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INTRODUÇÃO: A prática regular de actividade física, nomeadamente de 

programas de exercício bem estruturados, oferece inúmeros benefícios para a 

saúde. Este estudo pretendeu determinar se as adaptações hemodinâmicas 

crónicas, induzidas pelo treino de resistência de intensidade moderada em 

tapete rolante, exercem algum efeito protector na função ventricular esquerda 

de ratos, quando submetidos a uma sobrecarga aguda de pressão. 

MÉTODOS: Ratos Wistar machos (n= 10), foram aleatoriamente 

separados em 2 grupos: i) treinados (n=4; sujeitos a um protocolo de treino de 

14 semanas) e ii) controlo (n=6; colocados sobre o tapete rolante sem 

movimento). 24 horas após a conclusão do protocolo de treino, os animais 

foram anestesiados, traqueotomizados e canulados. Foi efectuada 

esternotomia mediana, pericardiotomia e induzida uma sobrecarga de pressão 

sistólica tardia (50%-70% elevação da PVEmax) durante 2 horas, por constrição 

(banding) da artéria aórta torácica descendente. Os dados foram registados em 

condições basais e em condições isovolumétricas aos 0 (antes do banding), 30, 

60, 90 e 120 minutos de banding. Os dados hemodinâmicos foram adquiridos 

com catéteres de conductância no VE e catéteres de pressão no VD, ou 

catéteres de pressão nos dois ventrículos.  

RESULTADOS: Os dados mais significativos encontram-se resumidos 

na tabela e são apresentados como média±erro padrão. 

CONCLUSÃO: Os animais submetidos ao protocolo de treino 

demontraram claras evidências de que o exercício de resistência permite um 

efeito protector a alterações súbitas da póscarga. 

Tempo (minutos) 0 30 60 90 120 
Controlo (n=6)      
PVEmax (mmHg/s) 89.3±9.4 163.4±10.8α 151.9±15.9 α  125±9.7  74.4±10.4  
VEdP/dtmax (mmHg/s) 4489±508 7764±1711 7301±1769 6714±1508  3057±997 
VEdP/dtmin (mmHg/s) -4142±947 -6499±1543 -5873±1438 -4990±1129 -2407±714 

Tau (ms) 15±1 16±2 16±2 15±2 22±4 α 
Treinados (n=4)      
PVEmax (mmHg/s) 96.1±3.6 154.8±13.3 164.8±10.7 α 170.2±13.2 α 154.7±13.0 αβ 

VEdP/dtmax (mmHg/s) 5126±280 7822±696 7250±1245 9964±1930 α  9159±1529β 

VEdP/dtmin (mmHg/s) -4864±480 -7301±1057 -7816±1995 -8913±1840 -8864±1769 β 
Tau (ms) 13±1  14±2   14±2 14±2  13±8 β 

P< 0,05: vs o min; β vs Controlo 

 

PALAVRAS-CHAVE: TREINO DE RESISTÊNCIA, SOBRECARGA DE 

PRESSÃO; FUNÇÃO CARDÍACA; EFEITO PROTECTOR CARDÍACO. 
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BACKGROUND: Regular practice of Physical Activity, namely, 

structured exercise programs, have beneficial effects in numerous health 

outcomes. This study intended to determine if the chronic hemodynamic 

adaptations induced by endurance treadmill exercise of moderate intensity, 

resulted in any protective effect on left ventricular function of rats, when 

submitted to acute pressure overload. 

METHODS: Male Wistar rats (n= 10), were randomly separated into two 

groups: i) trained (n=4; submitted to 14 week-exercise training protocol) and ii) 

sham (n=6; placed on a nonmoving treadmill). 24 hours after completion of the 

training protocol, animals were anaesthetized, tracheostomized and cannulated. 

A median sternotomy and pericardiotomy was performed and a late systolic 

pressure overload (50%-70% elevation of LVPmax) was induced for 2 hours, by 

constriction (banding) of the descending thoracic aorta. Measurements were 

made in baseline conditions and in isovolumetric conditions at 0 (before 

banding), 30, 60, 90 and 120 minutes of banding. Hemodynamic measures 

were achieved with conductance catheter for LV and pressure catheter for RV 

or pressure catheters in both ventricles. 

RESULTS: The most significant results are summarized in the table and 

presented as mean±SE.  

CONCLUSION: Treadmill-trained rats displayed strong evidence to 

support the notion that endurance exercise training provides cardiac protection 

to sudden increases in afterload. 

