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ABSTRACT

OLAH, A., D. KELLERMAYER, C. MATYAS, B. T.NEMETH, A. LUX, L. SZABO, M. TOROK, M. RUPPERT, A. MELTZER, A. A.
SAYOUR, K. BENKE, 1. HARTYANSZKY, B. MERKELY, AND T. RADOVITS. Complete Reversion of Cardiac Functional Ad-
aptation Induced by Exercise Training. Med. Sci. Sports Exerc., Vol. 49, No. 3, pp. 420-429, 2017. Purpose: Long-term exercise training
is associated with characteristic cardiac adaptation, termed athlete's heart. Our research group previously characterized in vivo left ventricular
(LV) function of exercise-induced cardiac hypertrophy in detail in a rat model; however, the effect of detraining on LV function is still
unclear. We aimed at evaluating the reversibility of functional alterations of athlete's heart after detraining. Methods: Rats (n = 16) were
divided into detrained exercised (DEx) and detrained control (DCo) groups. Trained rats swam 200 min-d ' for 12 wk, and control rats were
taken into water for 5 mind ', After the training period, both groups remained sedentary for 8 wk. We performed echocardiography at
weeks 12 and 20 to investigate the development and regression of exercise-induced structural changes. LV pressure-volume analysis was
performed to calculate cardiac functional parameters. LV samples were harvested for histological examination. Results: Echocardiography
showed robust LV hypertrophy after completing the training protocol (LV mass index =2.61 + 0.08 DEx vs 2.04 + 0.04 gkg ™' DCo,
P <0.05). This adaptation regressed after detraining (LV mass index = 2.01 £ 0.03 vs 1.97 £ 0.05 gkg ',
by postmortem measured heart weight and histological morphometry. After the 8-wk-long detraining period, a regression of the
previously described exercise-induced cardiac functional alterations was observed (DEx vs DCo): stroke volume (SV; 144.8 £ 9.0 vs
143.9 £9.6 uL, P = 0.949), active relaxation (7 = 11.5 £ 0.3 vs 11.3 + 0.4 ms, P = 0.760), contractility (preload recruitable stroke work =
69.5 £2.7 vs 709 + 24 mm Hg, P = 0.709), and mechanoenergetic (mechanical efficiency = 68.7 + 1.2 vs 69.4 + 1.8, P = 0.742)
enhancement reverted completely to control values. Myocardial stiffness remained unchanged; moreover, no fibrosis was observed
after the detraining period. Conclusion: Functional consequences of exercise-induced physiological LV hypertrophy completely regressed
after 8 wk of deconditioning. Key Words: PHYSIOLOGICAL HYPERTROPHY, DETRAINING, PRESSURE-VOLUME ANALYSIS,
FUNCTIONAL REVERSIBILITY

n.s.), which was confirmed

he beneficial effects of regular exercise training and the
harmful effect of physical inactivity are already ex-
tensively recognized (10,20). As a result of long-term
physical training, the heart undergoes physiological ventric-
ular remodeling, which is an adaptation to the biomechanical
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stress (increased workload) imposed on the cardiovascular sys-
tem during exercise sessions (8,41). This benign adaptation
process results in increased cardiac mass produced by the hy-
pertrophy of cardiomyocytes and new capillary formation by
endothelial cells (8,40). Physiological hypertrophy is associ-
ated with increased stroke volume (SV) and ameliorated car-
diac function. Our research group previously reported the first
in vivo hemodynamic characterization of athlete's heart,
demonstrating enhancement of left ventricular (LV) contrac-
tility, early diastolic function, and mechanoenergetics after a
12-wk-long swimming training program in rodents (34).

In contrast to the long-term exercise-induced physiological
cardiac adaptation, the effects of training reduction or cessa-
tion are less understood. Detraining has been defined as the
partial or complete loss of long-term exercise-induced adap-
tation as a consequence of training termination (24,25,31).
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Various investigations in athletes (7,21,31) and in experi-
mental animals (2,3,15) showed an obvious regression of
training-induced morphological alterations. In a subset of
elite athletes, the so-called gray zone appears where mor-
phological characteristics of athlete's heart and mild hyper-
trophic cardiomyopathy overlap. In these cases, reversibility
can be crucial to distinguish pronounced physiological hy-
pertrophy from the pathological state (32). On the other hand,
reversion of exercise-induced myocardial functional en-
hancement has been demonstrated by only few experimental
studies using isolated cardiomyocytes (15) and papillary
muscle (3). The influence of detraining on the performance of
an intact heart still has not been reported; solely a few hu-
man echocardiographic investigations using traditional
load-dependent parameters suggest the possible functional
reversibility of athlete's heart (12,31).

