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Abstract: The main objective of this article is to determine the existing linear correlation between the
real left ventricular volume (RV) from the heart of bovines and the volumes obtained by Teichholz’s
mathematical model and the volume of the truncated prolate spheroid (TPS) to identify which model
has a higher proximity to the RV. For that, ten silicon rubber molds of the left ventricle (LV) were
manufactured, and their real volumes were obtained through Archimedes’ principle, and their linear
dimensions were also obtained. These dimensions were used to feed Teichholz’s and the TPS models.
It was verified that, for ventricles of lower volume, the models showed relatively close results,
and Teichholz’s model was the most accurate one. The TPS method shows a grave accuracy mistake
for higher volume ventricles. Besides, both methods showed strong linear correlations with the RV,
and both with high significance.
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1. Introduction

The Left Ventricular Volume (LVV) is an extremely important heart parameter for the diagnosis of
heart diseases, such as hypertension, heart failure, and dilated myocardiopathy [1-5].

Research related to LVV began a long time ago and one of the main works in this sense was
presented by Teichholz et al. [6]. In that work, the LV is considered to have the geometry of a
revolution ellipsoid and a mathematical model is determined that allows a good approximation of the
LVV. This model is given by Equation (1), where d is the diastolic diameter of the LV.
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Teichholz’s model has the limitation of loss of accuracy when applied to hearts with some types
of heart pathologies and is no longer recommended for clinical use or with considerable amount of
noise [7-9]. However, this model is still widely used, especially in Brazil [10,11].

Another method, considered to be the most efficient for the calculation of the LVV is Simpson’s
rule (Figure 1), where it is considered that the LV has a circular geometry in the transversal cuts, that is,
in the perpendicular cuts to its long axis [3,12-16]. This rule calculates the sum of the volumes of the
N parallel slices from the apex to the base of the LV, where #; is the radius of each one, and L is the
measurement of this chamber’a long axis, as described by Equation (2).
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Figure 1. Schematic representation of Simpson’s model (a) and its aspect during the exam (b).
Adaptations from Silva et al. [16] and Ramires et al. [17], respectively.

However, if the quality of the image is reduced, or if there are changes in the angle of the
transducer, although small, it is hard to accurately define the limits of the LV, reducing the calculated
volume [18].

To facilitate the detection of the LV edges, Andrade et al. [19] showed a hybrid image
segmentation algorithm through bidimensional echocardiography, which, among other techniques,
uses mathematical morphology procedures to identify and extract the edges of this chamber,
enabling the collection of clinical parameters used on the diagnosis of many heart pathologies. Based on
this research, Melo et al. [20] proposed an improved semi-automatic algorithm for the detection of
the LV edges, which builds the variation curve of the left ventricular area throughout a full heart
cycle. Each of these methods can be combined with the values obtained for the LVV to improve the
determination of the degree of compromise of the functional heart anatomy. However, both depend on
human intervention to indicate the position of the mitral valve.

More recently, a new mathematical model to determine the area of the LV surface was
published [21]. In this paper, the authors studied the linear correlation between this area and the
LVV normalized by the body surface, collecting data from Brazilian patients without heart conditions.
The results show a strong correlation between these two parameters.

Due to the shape of the outline of the LV shown in Figure 1b, many of the mathematical
models to determine the LVV are based on a fixed geometry, such as the TPS geometry [3,21-24].
Therefore, it makes sense to study a model for the LVV considering the TPS, which is presented
by Domingues [12] and Domingues et al. [21]. In this geometry, the TPS is modeled with larger
and smaller semi-axes with measurements ¢ and a, and with ¢ truncation point regarding its origin,
as shown in Figure 2.
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Figure 2. The geometry of the TPS, considered to be similar to the LV’s anatomy.
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The equation of the positive part of the truncated ellipsis curve in Figure 2a is:

22
x(z)=a- 1—C—2 (©)]
Then, the volume of the TPS is expressed by
¢ 2
VTPS = n/ [x(2)]" dz 4)
o
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This work proposes to obtain the linear correlation between the RV of the bovine hearts and
the volumes determined by the models of Equations (1) and (5). Both models consider a pre-defined
geometry for the ventricle, which is why they were chosen. The choice of bovine hearts was based
on the proposal of verifying the RV from the manufacturing of silicon molds. These molds allow the
extraction of the exact geometry of the LV and, therefore, obtaining the actual volume. For the ten
silicone molds made, it was concluded that the RV has a strong linear correlation with both models,
in addition to high significance in both comparisons.

2. The Manufacturing of the Molds and Collection of Measurements

This research is still under development, and, thus far, ten molds were manufactured, using ten
bovine hearts bought at a meat warehouse in the city of Formiga—MG, in Brazil. The hearts and their
internal chambers were cleaned in running water, and the mitral valve of each one of them was sutured.
For each mold, we prepared a mix where, for each 1000 g of M533-type silicon rubber, we used 100 g
of T-35 silicon rubber catalyst. This mix was introduced into the LV through the aortic valve to fill this
cavity completely. After 24 h, we opened the LV and removed the mold from the cavity (Figure 3).
This preparation method was described by Bezerra [25].