Time (minutes) 0 30 60 90 120 
Sham (n=6)      
LVPmax (mmHg/s) 89.3±9.4 163.4±10.8α 151.9±15.9 α  125±9.7  74.4±10.4  
LVdP/dtmax (mmHg/s) 4489±508 7764±1711 7301±1769 6714±1508  3057±997 
LVdP/dtmin (mmHg/s) -4142±947 -6499±1543 -5873±1438 -4990±1129 -2407±714 

Tau (ms) 15±1 16±2 16±2 15±2 22±4 α 
Exercised (n=4)      
LVPmax (mmHg/s) 96.1±3.6 154.8±13.3 164.8±10.7 α 170.2±13.2 α 154.7±13.0 αβ 

LVdP/dtmax (mmHg/s) 5126±280 7822±696 7250±1245 9964±1930 α  9159±1529β 

LVdP/dtmin (mmHg/s) -4864±480 -7301±1057 -7816±1995 -8913±1840 -8864±1769 β 
Tau (ms) 13±1  14±2   14±2 14±2  13±8 β 

P< 0,05: α vs o min; β vs Sham 

 
KEY-WORDS: ENDURANCE TRAINING; PRESSURE OVERLOAD; CARDIAC 

FUNCTION; CARDIAC PROTECTIVE EFECT.  
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 INTRODUCTION: La pratique régulière d’une activité physique, 

notamment des programmes d’exercice bien structurés, offert d’innombrables 

bienfaits à la santé. Cette étude a prétendu déterminer si les adaptations 

hémodynamiques chroniques, induites par l’entraînement de résistance 

d’intensité modérée en tapis toulant exercent un effet protecteur sur la function 

ventriculaire gauche de souris soumises à une surcharge aigüe de pression. 

 PROCEDURES : Souris wistar (n=10), aléatoirement séparées en 2 

groupes : i) entraînées (n=4, soumises à un protocole d’entraînement de 14 

semaines) et ii) contrôle (n=6, placées sur le tapis roulant immobile). 24 heures 

après la conclusion du protocole d’entraînement, les animaux ont été 

anesthésiés, trachéotomisés et cathétérisés. Une sternotomie et une 

pericardiotomie ont été effectuées et une surcharge de pression systolique 

tardive (50% - 70% élévation de la VGPmax) a été induite pendant 2 heures, par 

constriction (banding) de l’artère aorte thoracique descendante. Les résultats 

ont été enregistrés en conditions basales et en conditions isovolumétriques à 0 

(avant le banding), 30, 60, 90 et 120 minutes de banding. Les donnés 

hémodynamiques ont été acquisa l’aide de cathéters de conductance pour le 

VG et de cathéters à pression pour le VD, ou cathéters à pression pour les 

deux ventricules.  RESULTATS: Le résumé des donnés les plus significatifs se 

trouvent dans le tableau ci-dessous et sont présentés comme moyenne ± erreur 

patron. CONCLUSION: Les animaux soumis au protocole d’entraînement ont 

montré à l’évidence que l’exercice de résistance permet un effet protecteur face 

aux changements subits de l’après-charge. 
Temps (minutes) 0 30 60 90 120 
Contrôle (n=6)      
VGPmax (mmHg/s) 89.3±9.4 163.4±10.8α 151.9±15.9 α  125±9.7  74.4±10.4  
VGdP/dtmax (mmHg/s) 4489±508 7764±1711 7301±1769 6714±1508  3057±997 
VGdP/dtmin (mmHg/s) -4142±947 -6499±1543 -5873±1438 -4990±1129 -2407±714 

Tau (ms) 15±1 16±2 16±2 15±2 22±4 α 
Entraînés (n=4)      
VGPmax (mmHg/s) 96.1±3.6 154.8±13.3 164.8±10.7 α 170.2±13.2 α 154.7±13.0 αβ 

VGdP/dtmax (mmHg/s) 5126±280 7822±696 7250±1245 9964±1930 α  9159±1529β 

VGdP/dtmin (mmHg/s) -4864±480 -7301±1057 -7816±1995 -8913±1840 -8864±1769 β 
Tau (ms) 13±1  14±2   14±2 14±2  13±8 β 

P< 0,05: α vs o min; β vs Contrôle 

  
 MOTS-CLES : ENTRAINEMENT DE RESISTANCE ; SURCHAGE DE 

PRESSION ; FONCTION CARDIAQUE ; EFFET PROTECTEUR CARDIAQUE. 
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ABREVIATIONS 
 