LV pressure—volume (P—V) analysis provides the possi-
bility to characterize in vivo cardiac mechanics in human
and experimental animals: different aspects of LV func-
tion, such as contractility, active relaxation, stiffness, and
mechanoenergetics can be reliably characterized (28). The use
of'this sensitive technique might answer the essential question
of sports cardiology, whether after cessation of high-intensity
training; after reverse remodeling, the improved cardiac per-
formance would still persist or an impaired function would be
developed in the heart of athletes compared with healthy
subjects. However, considering the invasive nature of this
method, because of ethical concerns, animal models are re-
quired to investigate such benign physiological cardiovascular
conditions of athlete's heart. We aimed at investigating the
effects of detraining on different aspects of LV performance
in vivo using LV P—V analysis in a rat model of athlete's heart.

MATERIALS AND METHODS

Animals. All experimental procedures were approved by
the Ethical Committee of Hungary for Animal Experimen-
tation in accordance with the “Principles of Laboratory
Animal Care” defined by the National Society for Medical
Research and the Guide for the Care and Use of Laboratory
Animals, provided by the Institute of Laboratory Animal
Resources and published by the National Institutes of Health
(publication no. 86-23, revised 1996). All animals received
human care.

Young adult Wistar male rats (n = 16, m = 275-325 g) were
housed in standard rat cages at a constant room temperature
(22°C + 2°C) with a 12-h light-12-h dark cycle. Rats were
fed with standard rodent chow and water ad libitum.

Model of exercise-induced cardiac hypertrophy
and detraining protocol. After acclimation, rats were
randomly divided into detrained control (DCo, n = 8) and
detrained exercised (DEx, n = 8) groups. Swim training was
performed in a divided container filled with tap water (45 cm
deep) maintained at 30°C-32°C. Rats of DEx group were
exposed to 200 min-d "' swimming 5 d-wk " for 12 wk to
induce physiological LV hypertrophy as described previously

(34). For the appropriate adaptation, the duration of swim-
ming was increased 15 min every second training day from
a basic 15 min on the first day, until achieving the maximal
200 min-d~". In this 12-wk-long period, DCo animals were
habituated to water 5 min'd "' 5 d'wk™ ' to minimize the pos-
sible differences induced by the stress of water contact.

Thereafter, during the detraining period, animals of
both groups remained sedentary for 8 wk. The length of
the detraining period has been chosen according to previous
echocardiographic results and corresponding literature data
(13,39), aiming to obtain complete morphological regression
of exercise-induced cardiac changes.

Body weight was measured regularly (three times a week)
during the experimental period. At week 20 (after training
and detraining period), we performed in vivo experiments
(echocardiographic examination and P—V analysis to char-
acterize LV morphology and function, respectively). The
rats were euthanized after completion of in vivo experiments
and heart weight was measured immediately.

Echocardiography. Echocardiographic measurements
were performed after the training (12 wk) and detraining
period (20 wk) under pentobarbital sodium (60 mg-kg " ip.)
anesthesia as described previously (16). Shortly, animals
were placed on controlled heating pads, and the core tem-
perature, measured via rectal probe, was kept at 37°C. After
shaving the anterior chest, transthoracic echocardiographic
examination was performed in the supine position by one
investigator blinded to the experimental groups. Two-
dimensional and M-mode echocardiographic images of long
and short (midpapillary-level) axis were recorded by using a
13-MHz linear transducer (GE 12L-RS; GE Healthcare,
Horten, Norway). The transducer was attached to an echo-
cardiographic imaging unit (Vivid i, GE Healthcare). Digital
images were analyzed by a blinded investigator using an im-
age analyzing software (EchoPac, GE Healthcare). Using two-
dimensional recordings of the short axis at the midpapillary
muscle level, LV anterior wall thickness (AWT), posterior
wall thickness (PWT) in diastole (index d) and systole (index s),
and LV end-diastolic (LVEDD) and end-systolic diameters
(LVESD) were measured. All values were averaged over three
consecutive cycles. LV mass was calculated according to a
cubic formula: LV mass = {[(LVEDD + AWTd + PWTd)® —
LVEDD?] x 1.04} x 0.8 + 0.14. LV mass values were
standardized to the animal's body weight to calculate LV
mass index. To characterize LV systolic function, LV frac-
tional shortening [FS = (LVEDD — LVESD)/LVEDD x 100]
and LV ejection fraction (EF; according to the Teichholz
method) were calculated.

