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Introduction

The knowledge of the so-called “athlete’s heart”has been
linked to the application of diagnostic techniques in cardiology.
Perhaps, it is necessary to keep in mind that the “athlete’s
heart” is a physiologically “healthy” heart. The figure 1 shows
the parameters that determine the mean arterial pressure.
Physical exercise is the only physiological circumstance that
precedes the regional metabolic demand to the control of the
average blood pressure.

The analysis of figure 1 implies several questions that
have been the subject of controversy in the studies on the
mechanisms of adjustment and cardiac adaptation. The cardiac
response to exercise is complex and includes the interaction of
heart rate, preload, afterload and contractility. The discussion
has been focused on knowing the relative percentage of each of
the cardiac properties that are due to:

1. Procedure for measuring ventricular function in the
intact heart [1-7].

2. Body position [8-17].

3. Intensity [12,18,19], type of effort [20] and duration
[22,23].

4. Experimental subjects, animals [21,24,25] or human
beings [22,23,26] and physical fitness.

All these methodological issues have led to the following
questions:

Function

1. Does the Frank-Frank-Starling mechanism intervene
during the adjustment of the heart pump to the dynamic
effort? If there is an increase in contractile performance
due to an increase in preload, what is the relative
importance of this mechanism in the ventricular
response? A small increase in preload is a mechanism
by which the heart can improve its performance during
exercise. However, the verification of this fact presents
the experimental difficulty of controlling for some
factors (heart rate and sympathetic activity), which
may the variations of the ventricular dimensions during
physical exercise.

2. What role can the increase in contractile capacity
(contractility) playinimproving ventricular performance
during exercise? Indirect data seem to indicate that
the contractility improves during the dynamic efforts,
being probably a fundamental mechanism of increase of
the volume of ejection during the maximum efforts in
which the duration of the diastole is reduced.

3. What determines and in what proportion do they
intervene (Frank-Starling law and contractility) of the
increase in cardiac output during dynamic exercise?
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4. Does the serial disposition of the right heart imply an
“accommodation” of its function to the left ventricular
response?

5. Can the reduction of diastolic time at high heart
rates be a modification of the diastolic function, also
determining a greater atrial function?

6. Can ventricular function (left or right) be altered in the
long term?

The answer to all these questions is of considerable
importance given the degree to which training and competition
have acquired, which, in many cases, have become more
a potential source of pathology than a real health benefit.
Although the progress made is considerable, the answers were
not defined with absolute rotundity. In this first approach, I
carry out a critical study of the systolic ventricular function
of the astigmatism. In a second part, it will be analyzed the
diastolic ventricular function will be analyzed. Although for
some time, some researchers already intuited the possible
“adaptation of diastole” in the trained heart, the reality is
that it has been the application of diagnostic techniques in
cardiology which has given certain corroborating guarantees to
this the improvement of function diastolic.

Morfo-functional consequences of systematized exer-
cise

The invasive cardiological examination techniques
(hemodynamics) are difficult to carry out for the assessment
of a healthy heart such as the athlete’s heart. But the
development of non-invasive techniques (echocardiography,
ventriculography and nuclear magnetic resonance) has been a
great impetus for the study of the athlete’s heart. However,
interest has been focused on establishing the differences
between physiological adaptation, consecutive to training, and
the pathologies that occur with changes in cardiac function

Table 1: Echocardiographic measurements suggesting enlargement.

similar to those that occur in the athlete’s heart. This has
motivated that many of the conclusions of the initial studies
have been disparate.

To introduce this section, it is needed to delimit the
characteristics of the athlete’s heart that suggest a better
systolic function. As was pointed out by Forteza et al. [27],
the athlete’s heart represents the upper limit of ventricular
function, specifically in athletes who have a high dynamic
component and a moderate static component, in their training
and competition according to Mitchel’s classification [28].
These athletes reach high values of cardiac output and as a
consequence of venous return. Thus, in the present review only
systolic ventricular function is analysed in these athletes.

First of all, it is worthy of consideration the enormous
intuition of Henschen (cited by Rost [29], who, at the end
of the 19th century, described a finding, which was later
described with sophisticated techniques: dilation of the heart
in a first stage and subsequently, a compensatory hypertrophy
develops to the greater metabolic demand of the myocardium.
In addition to this surprising and detailed description, this
German author provided a fundamental finding as was able
to make the differential diagnosis between the physiological
adaptation of the heart and the cardiac diseases that present
with dilatation and / or hypertrophy: the symmetry of cardiac
dilation.