VO2max maximum oxygen consumption 

Q  cardiac output 

(CaO2-CvO2) arteriovenous oxygen difference 

CaO2  mixed oxygen content 

CvO2  mixed venous content 

SV  stroke volume 

HR  heart rate 

LV  left ventricle  

RV  right ventricle 

LA  left atria 

Ca2+  calcium 

Bpm  beats per minute 

SERCA sarcoplasmatic reticulum Ca2+ ATPase 

P-V  pressure-volume 

RVU  relative volume units 

Vp  parallel conductance 

Pmax  peak systolic pressure 

Pmin  minimum systolic pressure 

ED  end-diastole 

LVPmax peak rate of left ventricle pressure 

LVPED  left ventricle end-diastolic pressure 

LVPES  left ventricle end-systolic pressure 

dP/dtmin peak rate of pressure fall 

dP/dtmax peak rate of pressure rise 

  time constant of pressure decay  

VED  end-diastolic volume 

VES  end-systolic volume 

Vmax  maximum volume 

Vmin  minimum volume 

EF  ejection fraction 

SW  stroke work 



Abreviations 

 XV

PWRmax maximum power 
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1. INTRODUCTION 

More than 2000 years ago, Hippocrates alerted that exercise was good 

for health. Galen advised that reduced physical exercise as well as over- 

exertion was detrimental to health. However, only in the 20th Century, physical 

activity started to be recognized as an important way to promote health and 

accepted as a means to prevent certain diseases. Until then, the link between 

physical activity and health was looked with much scepticism for the medical 

community (Paffenbarger et. al, 2001). In 1949, Morris and his colleagues 

demonstrate that the development of heart disease was less probable in the 

most active workers than in their sedentary counterparts (Brukner and Brown, 

2005). Since then, there is an increasing number of studies confirming and 

supporting that exercise, physical activity and physical-activity interventions 

have beneficial effects in numerous physical and mental-health outcomes (Blair 

et. al, 1992; Earle, 2003; Penedo and Dahn,  2005). Physical activities, and in 

particular structured exercise programs, promote benefits not only for reducing 

disease risk and improving physical performance, but also for enhancing 

substantially the quality of daily life (Stewart, 2005). Cardiovascular diseases, 

Diabetes Mellitus, cancer, obesity, hypertension, bone and joint diseases, and 

depression are some chronic diseases in which regular practice of exercise 

could help prevent them (Melzer et. al, 2004; Warburton et. al, 2006). It is 

reasonable to state that the risk of exposure to physical activity is outweighed 

by its overall benefits (Melzer et. al, 2004). The integration of exercise into daily 

life is now more relevant than ever before and should be strongly encouraged 

by the health authorities (Earle, 2003; Melzer et. al, 2004).  

Considering all this statements, we intended to study at what point does 

the beneficial adaptations promoted by physical activity, namely dynamic 

exercise, influence the myocardium response to a sudden increase in a late 

systolic pressure overload. For a better comprehension of the trained 

animals’response, we thought to be important to differentiate and characterize 

the acute and chronic hemodynamic responses to static and dynamic exercise. 

Thus, our literature review was directed to that point. 
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Following that, the aims of our study are presented. The next section was 

dedicated to material and methods, where the sample is characterized and all 

the materials used as well as all the protocols performed are entirely described. 

The results of our study, namely morphometric and cardiac function data, where 

presented in the subsequent section, with the most important findings illustrated 

in graphics. The two final parts of this work where dedicated to discussion and 

presentation of references, respectively. 
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2 HEMODYNAMIC ADAPTATIONS TO EXERCISE 

 
During exercise, several alterations of the cardiovascular system occurs 

in order to reestablish the homeostasis interrupted by the accentuated augment 

of oxygen debit and nutrients demanding, by the increased metabolic waste 

products in the working muscles and alteration of body temperature (Powers 

and Howley, 2004). Those alterations are dependent on several training factors 

as type, intensity, duration and frequency of training (Charlton and Crawford, 

1997). 

 
 2.1 TYPE OF EXERCISE 

 

According to Charlton and Crawford (1997) and Colan (1997), the type of 

exercise performed is the most important determinant of cardiovascular 

response to exercise. Generally two types of muscular exercise are considered: 

isotonic and isometric (Charlton and Crawford, 1997), dynamic versus static 

(Charlton and Crawford, 1997; Laughlin, 1999), dynamic versus strength 

(Brooks et al., 2000) and strength versus endurance (Colan, 1997; Pluim et al., 

2000; Deakin, 2004). These varieties of terms lead us to conclude that it is 

difficult to find a categorization accepted for all. In this work, we use dynamic 

and static, to distinguish the two types of exercise.  