Hemodynamic measurements - LV P-V analysis. LV
P—V analysis was performed with the help of a 2-F pressure—
conductance microcatheter (SPR-838; Millar Instruments,
Houston, TX) to investigate in vivo cardiac function as
described in detail previously (28,34). Animals were
anesthetized with pentobarbital sodium (60 mgkg ™" ip.),
tracheotomized and intubated to ease breathing. The rats
were placed on automatically controlled heating pads, with a
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maintained core temperature at 37°C, measured via rectal
probe. A polyethylene catheter was inserted into the left
external jugular vein for fluid administration. The pressure—
conductance catheter was inserted into the right carotid ar-
tery and advanced into the ascending aorta. After 5 min
stabilization, mean arterial pressure (MAP) and heart rate
(HR) were recorded. The catheter was further inserted to the
LV, under pressure control. Signals were continuously recorded
after a 5-min stabilization by using a P—V conductance system
(MPVS-Ultra, Millar Instruments) connected to the PowerLab
16/30 data acquisition system (AD Instruments, Colorado
Springs, CO), stored and displayed on a personal computer by
the LabChart7 Software System (AD Instruments).

After steady-state P—V loops were recorded, baseline pa-
rameters of LV performance were calculated with a special P-V
analysis program (PVAN, Millar Instruments): LV end-systolic
pressure (LVESP), LV end-diastolic pressure (LVEDP), the
maximal slope of LV systolic pressure increment (dP/df )
and diastolic pressure decrement (dP/dt,,;,), time constant of
LV pressure decay (7, according to the Glantz method), LV
end-systolic volume (LVESV), LV end-diastolic volume
(LVEDV), SV, cardiac output (CO), EF, stroke work (SW),
and arterial elastance (E,). CO was normalized to body
weight (cardiac index [CI]). Total peripheral resistance (TPR)
was calculated as follows: TPR = MAP/CO.

P-V loops recorded during decreasing preload (by tran-
siently occluding the inferior caval vein) can be used to
determine useful load-independent contractility indices: the
slope of the LV end-systolic P-V relationship (ESPVR,
parabolic curvilinear model), the preload recruitable SW
(PRSW, slope of the linear relation between SW and EDV),
and the slope of dP/dt,,.x—end-diastolic volume relationship
(dP/dtnax-EDV). Furthermore, the slope of end-diastolic P-V
relationship (EDPVR) was calculated, which is a reliable index
of LV stiffness.

To characterize the mechanoenergetic status of the left
ventricle, SW, P—V area (PVA), and mechanical efficiency
(Eff = SW/PVA) were calculated. Ventriculoarterial coupling
(VAC) was calculated as the ratio of £, and ESPVR to de-
scribe the matching between the LV and the arterial system.

Histology. After euthanizing the rats, their hearts were
removed from the chest, snap frozen in liquid nitrogen, and
stored at —80°C. Transverse transmural ventricular slices
(5 wm) were sectioned and conventionally processed for
histological examination. The sections were stained with
hematoxylin—eosin (HE) and picrosirius red. Light micro-
scopic examination was performed with a Zeiss microscope
(Axio Observer.Z1; Carl Zeiss, Jena, Germany) at a mag-
nification of x400, and digital images were captured by an
imaging software (Qcapture Pro 6.0, Qimaging, Canada).

After calibration, transverse transnuclear widths of 100
randomly selected, longitudinally oriented cardiomyocytes
were measured by a blinded investigator to detect myo-
cardial hypertrophy.

The amount of myocardial collagen was determined by
using picrosirius red—stained sections with ImageJ (National

Institutes of Health, Bethesda, MD) image analysis software.
Four subendocardial and four subepicardial images (magni-
fication x200) were taken randomly from the free LV wall
on each section from six animals of each group. After
background subtraction and threshold adjustment, the frac-
tional area (picrosirius red positive area to total area ratio)
was determined on each image and the mean value of the
images represents each animal.

Statistical analysis. Data were analyzed with a personal
computer software (GraphPad Prism 6; GraphPad Software,
La Jolla, CA). All data are presented as mean £ SEM.

