet’s
thickness
(mm)

Valve’s
height
(mm)

Leaflet’s
length
(mm)

Ventricular
side radius
(mm)

Maximum
radius of
normal
aortic root
(mm)

11.75 11.5 0.6 20.36 16.6 11.1 16.65
105
106

Table 2. Mechanical properties.107
Viscosity
(Pa.s)

Density
(kg/m3)

Young’s modulus
(N/m2)

Poisson
ratio

3.5 x 10-3 1056 6.885 x 106 0.4999
108

The aortic valve geometry simulated is presented in figure 3 and dimensions are109
provided in table 1. Briefly, dimensions were obtained with respect to T-wave of ECG110
(maximum opening area), with diameters of the aortic valve annulus and the sinus valsalva111
(the sinus of Valsalva refers to each aortic sinus) measured at the peak T-wave time using a112



resting parasternal long-axis view. The two cusps were considered to be isotropic,113
homogenous and to have a linear stress-strain relationship. This assumption has been used114
in other heart valve models [20 , 23 , 24 , 32 ]. Blood was assumed to be an incompressible115
and a Newtonian fluid [16 ]. All material properties are provided in table 2 and were obtained116
from the literature [33 , 34 ].117

118
Figure 3. a) Ascending aorta radial after sinotubular site; b) Aortic side radial; c) Leaflet119
thickness; d) Valve height; e) Leaflet length; f) Ventricular side radial; g) Maximum radial of120
normal aortic root.121

122
For fluid boundaries (figure 3), pressure was applied at the inflow boundary of the aortic root123
at the left ventricular side. A moving ALE mesh was used which enabled the deformation of124
the fluid mesh to be tracked without the need for re-meshing [35 ]. Second order Lagrangian125
elements were used to define the mesh. Two-dimensional triangular planar strain elements126
were applied to define the mesh. The mesh contained a total of 7001 elements (Figures 4a127
and 4b). The finite element analysis package Comsol Multi-physics (v4.2) [36] was used to128



solve the FSI model under time dependent conditions [23 , 24 ]. The fluid velocity is coupled129
to the structural deformation while the valve is loaded by the fluid, this ensures simultaneous130
coupling [37-40 ].131

132
Figure 4. Meshes for the (a) the fluid domain and (b) the solid domain.133

134
135

2.3 Cardiac measurements136
Regression equations were used to calculate left ventricular systolic pressure (VSP (mmHg);137
equation 3) and aortic diastolic pressure (ADP (mmHg); equation 4) from the cardiac output138
predicted numerically (figure 5). :139

; (R2=0.997)                (3)140
; (R2=0.965)                (4)141

Please note that E refers to exponent.142
Previously we extracted the relationship between Doppler cardiac output and heart rate143
(beat/min) using equation 5 [27]:144

; (R² = 0.995)                    (5)145
Christie et al. [29] obtained regression equations for the relationships between146
Thermodilution cardiac output (COT (ml/min)) and Fick oximetric cardiac output (COF147
(ml/min)) to Doppler cardiac output (COD (ml/min)), based on the data given from 15148
subjects:149

(6)150
(7)151

Combining equations (6) and (7) with equation (5) by applying Matlab (MATLAB version152
7.10.0,  Natick, Massachusetts, The MathWorks Inc, 2010.), we have extracted the following153



relations and shown the curves of Fick oximetric (COF (ml/min)) and Thermodilution154
cardiac output (COF (ml/min)) relative to the heart rate in Figure 6.155

; (8)156
; (9)157

158
Combining equations (3) and (4) with equation (8), enables VSP and ADP to be plotted with159
respect to heart rate respectively, based on Thermodilution  method. These plots are shown160
in figures 7 and 8. Also, Combining equations (3) and (4) with equation (9) enables us to plot161
VSP and ADP with heart rate, respectively. The plots derived from a Fick oximetric method162
are shown in figures 7 and 8. Combining equations (3) and (4) with equation (5), enables the163
plotting of VSP and ADP with respect to heart rate, respectively. The plots derived from the164
use of a Doppler method for our subject are shown in figures 7 and 8.165

166
167

Figure 5. Ventricular systolic pressure (VSP) and Aortic diastolic pressure (ADP) to cardiac168
output that were plotted for numerical method.169

170
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173
174

Figure 6. FSI prediction of cardiac output’s change relative to heart rate based on Doppler175
method (round dot line), Fick oximetric method (square dot line), Thermodilution method176
(solid line).177