Dynamic exercise refers to activities whose changes in muscular length 

occur, with little or no changes in tension (Charlton and Crawford, 1997). 

Walking, running, swimming and cycling are some examples. This type of 

exercise leads to great increases in cardiac output, heart rate and systolic blood 

pressure and little alteration in diastolic blood pressure (Brooks et al., 2000). In 

skeletal muscles, this type of exercise corresponds to isotonic contractions 

(Figure 1). During isotonic contractions there is a decrease in sarcomer length, 

and tension developed by the muscle over imposes the load against what 

muscle need to contract (Apkon, 2003).  

Static exercise refers to activities where there is little or no change in 

muscle length, but marked increases in tension are developed. Carrying a 

suitcase or power lifting are some examples of this type of exercise. Static 

exercises leads to marked increases in systolic, diastolic and mean blood 
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pressure, with moderate increases in heart rate and cardiac output (Brooks et 

al., 2000). In skeletal muscle, this type of exercise corresponds to isometric 

contractions (Figure 1), with a fixed muscle length (no shortening) and 

increased tension (Apkon, 2003). 

Although this division, exercise normally involve the combination of these 

two forms (Colan, 1997; Charlton and Crawford, 1997; Pluim et al., 2000), and 

the great majority of the training programs represent a continuum between the 

two extremes (Colan, 1997) which leads some authors to recognize a third type 

of exercise : resistive (Leung, 2002).  

Cardiac adaptations to exercise can be divided in acute (occur during a 

single bout of work) and chronic (result of a period of physical training) 

(Wilmore, 1977).  

 

 

Figure 1 
 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 HEMODYNAMIC RESPONSES TO ACUTE DYNAMIC EXERCISE 
 
During dynamic exercise, the increased muscular activity requires 

increased oxygen and nutrients delivery to support the demands of the aerobic 

metabolism (Charlton and Crawford, 1997; Opie, 1998.). The increase in 

A) Isotonic B) Isometric 

Figure 1 - Isotonic (A) and isometric (B) muscular contraction (adapted from Apkon, M., 2003)  
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oxygen consumption is straightly related to the intensity of exercise. Thus, as 

exercise intensity increases, the oxygen consumption by the working muscles 

also increases, until maximum oxygen consumption (VO2max) is reached 

(Charlton and Crawford, 1997; Laughlin, 1999). After VO2max, the oxygen 

consumption reaches a plateau and even with further increases in intensity of 

exercise, the oxygen uptake will not increase (Brooks et al., 2000). After that, it 

is possible to continue increasing exercise intensity due to the contribution of 

the anaerobic metabolism (Brooks et al., 2000).  

2. 1.1 HEMODYNAMIC RESPONSES ACUTE DYNAMIC 
EXERCISE 

 

2.1.1.1 MAXIMUM OXYGEN CONSUMPTION (VO2max) 
 

VO2max is the maximum rate at which oxygen can be taken up and used 

by the body during exercise (Bassett and Howley, 1999; Brooks et al., 2000).  

The VO2max may be up to 12 to 15 times the oxygen consumption at rest 

(Leung, 2002).  

VO2max has several determinants that can limit his efficiency. In addiction 

to training, VO2max is dependent on the age, gender, body mass and genetic 

characteristics (Charlton and Crawford, 1997; Leung, 2002) but in this work we 

will focus only in the cardiovascular determinants of VO2max.  

 

2.1.1.1.1 CARDIOVASCULAR DETERMINANTS OF VO2MAX 

 

According to Bassett and Howley (1999) VO2max is limited by the ability of 

the cardiorespiratory system to deliver oxygen to the exercising muscles. 

Limitations of oxygen consumption are the rate at which oxygen is transported 

to the tissues, the oxygen-carrying capacity of blood, and the amount of oxygen 

extracted from the blood to the tissues Brooks et al. (2000). Noakes maintains 

that the absence of a VO2 plateau in some subjects is proof that oxygen 

delivery is not a limiting factor for VO2max. In alternative, he proposes that 

endurance performance is limited by intrinsic factors to the muscles (Basset and 
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Howley, 1997). However, Basset and Howley (1999), after reviewing the 

evidence on both sides of the issue, concluded that the older "classical" VO2max 

paradigm of A. V. Hill was correct. From this point of view, oxygen delivery must 

be viewed as the primary limiting factor for VO2max. The cardiovascular 

determinants of VO2max can be summarized by Fick equation: 

 

VO2= Q (CaO2 - CvO2) 
 

were VO2 is the oxygen consumption (l/min), Q is cardiac output (l/min), CaO2 is 

arterial blood oxygen content and CvO2 is mixed venous blood oxygen content 

(Laughlin, 1999). Thus, during exercise, VO2max can increase by enhancing 

cardiac output (Q), arteriovenous oxygen difference (CaO2 - CvO2), or increasing 

both (Charlton and Crawford, 1997).  