After testing normal distribution of echocardiographic
data by the Shapiro—Wilk normality test, mixed ANOVA
was conducted (with time/detraining as the within-subject
factor and training as the between-subject factor). Where
statistically significant interaction was found (Pjneraction <
0.05), post hoc pairwise comparisons with Bonferroni cor-
rection were performed to determine differences between
groups (DCo vs DEX) at one time point and to compare data
within a group at different time points (week 12 vs week 20).

To compare postmortem, histological, and hemodynamic
parameters of DCo and DEx animals, unpaired Student's
t-test was used. P < 0.05 was considered to be statistically
significant.

RESULTS
Markers of Myocardial Hypertrophy

Figure 1A shows representative M-mode echocardio-
graphic images in animals from both groups after 12 and
20 wk. After the 12-wk-long training protocol, we observed
LV hypertrophy in the DEx group. Both anterior and pos-
terior wall thickness values were increased significantly in
trained animals; however, a complete regression was revealed
in the DEx group after the detraining period (Fig. 1A). Con-
sistently, calculated LV mass and LV mass index values
were significantly increased in exercised rats after the swim
training period compared with control ones. However, after
discontinuation of training, the marked differences regard-
ing these values equalized between the groups (Fig. 1A).
These parameters demonstrate the complete morphological
reversibility of exercised-induced LV hypertrophy after
8 wk of detraining. Echocardiography also revealed systolic
functional improvement (increased FS and EF) in exercised
rats after completion of training program, along with a
complete reversion after the resting period (Fig. 1A).

Comparing the heart weight in DCo and DEx groups, we
found equal values. Also, the heart weight-to-body weight ratio
was similar in the two groups after the 8-wk-long detraining
period (Fig. 1B).

The cardiomyocyte diameters also did not differ be-
tween DCo and DEx groups (Fig. 1C). The evaluation of
picrosirius red staining reflects unaltered LV collagen in both
groups after the detraining period (Fig. 1D). Figure 1C and D
shows representative HE- and picrosirius red—stained
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FIGURE 1—Markers of myocardial hypertrophy. A, LV M-mode echocardiography recordings are shown at weeks 12 and 20 from one-one repre-
sentative DCo and DEx rat. LV anterior and posterior wall thickness markedly increased after training (12 wk), as well as calculated LV mass and LV
mass index values. Traditional LV systolic parameters (FS and EF) showed an improvement after completion of the training protocol. There is a
complete regression regarding these parameters after the detraining period. P value of pretraining—time (detraining) interaction by mixed ANOVA:
LV mass Pj,eraction = 0.004, LV mass index Pj,¢eraction < 0.001, LV anterior wall diastole P;,eraction < 0.001, LV anterior wall systole Pieraction = 0.004,
LV posterior wall diastole Piyeraction = 0.108, LV posterior wall systole Piyceraction = 0.008, FS Piperaction < 0.001, and EF Pi,eeraction < 0.001. B,
Postmortem measured heart weight and heart weight-to-body weight (HW/BW) ratio were similar in detrained groups. C, Representative photomi-
crographs of LV myocardium after HE staining. Cardiomyocyte diameters showed no difference between DEx and DCo groups. Magnification x400;
scale bar, 40 um. D, Representative photomicrographs of picrosirius red—stained LV myocardium demonstrate physiological amounts of collagen (red
staining) in both groups. Collagen fractional area did not differ in DEx and DCo rats. Magnification x200; scale bar, 40 um. *P < 0.05 DEx vs DCo at
week 12; #P < 0.05 DCo at week 20 vs DCo at week 12; TP < 0.05 DEx at week 20 vs DEx at week 12.

photomicrographs of the LV myocardium in case of one DCo no differences in baseline hemodynamics between the groups
and DEX rats. after cessation of swimming. One can observe similar pres-
sure and dP/dt curves and that representative baseline P—V
loops almost completely overlap each other (Fig. 2). Conse-

Baseline P-V relations. Figure 2 shows original quently, HR, MAP, LVESP, LVEDP, LVEDV, LVESV, and
steady-state P—V loops of detrained animals that demonstrate SV did not show any difference in the detrained groups after

Functional Parameters

EXERCISE-INDUCED CARDIAC FUNCTIONAL REVERSION Medicine & Science in Sports & Exercise, 423

Copyright © 2017 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.