178
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181
182

Figure 7. FSI prediction of aortic diastolic pressure’s change  relative to heart rate based on183
Doppler method (round dot line), Fick oximetric method (square dot line), Thermodilution184
method (solid line).185

186
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188

189
Figure 8. FSI prediction of ventricular systolic pressure’s change relative to heart rate based190
on Doppler method (round dot line), Fick oximetric method (square dot line), Thermodilution191
method (solid line).192

193
194

3. RESULTS195
Aortic diastolic pressure, derived from Doppler based measurements, increased by 13.4%,196
corresponding to 8.7 mmHg, with increasing heart rate from 98 bpm to 169 bpm. Instead,197
using the Fick oximetric method there was a 42% increase, corresponding to 26.7 mmHg.198
Whereas thermodilution led to a prediction of a 62.6% increase, corresponding to 39.6199
mmHg. The mean slopes obtained from curves of aortic diastolic pressure based on200
Doppler, Fick oximetric and thermodilution  methods were 0.14, 0.40 and 0.60 (mmHg*min),201
respectively.202
The ventricular systolic pressure, predicted from the Doppler method, increased 82.1%,203
corresponding to 87.2 mmHg, with increasing heart rate from 98 bpm to 169 bpm (figure 8).204
This increase was calculated to be 95.6%, corresponding to 127.9 mmHg, using the Fick205
oximetric method and 147% (or 181.6 mmHg) for the Thermodilution  method. The mean206
slopes obtained from curves of ventricular systolic pressure based on Doppler, Fick207
oximetric and Thermodilution  methods are 1.27, 1.85 and 2.65 (mmHg/heart rate),208
respectively.209

210
4. DISCUSSION211

212
4.1 Study findings213
The study has combined FSI hemodynamic measurements of the cardiac output, from a214
healthy subject [27 ] with invasive clinical measurements [29 ] in order to estimate the215
maximum pressure in the left ventricles during exercise. Based on the author’s current216



knowledge, two-dimensional FSI discipline has been integrated with exercise measurements217
to numerically predict of cardiovascular performance for the first time. Despite using a218
simplified two-dimensional model, the method developed has potential for clinical application219
(section 4.2) and the obtained values show good agreement with the literature (see section220
4.3). Moreover, the FSI model predicted MPLV over a range of heart rates based on clinical221
measurement of cardiac outputs. MPLV was calculated by cardiac output of Doppler222
method, Fick oximetric and thermodilution  method  which  shows  82.1%, 95.6% and 147%223
increment  during  exercise. Our predicted Fick-MPLV values were 8% to 19% lower ,224
Thermodilution-MPLV lower by 17% to 25% ,and  Doppler-MPLV 57% to 73% lower than225
Doppler methods (Please see section 4.3 Comparison to literature) So, our predicted Fick-226
MPLV values are probably accurate to within 81% to 92%,  Thermodilution-MPLV ones  75%227
to 83% ,and  Doppler-MPLV ones 27% to 43% when compared to clinical reports.228
Since cardiac output calculated with Fick method eliminates the plights associated with229
measuring VO2 precisely and do not require either an assumption of or measurement of the230
respiratory exchange ratio, that may prove to be more clinically useful for continuous cardiac231
output monitoring than Thermodilution cardiac [41, 42]. In this regard we can say that our232
Fick-based results could be more precise than the other two methods. Christie et al,233
furthermore, reported the advantage of Doppler measurement is its operational feasibility,234
although its outputs can be modified by the correlation equations between that and invasive235
techniques [29 ].236
The mean slopes derived from curves, shown in fig 8, of VSP, are 1.27 (Doppler-based),237
1.85 (Fick-based) and 2.65 (Thermodilution-based) (mmHg*min).238