Cardiac dilatation : The development of echocardiography
from the 70s was the confirmation of Henschen’s intuition.
Considering the cardiac adaptation of athletes who have a high
dynamic and moderate static component, the table 1 shows
the most relevant results to characterize cardiac adaptation as
the maximum expression of systolic ventricular function. The
increase in size of the left ventricle in these athletes compared
to normal hearts reaches 35%, at most. Values of LVIDd above
64 mm, considered pathological, are exceptional. On the other

Left ventricular internal dimension at | Relative diastolic diameter of the left | relative end-diastolic volume | diameter of the right
end -diastole (LVIDd) (mm) ventricle (mm/m?) (ml/m2) ventricle

Serratosa [30]

Men (n = 740) 57439
Females (n =317 51,839

Serratosa [30] 572+ 3,0

Canoe (n = 57) 603435

Rowing (n= 36) 58’6; 3’3

Cycling (n=103) o

. 56,7+3,7
Long distance race (n = 74)

Pellicia et al [31]

Rowing (n = 95; 3 females) 56+3,0
Cycling (n = 64; 15 females) 54,815

Boraita et al [32]

Men (n = 2039) 55.314.4
Female (n = 1242) 49.3+3.9
Urhausen et al [33]

Rowing
Males (n = 64) 56,7+3,7
Females (n =71) 52,2+3,6

29,8430 8412,8 3615,2
30,3£2,8 734£11,8 31,8453
29,2+1,9 82,5¢10,1 36,1452
29,8+2,4 90,3124 37,9445
31,942,1 92,9+11,1 36,245,5
32,8424 91,9+12,8 36,3:4,8
28.5:2.8 77.2413.2
29.5:2.6 68.9+10.9
26,4418
26,913

089
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hand, it is from 2000 when detailed measurements of the right
ventricle have been made. However, it can be stated that the
right ventricle of athletes with a high dynamic component is
larger, which suggests the “symmetry of hypertrophy.” In
addition, the criteria of proportionality between the various
cardiac chambers, allows to affirm the harmony of the heart of
athletes, not only in the ejection chambers but also in the inlet
chambers, for example, the contribution of the left atrium to
ventricular filling in normal conditions can be approximately
20 to 25%, but could reach 40% in endeavors where the heart
rate limits the filling capacity.

Heart hypertrophy : Table 2 shows some echocardiographic
measures that may represent the increase in the size of the
myocytes and as a consequence of the myocardium. The
measurement of thickness of the myocardium has been one of
the priority objectives of the studies by echocardiography of the
“athlete’s heart” when defining the limits of the hypertrophy
considered as “physiological”.

Again, the maximum expression of hypertrophy is found
in athletes who develop a high dynamic and moderate static
component. But the differences regarding sedentary people do
not exceed 20%. Similarly, the thickness of the interventricular
septum is greater in dynamic athletes in a percentage similar
to the LVPWd. Therefore, it is easy to deduce that the septum
/ wall ratio in the athlete’s heart does not exceed unity, which
in part helps to determine the symmetry of the hypertrophy.

The synthetic ventricular function of the trained heart

In the previous sections, we have summarized the
morphological findings, assessed by echocardiography that
could justify the improvement of the systolic function of the
heart of alteta. In the phenomena of cardiac adaptation to
exercise, the general principle is fulfilled: function makes the

organ. As a result of the increase in energy demand (functional),
the heart “has to adapt” in the way that nature has endowed, in
order to “meet” the aforementioned increase. This adaptation
should be translated into an improvement of systolic ventricular
function. This principle would work as a feedback mechanism,
since the greater demand morphologically modifies the heart,
but such modification in turn allows the maintenance of
cardiac output. Theoretically, greater degree of dilatation and
hypertrophy better systolic ventricular function, assessed by
echocardiography. Next, the different rates of assessment of
systolic ventricular function are briefly discussed.

Table 3 shows the different parameters that assess
ventricular function in rest situation. Parameters 1, 2, 3, 4 and
5 are of no interest from the point of view of “quantifying” the
ventricular function in hearts adapted to the maximum level.
Naturally, from the clinical point of view, it is important, they
indicate that the athlete’s heart is normal. As an example, EF is
analyzed, the most widely studied parameter in the evaluation
of the systolic function of the athlete’s heart.

It is a global parameter that correlates with the prognosis
in many heart diseases and that is considered an essential
element, although sometimes not enough, to have a notion of
systolic function as a whole.

Very influenced by the methods of measuring the volumes.
Until relatively recent simple models were applied (Teizchol),
but from the development of softwares more complex models
are applied (Simpson).

In the heart adapted to increase the SV to the same extent
as the VDF, the EF does not change with respect to a healthy
heart. That is, it is a non-discriminative parameter.