S3IDN3IDS DISvE



BASIC SCIENCES

agF |0 N | N
S "[ I ||| |
ﬂlﬂwg II = —
[ L
sf |
10000
150 —
& +
I
£
E
e
=
=
w
w
g
o L
o | "
0 Volume (pl) 320
Ejection fraction dPidt, ..
757 10000
601 T
454
=
30
15
: D('.':o
Tau
-10000
-8000: T
]
o ~6000
e
E =-4000
=2000
" DCo  DEx DCo DEx |

FIGURE 2—Steady-state P-V relations. Upper panel: original re-
cordings of left ventricular pressure (LVP) and dP/dt signals in one
representative rat from the DCo and DEx groups. Mid panel: original
recordings of steady-state P-V loops obtained from one representative
rat from the DCo and DEx groups. The similar P-V loops almost
overlap each other, indicating similar pressure and volume values after
detraining. Lower panel: classic parameters of systolic (EF; dP/dt,,,y,
maximal slope of the systolic pressure increment) and diastolic (dP/
dtmin, maximal slope of the diastolic pressure decrement; Tau: time
constant of LV pressure decay) function did not differ between the
detrained groups.

discontinuation of swim training (Table 1). Moreover, we
found similar TPR values in the two groups.

Systolic function and contractility. After the 8-wk-
long resting period, EF, CO, and CI values of DEx rats were
similar to parameters of DCo animals. Moreover, dP/dt .y,
which is a widely used classic contractility parameter, was
unaltered in DCo and DEx rats (Table 1 and Fig. 2).

Figure 3 shows representative original P—V loops recorded
during the transient occlusion of the vena cava inferior
(upper panel) and obtained sensitive contractility indices
in one-one representative DCo and DEx animals. The load-
independent specific contractility parameters ESPVR,
PRSW, and dP/dt,.x-EDV were unchanged in the detrained
groups, suggesting similar contractility (Fig. 3).

Diastolic function. v and dP/dt,,;,, which are parame-
ters of active relaxation, were unaltered in the groups after
the discontinuation of the training (Table 1 and Fig. 2).

Characteristic passive diastolic parameters as LVEDP and
EDPVR were also not different in DEx animals compared
with DCo rats (Table 1 and Fig. 3).

Cardiac mechanoenergetic data. SW, an important
mechanoenergetic parameter to describe total LV mechani-
cal work, was similar in DCo and DEx groups. Furthermore,
PVA and mechanical efficiency were also comparable in
detrained rats. Similar values of LV contractility (ESPVR)
and E, led to identical VAC values after the cessation of the
training (Table 1 and Fig. 4).

DISCUSSION

According to our knowledge, this is the first study to
comprehensively investigate functional reversibility of ath-
lete's heart in vivo by providing a reliable characterization of
all aspects of LV hemodynamics after an 8-wk-long
detraining period in a rat model.

Long-term exercise is associated with characteristic mor-
phological and functional adaptations of the myocardium
resulting in a phenomenon known as athlete's heart. The

TABLE 1. Hemodynamic parameters in DCo and DEXx rats.

DCo (n=8) DEx (n = 8) P
HR, bpm 247 + 8 249 + 11 0.888
MAP, mm Hg 82.4+25 795+ 24 0.419
LVESP, mm Hg 102.7 + 2.5 101.0 + 4.2 0.723
LVEDP, mm Hg 6.6+ 0.9 76+1.0 0.452
LVEDV, uL 253.0 = 12.7 2504132  0.890
LVESV, uL 109.1 + 4.4 105.7 + 5.8 0.642
SV, ul 143.9+ 956 1448+ 9.0 0.949
€0, mL'min”" 35.6 + 2.6 35.9+22 0.916
Cl, (mL'min~")/100 g BW 6.4 + 0.4 6.7+ 0.4 0.573
EF, % 56.6 + 1.4 57.7+13 0.563
TPR, mm Hg/(mL-min™") 2.37+0.12 225+0.09 0400
dPldtna, mm Hg's™' 7084 + 255 6903 + 340 0.677
dP/dtpin, mm Hgs™ —7528 + 216 —7323 + 262 0.564
7 (Glantz), ms 11.3+04 115+03 0.760
ESPVR, mm Hg-uL™ 1.66 + 0.12 1.60+0.06  0.655
EDPVR, mm HguL™ 0.029+0.004  0.029+0.004 0914
PRSW, mm Hg 709+ 2.4 69.5+2.7 0.709
dP/dtay-EDV, (mm Hgs™) L™ 340+19 342+18 0.949
SW, mm Hg-mL™ 12.6 + 0.9 12.3+0.6 0.831
PVA, mm Hg-mL™ 195+1.9 19.8 +1.1 0.856
Eff, % 69.4+ 1.8 68.7+1.2 0.742
E,, mm Hg-p L™ 0.70 = 0.03 071009 079
VAC 0.45 + 0.04 0.45+0.03  0.907