 

 2.1.1.1.1.1 CARDIAC OUTPUT 
 

Cardiac output is the total volume of blood pumped by the ventricle per 

unit of time (l/min-1) (Brooks et al, 2000), is determined by the stroke volume 

(SV) and heart rate (HR) (Opie, 1998; Laughlin, 1999; Brooks et al, 2000; 

Goodman et al., 2005) and is represented by the following equation:  

 

Q= SV x HR 
 
 The Q is linearly related to VO2max: VO2max increase proportionately with 

the increase of Q. This increase of Q is obligatory during dynamic exercise 

because otherwise, exercising myocardium and skeletal muscles could not 

obtain the required oxygen and nutrients (Opie, 1998). At rest, the normal value 

of Q in humans is approximately 5 to 6 l/min-1 but might reach 20 l/min-1 during 

exercise. In world class endurance athletes, the Q can even exceed the 35 

l/min-1 (Brooks et al, 2000). During submaximal exercise, Q and (CaO2 - CvO2) 

account each for 50% of the increase in the oxygen consumption and at 

maximal exercise, Q is responsible for about 75% of the increased oxygen 

consumption (Brooks et al., 2000). The augment of Q is due to increases in SV, 
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HR or both. From all factors influencing Q, the augment of HR seems to be 

most important (Opie, 1998; Laughlin, 1999; Boulpaep, 2003a; Brooks et al., 

2000). 

 

2.1.1.1.1.1.1 STROKE VOLUME 
 
Stroke volume (SV) is the amount of blood ejected from ventricles during 

systole (ml/beat) (Sagawa, 1978; Brooks et al., 2000) and it equals to the 

difference between end-diastolic volume and end-systolic volume (Laughlin, 

1999; Boulpaep, 2003a).  

This relation between end-diastolic volume and end-systolic volume 

differs according to the exercise position and intensity (Charlton and Crawford, 

1997; Laughlin, 1999). At rest, SV is higher in the supine than in the upright 

position (Charlton and Crawford, 1997; Brooks et al., 2000). During exercise 

performed in the supine posture, some authors report that SV doesn’t change 

(Brooks et al., 2000; Rowland, 2005), but others provided evidences that it can 

increase (Warburton et al., 2002). In exercise performed in upright position, SV 

increases, and although it is commonly accepted that it plateaus approximately 

at 40%-50% of VO2max during incremental exercise to maximum (Rowland, 

2005; Vella and Rogers, 2004), it seems to exist different opinions around this 

thematic (Brooks et al., 2000; Zhou et al., 2001; Vella and Robergs, 2004; 

Goodman et al., 2005). Vella and Robergs (2004), in a review of the response 

of SV to upright exercise, described four different responses, illustrated in 

Figure 2. 

About the augment verified in SV during exercise performed at the upright 

position until 40%-50% of VO2max, Rowland (2005) argue that it can be 

explained by the “refilling phenomenon”. According to this interpretation, the rise 

in SV observed at the onset of upright exercise results from the mobilization of 

blood that was pooled by gravity into the lower extremities. At the beginning of 

exercise, the muscle pump in legs mobilizes this blood, which results in an 

increase in SV and Q. Increase in SV should be looked as a restore of central 

blood volume and not part of the process by which circulatory flow rises during 

exercise. At the end of this process of blood mobilization, SV remains constant 
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as exercise intensity increases, just as it occurs in the supine exercise 

(Rowland, 2005). 

Figure 2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.1.1.1.1.1.1 STROKE VOLUME DETERMINANTS 

 

The major factors that influence SV during exercise are preload, 

afterload, contractility and heart rate (Laughlin, 1999; Brooks, 2000; 

Boulpaep, 2003b). 

 
2.1.1.1.1.1.1.1.1 PRELOAD 
 
Preload corresponds to tension exerted to cardiac muscle (by blood) 

before it start contracting (Leite-Moreira, 1995). It is also referred as end-

diastolic volume, which represents the blood volume in the ventricles at the end 

of diastole (Powers and Howley, 2004). 