It is a parameter that is very dependent on preload, afterload
and heart rate.

Table 2: Echocardiographic measurements suggesting hypertrophy and symmetry of cardiac adaptation to training.

Left ventricular posterior wall Interventricular septum thickness at
end-diastole

(IvSd) (mm)

Relative left ventricle mass
(gr/m?)

thickness at end-diastole (LVPWd)

left ventricle mas Index h/R

Serratosa [30] 9,341,1 (n = 740)

107,1£19,9 (n = 740) 0,330,04 (n = 740)

Men (n =740) 9,2+1,0
8,0+0,9 (n =317 82,3+143 (n =317 0,314£0,04 (n =317
Female (n=317) 7,909 (n ) (n ) ( )
Serratosa [30]
Canoe 9,540,9 9,741,2 110,4+14,4 0,3410,04
Rowing 9,56+0,7 9,4+0,9 1154£19,4 0,3140.02
Cycling 9,6+1,0 9,7+1,0 123,1+18,8 0,33+0,04
long distance race (n = 74) 9,1+1,0 9,31,2 117,0421,6 0,33+0,04
Pellicia et al [31]
Rowing (n = 95; 3 females) 11,3+1,3 . 121422
Cycling (n = 64; 15 females) -
10,441,1 115423
Boraita et al [32] (*)
Men (n = 2039) 8,911 9,2+1.2 97,3119.6
Female (n = 1242) 7,5+0.9 7,7+0.9 74,6114.5
Urhausen et al [33]
Rowing
Males (n = 64) 11,141,2 11,2+1,2 12017 0,40+0,04
Females (n=71) 9,9+1,1 9,7+1,1 98+15 0,38+0,04

(*) The data correspond to the entire population of athletes
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Table 3:

Parameter

Description

Interest in the assessment of ventricular function in the athlete's

—_

. Beat volume (VL) or

Volume of blood that eject the left ventricle by the aorta (SV = EDV

heart

ejection or systolic _ 0
volumen (SV) or TDV — ESV 0o TSV)
2. Cardiac output (Q) Result of multiplying the stroke volume by heart rate (Q = SV - HR 0
3. Cardiac index Result of dividing cardiac output by body surface (Cl = Q/BS 0

4. Ejection fraction (EF) (EF = SV/EDV)

5. Shortening fraction (SF)

6. Circumferential shortening  Result of dividing the shortening fraction. for the expulsive period
or ejection time. (CSS = SF/ET)

speed (CSS or CSV)

Result of dividing the stroke volume by the end diastolic cvolume

Result of dividing the difference between the diastolic and systolic
diameters and the final diastolic diameter (SF = (EDD — ESD)/EDD)

0 (dependent on contractility, loading, the disposition of
myocardial fibers, the degree of hypertrophy and morphofunctional
characteristics of the aorta)

0

<> (independent preload parameter)

mathematical function that is the derivative of the ventricular

7. dp/dt

©

Strain (St)

9. Strain rate (SR)

10. Telesystolic stress

11. Elastance

pressure with respect to time

is obtained by dividing the pressure by volume

telesystolic stress adjusted to the thickness of the myocardium

<> (ethically questionable because catheterization is required

deformation that the myocardium experiences when contracting 2
measured in a given orientation

it is defined as the speed at which the St occurs *

T independent of the load conditions (preload and afterload), but
dependent on myocardial mass and volume. Ethically questionable
because catheterization is required

T (ethically questionable because catheterization is required)

EDV = end diastolic volumen; TDV = telediastolic volumen =; TSV = end systolic volumen,; telesystolic volumen; HR = heart rate; BS = body Surface; EDD = end diastolic

diameter; ESD = end systolic diameter; ET = ejection time)

It is sensitive to changes in contractility.
It is easy to measure and has a prognostic value in the clinic.

Therefore, the global systolic function indexes have little
utility to quantify “physiologically” the maximum limit of
cardiac adaptation to training. The cardiac output and the
cardiac index do not show differences with respect to sedentary
people, since the cardiac output depends on the size of the
subject. Thus for two people of the same size, trained and
untrained, the cardiac output is around 5 L / min [34]. On the
other hand, in the review done by Maron [35], only two studies
of the 29 reviewed articles found that the ejection fraction
increased.