Values are mean + SEM. BW, body weight; dP/dt.x and dP/dt.,;, maximal slope of the
systolic pressure increment and the diastolic pressure decrement, respectively; =, time
constant of LV pressure decay; dP/din.-EDV, slope of dP/dty.-end-diastolic volume
relationship; Eff, mechanical efficiency.
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FIGURE 3—Load-independent parameters derived from LV P-V analysis at different preloads during transient occlusion of vena cava inferior.
Upper panel: original recordings of LV P-V loops recorded at different preloads. Slope of ESPVR (index of LV contractility) and slope of EDPVR
(index of LV stiffness) in one representative animal from DCo and DEx groups. These parameters were unchanged in DEx rats compared with DCo
animals after detraining. Mid and lower panel: PRSW (the slope of the relationship between SW and end-diastolic volume) and maximal slope of the
systolic pressure increment (dP/dt,,,c)—end-diastolic volume relationship (dP/dt,,,x-EDV) from one representative rat from the DCo and DEx groups,
respectively. These load-independent contractility indices were unaltered after the detraining period, reflecting similar inotropic state in detrained

animals.

principal adaptations include ventricular wall thickening and
alterations in cavity dimensions by cardiomyocyte hyper-
trophy and hyperplasia, without pathological features in the
myocardium (e.g., interstitial collagen deposition), resulting
in an increased LV mass (8,40). Hearts of highly trained
endurance athletes show significant LV cavity enlargement
and proportionally increased wall thickness, thus unaltered
relative wall thickness values (20,31), whereas in animal
experiments, echocardiographic measurements confirm sig-
nificantly increased LV wall thickness (in both regions) along
with variable alterations in LV cavity dimensions after long-
term exercise training (1,3,34,40). Accordingly, anterior and

posterior wall thickness values increased significantly in the
DEx group, and consequently LV mass and LV mass index
values were markedly increased after 12 wk of swim training
in DEx animals (Fig. 1A). In accordance with our previous re-
sults (34), conventional echocardiographic systolic parameters
(FS and EF) were increased in exercised rats at week 12 and
completely regressed to control values after the detraining
period (Fig. 1A).

Several studies presented the morphological reversibility
of long-term exercise-induced LV hypertrophy after cessation
of physical training (13,21,29,31); however, no specified
detraining time has been defined to observe complete regression
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FIGURE 4—Cardiac mechanoenergetics. Similar values of LV SW and PVA led to an unaltered mechanical efficiency after cessation of training in
DEX rats compared with DCo ones. Unaltered E, and LV contractility (ESPVR) resulted in similar VAC in DEx and DCo rats.

of physiological cardiac mass enlargement. Structural revers-
ibility appears to be especially meaningful when cardiac di-
mensions of physiological and pathological hypertrophy (i.e.,
hypertrophic cardiomyopathy) overlap (“gray zone”) and a
short-term deconditioning period can solve the differential
diagnostic question (20). In human studies of cardiac mor-
phological parameters, as LV wall thickness, LV cavity en-
largement already decreased after 2 months of cessation of
training (22,29). Certain experimental observations found
complete regression of the analyzed data after 2 wk of inac-
tivity (3), compared with other research groups where total
reversibility only appeared after a longer period of exercise
cessation (13,39). Although most of the research groups
showed complete regression of exercise-induced LV struc-
tural alterations, Pelliccia et al. (31) demonstrated incom-
plete reduction regarding to cavity dimensions in a part of
the investigated athletes, even after many years of
deconditioning. This might be explained by increased body
weight and recreational physical activity during the follow-up
period. Because of this variability in period needed for mor-
phological regression and according to our previous echocar-
diographic follow-up, we examined cardiac functional alterations
after 8 wk of detraining to assuredly detect the regression of
athlete's heart morphology.