239
4.2 Clinical application & reliability240
Predicting reliable intraventricular pressures is important in clinical diagnosis and treatment241
[2]. For instance, one of the recent commercially available medical investigating devices to242
assess intraventricular pressure has a fluid-filled, balloon-tipped catheter that is intended for243
insertion into the ventricle [14]. The balloon provides a closed system from which244
intraventricular pressure is determined. The balloon is attached to a fluid-filled catheter and245
connected to a pressure transducer and bridge amplifier [14]. This highly advanced method246
clearly demonstrates its involved risk and because of that they are mostly applicable for247
animal studies due to their invasive method.248
The presented non invasive method lets us predict more accurate MPLV by measuring249
brachial pressures of subjects. Our numerical estimations based on Fick oximetric have250
potential for clinical application  (8% to 19% underestimation when compared to clinical251
approaches; see discussion, Comparison to literature), this is important because Fick252
methods’ evaluations have been reported to be more accurate than other clinical253
approaches [41, 42, 43, 44]. Catheterization-thermodilution , the current gold-standard for254
measuring intraventricular pressure  [4], is an invasive procedure with potential risks such as255
heart failure, cardiac arrhythmia, and even death [4]. Moreover, thermodilution sometimes256
exposes the patient and doctor to radiation. Exercising while catheterized results in a range257
of practical problems too, therefore, is not common customary action. However, the use of a258
numerical method permits the estimation of cardiac function by non-invasive measurements259
during an exercise protocol. Therefore, the key-concern is the dependability of numerical260
methods when predicting MPLV while exercise. Yet, computational methods have not been261
combined with non-invasive clinical measurements to predict a patient’s MPLV. Our model262
enables assessment of cardiac function and hemodynamic changes from rest to exercise [27263
, 28 ]. It was feasible to derive the relationship for cardiac output to MPLV. Concerning264
invasive clinical cardiac output measurement as more accurate [29 ], we are able to estimate265
more precise MPLV. It should also be mentioned that most of clinical measurement of MPLV266
have done for animals like dog such as the Monroe study [45] due to the risk associated with267
them.268



It is generally accepted that cardiovascular modelling is a mechanical-based system, in269
particular when the mechanical characteristic (e.g. MPLV) is intended to investigate. In this270
point of view, development of such mechanical simulations can be resulted in more accurate271
prediction of cardiovascular performance. By this it is thought that electrical-based272
simulations are more limited and less useful as compared to mechanical-based modelling.273
Based on our current knowledge, the maximum pressure of left ventricle, for example, has274
not been studied yet by electrical-based modelling.275

276
4.3 Comparison to literature277
Following a literature search we have not found a previous comparable study that combined278
a clinical and numerical approach to predict MPLV during exercise. In our study, the patient279
specific MPLV were predicted at a range of heart rates induced by exercise for echo-280
Doppler, thermodilution , and Fick oximetric methods. While the variation for MPLV from rest281
to peak of external work is established [3] this is the first study to use numerical methods to282
predict these values for an individual. Textbook MPLV range from 80 (mmHg) at 70 bpm to283
270 mmHg at 180 bpm. It could also be approximated that the slope of MPLV is about 2.2284
mmHg*min for non athletes during exercise [3]. Our subject is also a nonathlete. Our285
thermodilution-based prediction is overestimated by 17%, our Fick oximetric-based286
prediction is underestimated by 19% and our Doppler prediction is underestimated by 73%287
when compared to textbook values.288
Loeppky et al. clinically investigated the systolic blood pressure changes while exercise for289
ten subjects. The mean slope of MPLV over the exercise protocol roughly was 2 mmHg*min290
[46]. Our thermodilution-based estimation is overestimated by 25%, our Fick oximetric-based291
estimations is underestimated by 8% and our Doppler-based estimation is underestimated292
by 57% when compared to the results from Loeppky et al.293
Compared to published values [3, 46], our results based on thermodilution method are294
overestimated by 17% to 25%, the Fick oximetric method underestimates values by 8% to295
19% and the Doppler method leads to underestimates of 57% to 73% when compared to296
clinical data.297
Fick methods’ evaluations has been reported to be more accurate [41, 42]. Hence, our298
numerical estimations based on Fick oximetric are more reliable when it is considered that299
an 8% to 19% underestimation could be due to our considered limitations for the numerical300
model or that  only single subject was investigated. Textbook maximum systolic pressure for301
the normal left ventricle range from 250 to 300 mmHg, but varies widely among different302
subjects with heart strength and degree of heart stimulation by cardiac nerves. [10] MPLV303
has been studied by catheterization. MPLV ranged between 121 (mmHg) at the heart rate of304
75 bpm to 210 (mmHg) at 180 bpm. They reported the average of MPLV of 6 patients with305
normal left ventricular function and no valve abnormalities, was 121 (mmHg) at 75 bpm at306
rest to 149 (mmHg) at 108 bpm during exercise. Although our study is numerical and based307
on one subject, our model predicted MPLV would be useful to quantify how closely the308
values match the literature.309