In upright exercise, end-diastolic volume (or preload) is mainly influenced 

by venous return (Powers and Howley, 2004). With the onset of upright 

Figure 2 - The four types of stroke volume response with increasing exercise intensity 

(adapted from Vella and Robergs, 2004)
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exercise, venous return is increased mostly because of muscle pump effect 

(contractions of the skeletal muscles squeeze blood forcing it toward heart), 

thoracic pump (the alternating increase and decrease in intra-abdominal and –

thoracic pressures help blood to return heart) and venoconstriction (veins are 

sympathetically enervated and during exercise, they are stimulated by central 

nervous system to constrict, helping blood to move toward heart) (Charlton and 

Crawford, 1997; Opie, 1998.; Brooks et al, 2000;Powers and Howley, 2004; 

Rowland, 2005). Moreover these three mechanisms, cardiac output, blood 

volume, posture and heart size may also affect preload during exercise (Brooks 

et al.,2000). 

This augment in preload during upright exercise results in increased SV 

(Goodman, 2005), and consequently in Q, by the Frank-Starling mechanism 

(Higginbotham et al, 1986; Charlton and Crawford, 1997; Opie, 1998; Boulpaep, 

2003b). According to the Frank-Starling mechanism, during low intensity 

exercise (Brooks et al., 2000), the increase in preload will promote an increase 

in cardiac muscle stretch and force of contraction, resulting in SV rise 

(Boulpaep, 2003a). This increase in preload and consequent increase in fibers 

length is only favorable until certain limits. Sarcomeres are capable to produce 

maximum tension when there are a maximum number of crossbridges between 

actin and myosin. So, if preload promote sarcomeres to stretch more than that 

limit, it will occur a reduction of actin and myosin crossbridges, compromising 

the capacity for tension development (Brooks et al., 2000; Boulpaep, 2003a). 

Also, according to Laplace’s law, dilatation of the ventricle during exercise 

would induce a decrease in mechanical efficiency by augmenting the workload 

in sarcomeres (Rowland, 2005) and increasing the amount of energy required 

for contraction (Brooks et al., 2000).  

When exercise intensity increases, venous return to heart rises fourfold 

(Rowland, 2005). This increased volume elevates right atria pressure, which 

activates Bainbridge reflex and the result is an augmented HR. The rise in HR is 

responsible to match venous return, acting as a defense mechanism to LV (left-

ventricle) diastolic size (which remains stable) (Rowland, 2005), preventing an 

unacceptably rise in LA (left atria) pressure (Rowland et al., 2001). This 
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protective effect of increased HR was proposed by Bainbridge almost one 

century ago (1915): 

 
“If these conclusions are correct, the heart is provided a reflex mechanism whereby, 

when the venous filling is increased, the circulation can be maintained by the more 

rapid transference of blood from the venous to the arterial system and the risk of 

excessive dilatation and failure of the heart is lessened. This mechanism must play a 

part in the quickening of the heart during muscular exercise, which is accompanied by 

increased venous inflow to the heart and by a rise in venous pressure.” 

 

An increase in HR compromises diastolic filling time (Cheng et al., 1992; 

Little, 2000; Rowland, 2005), reducing it for approximately two thirds of systolic 

ejection time (Rowland et al., 2001) and therefore, decreasing preload and SV 

(Leite-Moreira, 1995a). According to Leite-Moreira et al., (1995), when HR 

raises up to 180 beats per minute, ventricular filling and therefore SV could be 

so compromised that the beneficial effects of frequency on Q disappear. Under 

these circumstances, heart is challenged to augment or maintain SV, doing it by 

increasing filling rate (Crawford et al., 1985; Cheng et al., 1992; Warburton et al, 

2002). During exercise, this is accomplished by shortening in diastasis and 

increasing peak filling rate early in diastole (Little, 2000). The combined effects 

of increased heart rate and adrenergic stimulation enhance LV relaxation, 

contributing to the fall in early diastolic pressure (Figure 3).  

This fall in early diastolic LV pressure, augments the early diastolic mitral 

valve gradient without an increase in LA pressure, resulting in a more rapid 

mitral valve flow in early diastole, which maintains LV filling, despite the 

shortening of diastole during exercise (Cheng et al., 1992; Rowland, 2001). 