Despite the marked differences after the 12-wk-long
training period, the anatomical adaptations of the heart
returned to control levels after a deconditioning period,
resulting in equal values in detrained groups (Fig. 1A). In-
creased cardiac (especially LV) mass is due to LV remodeling
in athlete's heart. Latest studies reveal that not only hypertro-
phy of the preexisting myocytes can be observed in response to
exercise-induced workload increment, and also newly formed
cardiomyocytes and neoangiogenesis are produced in trained

animals by the stimulation of endogenous cardiac stem cells
toward the cardiomyocyte and endothelial differentiation (40).
Consistently, there is a significant increment in cardiomyocyte
diameters and heart weight values after a long-term endurance
exercise period (2,34). However, this activation is rapidly lost
because of detraining, and loss of hypertrophic stimuli after
cessation of exercise can revert the exercise-induced cellular
and histological adaptations to levels of control animals (39).
Also, in our study, we found equal heart weight and heart
weight-to-body weight ratio after the 8-wk-long detraining
period, and even the cardiomyocyte diameters of DEXx rats
showed no difference compared with DCo animals (Fig. 1B
and C). Therefore, our data revealed that cessation of exercise
for 8 wk leads to complete reversion of exercise-induced
structural adaptations.

According to previous human and experimental in-
vestigations, long-term intense training might be associated
with myocardial fibrotic infiltrates and, thus, cardiac
arrhythmogenic remodeling, principally as a result of right
ventricular dilatation and diffuse interstitial collagen deposi-
tion (18). This potential substrate for cardiac arrhythmias
has been characterized to be completely reversible after
detraining (2). Consistently, we experienced unaltered LV
collagen content after the evaluation of picrosirius red
staining in both detrained groups (Fig. 1D). These data might
support the point of view that exercise training is not associated
with arrthythmogenic remodeling in the LV myocardium (17).

Baseline P-V relations. Although structural changes
within the LV have been clearly demonstrated, the evidence
of exercise- and detraining-induced functional alterations
has been less consistent.

Long-term exercise training results in an improved cardio-
vascular capacity to adapt to the increased circulatory demand
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during exercise sessions. As an autonomic adaptation, endur-
ance training is associated with lower resting and submaximal
HR leading to elongated diastolic phase (30). Loss of resting
bradycardia has been observed after 2 wk of detraining as a
consequence of reverted exercise-induced autonomic alter-
ations (9). Accordingly, during P—V analysis, HR and pres-
sure values (MAP, LVESP, and LVEDP) did not show
differences between DEx and DCo groups (Table 1 and
Fig. 2). The other main adaptation of the heart to improve
cardiovascular performance is increased LV SV. According
to most human studies, SV increment is associated with a
slight LV dilatation (increased end-diastolic volume) after
intense endurance training period (2,35). In our rat model, we
previously described unaltered LVEDV in exercised rats
along with significantly decreased LVESV, thus resulting in
significantly increased SV and resting EF after the 12-wk-long
swim training period (34). These chamber volume alterations
equalized completely after cessation of swimming (Table 1).
After detraining, the exercise-induced adaptations regress
corresponding to those of the DCo as shown by the repre-
sentative baseline P—V loops (Fig. 2). According to our re-
sults, detraining leads to reductions in SV in elite endurance
athletes (22).

Myocardial systolic properties. Most functional stud-
ies have used noninvasive investigations, such as echocardi-
ography and cardiac magnetic resonance imaging to describe
exercise-induced alterations in cardiac systolic mechanics
(33,36). Traditional parameters of LV systolic performance
(EF, CO, CI, and dP/dt.,.x) did not differ between the groups
(Table 1 and Fig. 2). A static or even reduced resting EF can be
detected as a secondary effect of elevated cardiac preload and
consequent LV dilatation among elite athletes. These classic
parameters are not sensitive enough to describe the inotropic
state of the myocardium as they are dependent on many factors
altered by regular exercise training, such as cardiac loading
conditions or HR. Thus, it is not unexpected that these pa-
rameters could not show enhancement in systolic performance
ofathlete's heart properly (33,36). Our research group recently
reported that novel imaging modalities, such as speckle-
tracking echocardiography, might provide a promising
noninvasive technique to characterize systolic function in
exercise-induced hypertrophy more independently from
loading conditions (16); however, to date, there are only
sporadic data on its clinical application.