When considering that the LV geometry is similar to a TPS, its bigger axis, L, is givenby L = |o|+¢,
where c is the largest semi-axis of the TPS and || is the truncating point of this geometric shape.
The diastolic diameter, d, was considered as the largest diameter obtained in the LV mold, but the
measurement of || was taken from the meeting point between the perpendiculars of the mold’s long
axis and the point of collection of the d measurement. Besides, according to the needs of the TPS model
parameters, we also determined the measurement of the smaller semi-axis, @ = d/2. The collected
measurements are shown in Table 1.

(2)

Figure 3. (a) One of the hearts used to manufacture the molds; (b) one of the molds obtained,
and the indication of the measurements taken; and (c) the measurement of the final diastolic diameter,
obtained with a caliper, considering this measurement as the largest diameter obtained in the mold.
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Table 1. Measurements determined from the manufactured molds and which will be the considered
data to feed the models.

Molds d(m) a=d/2(cm) c(m) |o|(cm) RV (mL)

1 525 2.63 7.78 3.89 144.67
2 3.40 1.70 5.04 2.52 41.67
3 6.90 3.45 10.22 5.11 212.50
4 5.07 2.54 7.51 3.76 118.32
5 5.35 2.68 7.93 3.96 158.50
6 6.20 3.10 9.19 4.59 199.10
7 5.65 2.83 8.37 419 175.10
8 6.00 3.00 8.89 4.44 165.20
9 4.95 2.48 7.33 3.67 119.80
10 5.35 2.68 7.93 3.96 144.90

In Table 1, the values for the RV are shown, obtained based on Archimedes’ principle, in which
all molds were submerged in water in graduated recipients, and the volume of the displaced liquid
was considered as the real volume (Figure 4).

Figure 4. Collection of the RV through Archimedes’ principle.

The values obtained from the manufactured molds and displayed in Table 1 were properly
replaced in the equations for the Teichholz’s and TPS models to determine the approximate LVV.

3. Results and Discussions

The obtained results for the volumes of the molds based on the measurements shown in
Table 1 and using Equations (1) and (5) are described in Table 2. The percent errors of each model,
Teichholz and TPS, were also calculated when compared to the RV.

Table 2. Results obtained for the LVV through the Teichholz and TPS models, and the respective errors
when compared to the RV.

Molds VTh(mL) VTPS@mL) |RVGyTh| (o) |RVSETPS| (%)
1 132.41 168.37 8.47 16.38
2 47.43 45.73 13.82 9.74
3 247.35 382.40 16.40 79.95
4 122.12 151.64 3.21 28.16
5 138.31 168.37 12.74 6.23
6 193.99 277.31 2.57 39.28
7 156.84 209.86 10.43 19.85
8 180.00 251.33 8.97 52.14
9 115.51 141.12 3.58 17.80

10 138.31 178.17 4.48 22.96
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The biggest discrepancy between the RV and the mathematical models was noticed on the largest
volume mold, and, especially, with the TPS model, where the percentage difference was of 79.95%.
This is because Teichholz’s model has a geometric correction factor which enables its use in cavities of
many sizes [3,26].

Lang et al. [7] presented an average value for LVV of 136 mL, with a standard deviation of
29 mL. Thus, in this study; it is considered that the ventricles with the least volumes are those with
RV < 164 mL = (136 + 29) mL. For those ventricles that meet this condition, the average percentage
error by the Teichholz’s model is 7.72% versus 16.88% by the TPS model. For the ventricles with the
highest volumes, the average percentage errors were 9.6% and 47.81% for Teichholz and TPS models,
respectively.

We note that, even though Teichholz’s model is to be used only in human hearts, since it was
made specifically for this and has never been validated for veterinary species [27], our results show
that, for those bovine hearts with ventricular volumes close to human volumes, this model presents
results with little percentage differences in relation to the real volumes.

The linear correlation obtained between RV and VTh was r = 0.9460 and between the RV and
the VTPS was r = 0.9203, both very strong, and p values were, respectively, equal to 0.0208 and 0.0386
(Figure 5a,b), indicating high significance for Teichholz’s model.
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Figure 5. Linear correlations obtained: between RV and VTh (a); and between RV and VTPS (b).

4. Conclusions

The results obtained by Teichholz’s mathematical model are relatively close to the real volume
calculated through Archimedes’ principle, for all considered molds. The TPS model has good
approximations to the real volume when the analyzed ventricles have smaller volumes. This happens
because this mathematical model does not show the geometric correction factor, which is present in
Teichholz’s model. Besides, the linear correlations between any of the types of analysis are always
very strong and with high significances, showing that one of the parameters can be estimated from the
other with relative accuracy. Therefore, even without a direct clinical application, this research can
illustrate that the consideration that the LV has an ellipsoidal geometry was of great importance for
the advancement of cardiology, as, from this consideration, adjustments were made that enabled the
use of Teichholz’s model, which is still used.
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Abbreviations

The following abbreviations are used in this manuscript:

TPS
LV
LvvV
RV

Truncated prolate spheroid
Left ventricle

Left ventricular volume
real left ventricular volume
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