Also, the augmented myocardial contractile force during progressive 

exercise is though lead to a greater ejection fraction (ejecting the same blood 

volume in a shorter ejection period as heart rate rises) resulting in decreased 

end-systolic volume, which allows SV to be maintained or slightly reduced 

despite a potential reduction in end-diastolic volume (Rowland, 2005; 

Warburton et al., 2002). 
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  FIGURE 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

In summary, Frank-Starling mechanism, HR and contractility are the 

most important factors to increase SV during exercise. Frank-Starling 

mechanism is more pronounced during low exercise intensities, while in the 

highest intensities myocardial contractility and tachycardia (an accelerated heart 

rate) are more evident on increasing Q (Ginzton et al, 1989, Jensen-Urstad et 

al. 1998; Wilmore and Costill, 2001). Recent evidence suggests however, that 

endurance athletes are capable of a progressive utilization of the Frank-Starling 

mechanism during incremental exercise (Warburton el et al, 2002).  

 

  

Figure 3- Pressure-volume loops at rest and during dynamic exercise. During exercise in dogs, 

the early diastolic portion of left ventricular pressure-volume loop moves downward (open 

arrow), to compensate the shortened diastole during exercise, allowing left ventricle filling to 

augment without an increase in left atrial pressure. Adapted from Cheng et al., (1992). 
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2.1.1.1.1.1.1.1.2 AFTERLOAD 
 
By definition, afterload represents the sum of all loads against which a 

muscle has to contract. In the intact heart, afterload could be defined has 

tension developed against ventricular wall fibers during ejection (Leite-Moreira, 

1995). It corresponds to the resistance that heart meets when attempting to 

eject blood into the circulation (Brooks et al., 2000). In left ventricle, afterload is 

represented by mean systemic arterial pressure (or aortic pressure) (Wilmore 

and Costill, 2001; Boulpaep, 2003a; Powers and Howley, 2004;), while in right 

ventricle afterload corresponds to the mean pulmonary arterial pressure 

(Boulpaep, 2003a). Blood pressure (or systemic arterial pressure) is a function 

of Q and total peripheral resistance (Brooks et al., 2000). When afterload 

increases, it will increase work load and decrease shortening velocity of cardiac 

muscle (Brooks et al., 2000). Initially, heart compensates in order to maintain 

SV, but if afterload continues rising, compensatory mechanisms cannot adapt 

(Opie, 1998.) and the ability of heart to empty will be compromised (Boulpaep, 

2003a), resulting in decreased SV (Opie, 1998). Acute afterload elevations have 

a biphasic effect on relaxation rate (Leite-Moreira and Gillebert, 1996; Leite-

Moreia et al., 1999) and on diastolic pressure (Leite-Moreira and Gillebert, 

1996). While small increases in afterload induce a compensatory response by 

accelerating left ventricle relaxation and did not affect left ventricle end-diastolic 

pressure, on its turn, higher levels of afterload were associated with decrease in 

relaxation velocity and increase in end-diastolic pressures (Leite-Moreia et al., 

1999). According to Shintani and Glantz (1994), changes in relaxation velocity 

could affect the atrioventricular pressure gradient and thus affect the left 

ventricular filling rate during early diastole (Leite-Moreira and Correia Pinto, 

2000). 

Blood pressure is maintained between normal ranges by varying Q and 

the total peripheral resistance (Prakash et al., 2004).  

During exercise, it is very important that blood pressure increase (Brooks 

et al., 2000) to allow Q to raise, in order to satisfy the augmented metabolic 

demanding of working muscles (Prakash et al., 2004). Increase in mean arterial 

pressure during exercise is mainly due to increase in systolic pressure (Figure 
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4) because diastolic pressure remains stable or can even decline slightly 

(Powers and Howley, 2004). This decline is attributed to decrease in peripheral 

vascular resistance (Opie, 1998). 

Recent studies have indicated that arterial baroreflex reset in exercise is 

controlled by a central command and by the exercise pressor reflex (Gallagher 

et al., 2006; Raven et al., 2006). Central command is a feedforward mechanism 

that activates cardiovascular and somatomotor systems, through signals 

originating in higher brain centres, (Krogh and Lindhard, 1913 and Goodwin et 

al., 1972 in Raven et al., 2006) ,that controls the level of efferent activity of the 

sympathetic and parasympathetic nervous systems (Brooks et al., 2000).  