310
4.4 Limitations & future trends311
A fully developed discussion of the limitations of the FSI model has been explained312
previously [27 ]. In short, the main limitations are that:313
 there are simplifications of the mechanical properties, plus using a constant orifice314

area and a single diameter for the ascending aorta in the model;315

 statistical and generalized data was applied for clinical determination of316
hemodynamic;317

 Instead of three-dimensional structure a two-dimensional model was used to318
investigate;319



 The model was performed for a healthy subject. However, it should be noted that320
patients with cardiopathies may present different hemodynamic and structural321
alterations.322

 The study presents a nearly perfect quadratic relation between cardiac output and323
heart rate. And this is the results of comparing just these two parameters. Although324
some factors like preload, afterload and cardiac contractility should be considered as325
other elements at the future study. This should be noted that our subject was326
examined at the condition lack of preload, afterload and cardiac contractility.327

Despite model limitations we previously presented excellent agreement with clinical328
measurements and the general literature [27 ]. A real model as three-dimensional could329
results more precise predictions, while, it would also increase the solution time (currently330
less than 15 minutes). This would hold disadvantages for clinical applications, yet, it is331
required to be balanced against the short solution time for a 2D FSI model. Our model332
solution time is potentially able to be translated into clinical practice; moreover, ameliorating333
of solution time can be possible with more robust computer power. Furthermore, a range of334
values for statistical comparison are not predictable without the including variability in335
models [24 ]. At this time, there is a tendency towards patient specific models, like [47 ], due336
to potential profits in aiding treatment/diagnosis for an individual. Prediction of337
intraventricular pressure could be useful to construct more reliable heart valve prototypes338
[48].339
Although the patterns of pressure of left ventricle are imposed by its walls contraction, we340
predicted this with comparing the underestimated numerical values of cardiac output [27 ]341
with that of invasive clinical reports [29 ]. Needless to say, this underestimation resulted from342
pressures of boundary conditions. Consequently, they were studied to be modified to343
correspond with clinical approaches.344
A 2D model allows us to calculate quickly, in comparison with the 3D model. However,345
validation was done for that [27]. MPLV is the crucial contributor as the boundary condition in346
the aortic valve motions. To gain more exact result, clearly we must use the mechanism of347
aortic valve associated with the MPLV.348

MPLV is the result of mechanical-based equation involved with the sophisticated aortic valve349
geometry. Thus, our mechanical model working on the mechanical relationship (FSI), are350
probable to result in more reasonable data. The rate of assumption is so high in the electrical351
model. Unlike electrical ones, our mechanical model can provide you mechanical352
parameters at each point of (x,y,z) that would be useful for further investigation.353

354
4. CONCLUSION355

356

We introduced a two-dimensional model of aortic valve which is able to predict maximum357
pressure in the left ventricles during exercise using FSI. The model was analyzed against358
results from echo-Doppler, thermodilution and Fick oximetric methods as invasive and non-359
invasive clinical methods. The model has potential applications in the prediction of360
ventricular pressures. As clinical Fick-measured values have been suggested as most361
accurate, our Fick-based predictions are likely the most applicable. The credibility and362
preciseness of this numerical technique for clinical application with human subjects would363
require further appropriate clinical studies.364

365



5. Abbreviations366

Term Description
MPLV Maximum pressure in the left ventricle
ALE Arbitrary Lagrangian-Eulerian
FSI Fluid-structure interaction
COT Thermodilution cardiac output
COF Fick oximetric cardiac output
COD Doppler cardiac output
VSP ventricular systolic pressure
ADP Aortic diastolic pressure
ADPD FSI prediction of aortic diastolic pressure’s change  relative to heart rate based on

Doppler method
ADPF FSI prediction of aortic diastolic pressure’s change  relative to heart rate based on

Fick oximetric method
ADPT FSI prediction of aortic diastolic pressure’s change  relative to heart rate based on

Thermodilution method
VSPD FSI prediction of ventricular systolic pressure’s change relative to heart rate based

on Doppler method
VSPF FSI prediction of ventricular systolic pressure’s change relative to heart rate based

on Fick oximetric method
VSPT FSI prediction of ventricular systolic pressure’s change relative to heart rate based

on Thermodilution method
367
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