Parameters 6, 7, 8 and 9 (pre-ejective and deformation
parameters) can be considered to be more objective when
assessing ventricular function in athletes with high dynamic
and moderate static components. They have the advantage
over the ejection fraction or the shortening fraction in that
they are not measures of systolic function based on changes
in the ventricular cavity during blood ejection. However,
they are not easy to obtain and interpret, since they must be
measured in different planes (longitudinal, transversal or
circumferential). For example, the St and Sr, when referring to
the baseline myocardial state in end-diastole, is expressed as a
percentage (%): 1) positive increase in dimension (for example
transverse thickening) and 2) negative decrease (longitudinal
systolic shortening). In addition, for each of these (St and Sr)
for each orientation there will be a systolic Sr (speed at which
it deforms) and a diastolic Sr (speed at which it returns to its
basal state).

In summary, the quantification of the ventricular function
of the athlete’s heart at rest, as in diseased hearts, is difficult
and complex. An ideal index of systolic function should
be sensitive to inotropic changes, independent of loading
conditions, ventricular size and mass. Unfortunately, all
the proposed non-invasive echocardiography index do not
meet all the indicated conditions, since the best indices of
systolic function (invasive) are ethically questionable in the
evaluation of the athlete’s heart. On the other hand, although
specific echocardiographic parameters of systolic function
are better (for example St and SR) it is questionable whether
deformation is synonymous with contraction, although SR is
the parameter that is directly related to intrinsic contractility,
that is, with dp / dt that is obtained by cardiac catheterization.
The recent appearance of the speckle tracking technique may
provide a different view of the echocardiographic indices for
the quantification of ventricular function in the athlete’s
heart. Basically, this technique measures the change or
displacement in space (tracking) of a series of “dots” (speckle)
that are generated when the beam of ultrasound that emits
the transducer is “returned” by the cardiac tissue. Using this
technique some authors [36-40] have observed quantitative
differences in the systolic function indexes measured by specke
tracking.

Summary of the systolic ventricular function in the heart
of athlete

As a result of continued training, athletes who perform a
high dynamic and moderate static component show dilation
and hypertrophy of marked physiological character. In general,
the percentage increase of dilatation (diastolic diameter of
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the LV) is greater than that corresponding to the increase in
the thickness of the septum or free wall. The increase for the
diastolic diameter of the left ventricle does not exceed 35%,
while the increase in the thickness of the free wall does not
exceed 20%. However, the h / R ratio (free wall thickness /
left ventricle diameter) indicates the proportionality of the
physiological adaptation phenomenon. When measuring
the process of physiological adaptation as a determinant of
systolic ventricular function, it is necessary to bear in mind the
following considerations:

1) Training. It is necessary to keep in mind the training
characteristics (intensity, volume and training time) to
delimit the end of the ventricular function in systole.

2) Sex and race. Clearly, women show lower values than
men for the same age and body surface, performing the
same training load.

3) Anthropometric characteristics. The correction of
echocardiographic parameters is usually done with the
body surface. However, it is arguable, because it has not
beendemonstrated that this is constant, so that some
authors recommend making allometric corrections [41].

4) Experience of the echocardiography laboratory. The
measurements echocardiographies are subject to
considerable variability, in relation to the cut where the
measurements are made. Despite the echocardiographic
standardization, there is an inter-observer variability
that can reach almost the amazing figure of 20%! Thus,
itis necessary that the studies are carried out by different
observers, including independent laboratories, without
any of them knowing the examination carried out by the
others. For example, the variations in the thickness of
the septum or the free wall of the “athlete’s heart” with
respect to the sedentary do not exceed 2 mm, which can
be considered within the methodological errors inherent
in the echocardiographic technique itself.

From the indicated morphological adaptation (dilation and
hypertrophy) it is possible to think that the athlete’s heart will
develop a better systolic ventricular function. The problem is
that in resting state it is difficult to determine the best systolic
function with a simple indices. The more precise indices require
invasive methods, ethically questionable scans in healthy
hearts. Another issue is that during exercise the higher cardiac
output in trained athletes is partly a result of better systolic
function. However, the demonstration of an improvement in
inotropism is complex, since it “requires” that the preload,
afterload and heart rate remain constant. If it is difficult to
isolate these variables in very strict experimental conditions,
the difficulty increases exponentially during the exercise. It
is difficult to know if the contractility improves as a result of
mechanisms of homeometric regulation or because of the great
neurovegetative activity that occurs during physical exercise,
although it is true that the mechanisms of homeometric
regulation seem to be of little importance in the overall left
ventricular performance, its role during isolated beats and
above all in the ventricular interrelation can be fundamental,

since the sympathetic stimulation cannot be maintained for
long periods of time due to the phenomena of synaptic fatigue,
in those efforts of high intensity and prolonged duration, the
participation of intrinsic mechanisms for the “maintenance”
of cardiac contractility can become important.
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