Intrinsic contractile state plays a determinant role in
myocardial performance. To the best of our knowledge,
only two in vitro experimental studies investigated the ef-
fect of exercise deconditioning on myocardial contractility.
According to these investigations, physical training in-
duced increment in inotropic capacities of isolated rodent
cardiomyocytes (15), and papillary muscles (3) regressed
after 2—4 wk of detraining of the animals and alterations of
myofilaments. Ca®" sensitivity was associated with these
observations. By means of preload-reducing maneuver, P-V
analysis provides the opportunity to obtain sensitive contrac-
tility parameters, which may properly indicate the systolic

performance of the entire LV myocardium in vivo (28).
Foremost, ESPVR has been used to describe alterations in
cardiac inotropic status. However, this index can be influenced
by chamber geometry and other factors; therefore, we de-
termined PRSW and dP/dt,,..-EDV, two even more precise
contractility parameters. These load-independent inotropic
indices (ESPVR, PRSW, and dP/dt,.x.-EDV) did not reveal
difference between DCo and DEx groups (Table 1 and
Fig. 3), which reflects the complete reversibility of sys-
tolic enhancement observed in exercise-induced cardiac
hypertrophy (34).

Diastolic function. Ventricular diastolic function can
be divided into two main components: early diastolic func-
tion, characterizing the process of active relaxation, and
myocardial stiffness as a feature of passive ventricular fill-
ing. Energy-dependent cardiac early diastolic parameters are
substantial regarding investigations of LV hypertrophy, as
this parameter has been able to distinguish athlete's heart
from compensated pathological LV hypertrophy (6,27).
Previous investigations in athletes revealed that despite the
pronounced myocardial hypertrophy, LV filling was found
to be normal or even enhanced (30). Moreover, exercise-
induced hypertrophy has been characterized by improved
active relaxation, which might reflect an improved energetic
state of the myocardium (5,34). According to our data, neither
load-dependent (dP/dt.;,) nor load-independent (7) indices of
early diastolic function did differ between the detrained
groups, suggesting that exercise-induced enhancement of early
diastolic phase reverted completely after the resting period of
8 wk (Table 1 and Fig. 2).

The load-independent index of LV stiffness, EDPVR may
be reflective of changes in myocardial interstitial material
properties (e.g., fibrosis and edema) and chamber structural
attributes. Pathological cardiac hypertrophy is associated
with collagen deposition, whereas physiological LV re-
modeling develops without interstitial fibrosis (2,23). Ac-
cordingly, unaltered chamber stiffness was described both
in vivo and in vitro (19,34). In our model, deconditioning did
not alter the collagen content of the myocardium and pa-
rameters characterizing LV stiffness (LVEDP and slope of
EDPVR), thus reverse remodeling during the detraining
period might not be associated with myocardial fibrotic
processes (Fig. 1D and Table 1).

These data are in accordance with human echocardio-
graphic studies, which showed regression of enhancement in
diastolic function after cessation of exercise using less specific
and precise diastolic indices in young and adult individuals
(i.e., E/A ratio) (26,32).

Cardiac mechanoenergetics. Besides ventricular di-
astolic and systolic functional enhancement, regular intensive
exercise is able to induce metabolic and energetic adaptations
in the heart. Physiological hypertrophy has been characterized
with a more effective metabolism, as the heart of athletes
needs less oxygen consumption to provide similar mechanical
performance than control ones, which can be related to a
protective, balanced enhancement in glucose and fatty acid
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oxidation (4,14). In correspondence to these observations,
in vivo investigations demonstrated exercise training-induced
improvement in LV mechanical efficiency both in patholog-
ical conditions and in healthy subjects by increasing SW
along with similar energy consumption (34,37). The relation
between total LV mechanical work (SW) and total mechani-
cal energy of cardiac contraction (PVA) can be described by
P-V analysis (38). After the 8-wk-long detraining period,
these cardiac mechanoenergetic values reverted completely in
DEx rats and equalized with DCo animals resulting in similar
mechanical efficiency (Table 1 and Fig. 4).

Moreover, the cardiovascular system of trained experi-
mental animals and endurance athletes can be character-
ized by an optimized coupling between the LV and the
arterial system as consequence of increased contractility
along with decreased E, (11,34). VAC, an important deter-
minant of net cardiovascular performance that describes the
matching between the L'V and the arterial system, was also
similar to control values, further assuming unchanged me-
chanoenergetic status after long-term cessation of the training
(Table 1 and Fig. 4).

Limitations. The interpretation of results from the
present study is limited to young male rats. The possible
influence of gender, age, or species should be assessed in
future studies.

P-V loop analysis allows the measurement of LV per-
formance in detail, independently from loading conditions.
However, the invasive hemodynamic measurements need to
be performed in anesthetized animals and under this condition
the findings on HR could not be fully appropriate.
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