 

Figure 4 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 4 Systolic, mean and diastolic arterial pressures behaviour during incremental dynamic 

exercise (bicycle) until maximum intensity (100% VO2max). During dynamic exercise, systolic blood 

pressure increase with cardiac output, depending on effort intensity. It is frequent to find systolic 

pressures of 180 mmHg or even higher in healthy people during moderate aerobic exercise (Brooks et 

al., 2000). Diastolic pressure changes little during exercise. It could be constant or decrease slightly 

(Barata et al., 1997a; Brooks et al., 2000). If the decrease in peripheral resistance of active muscles 

prevails to the vasoconstriction in inactive tissues (Barata et al., 1997a). Under sustained sub-maximal 

efforts, mean arterial pressure could reach a steady state. If this effort is prolonged, besides diastolic 

pressure remains constant, systolic pressure could gradually decrease. This occurs because of 

progressive vasodilatation in active muscles (Barata et al., 1997a). (adapted from Laughlin, 1999). 
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On its turn, the exercise pressor reflex consists of mechanically (type III 

fibers) and chemically (type IV fibers) sensitive afferent signals arising from 

skeletal muscle that regulate circulatory responses to exercise by providing 

feedback to cardiovascular centres within the brainstem (Brooks et al., 2000; 

McCloskey and Mitchell, 1972 and Kaufman et al. 1984 in Raven et al., 2006). 

Summing up, during exercise, circulatory control mechanisms are 

capable to carefully balance their central role of maintaining blood pressure 

and, at same time, providing blood to the important areas (Brooks et al., 2000) 

by allowing Q to increase, decreasing total peripheral resistance and increasing 

vascular resistance in less active tissues (Prakash et al., 2004). 

 

2.1.1.1.1.1.1.1.3 CONTRACTILLITY 
 
Contractility or inotropism refers to the quality of ventricular performance 

at constant conditions of loading and HR (Brooks et al., 2000). It is of great 

physiological importance, because it allows cardiac function to be rapidly 

altered and adapted to the organism requirements (Leite-Moreira, 1995). Its 

relevance to cardiac function is manifested in some physiological situations, like 

arterial pressure or HR variation. Changes in arterial pressure, are detected by 

baroreceptors, which induce alteration in contractility (decreased arterial 

pressure increase contractility and vice versa) to act in conformity (if arterial 

pressure is reduced, contractility increase and promote Q to rise and 

consequently arterial pressure increase) (Leite-Moreira, 1995).  Changes in 

cardiac contractility take place independently of changes in preload and 

afterload (Brooks et al., 2000; Korzick, 2003) and it affects myocardial force 

development and the velocity and extent of myocardial shortening (Brooks et 

al., 2000). These changes have been attributed to variations in the amount of 

calcium (Ca2+) available for muscular contraction (Leite- Moreira, 1995a; Ross 

et al, 1995; Brooks et al., 2000;) and/or to alterations in miofilaments sensibility 

to Ca2+ (Leite-Moreira, 1995). From all factors affecting myocardial contractility, 

neurohumoral mechanism seems to be the more relevant (Leite-Moreira, 1995), 

in which sympathetic stimulation, cardiac endothelium and catecholamines have 

the most significant role in increasing it (Leite-Moreira, 1995; Wilmore and 
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Costill, 2001; Powers and Howley, 2004;). During exercise sympathetic 

stimulation, circulating catecholamines and HR, which are considered the main 

determinants of myocardial contractility (Leite-Moreira, 1995; Wilmore and 

Costill, 2001; Powers and Howley, 2004) are augmented during exercise and 

contractility is triggered in order to satisfy the organism requirements, which is 

to increase SV. Contractility together with decreased systemic vascular 

resistance (afterload), increased venous return (preload), and augmented heart 

rate, can produce a fourfold to sixfold increase in cardiac output (Ross et al, 

1995).  
 

 2.1.1.1.1.1.1.1.4 HEART RATE 
 
HR has long been recognized to play an important role by enhancing Q 

through an increased number of beats per minute when venous return is 

augmented (Ross, 1995; Rowland, 2005) as during exercise, and by its 

influence on myocardial contractility (Ross, 1995). HR increase affects 

myocardial contractility by raising it, which contributes for SV increase. This is 

explained by the force-frequency relation or Bowditch effect, which states that 

development of tension, is dependent on frequency of contraction (Leite-

Moreira, 1995; Boulpaep, 2003c). According to this, tension increases in 

response to an increase in rate (Boulpaep, 2003c). The mechanisms involved in 

the force-frequency effects on contractility when HR is increased under basal 

conditions are related primarily to increased Ca2+ availability to the miofilaments 

(Ross, 1995). During contraction, there is a gradual increase in intracellular 

Ca2+ concentration (Leite-Moreira, 1995; Boulpaep, 2003c). The increased 

intracellular Ca2+ concentration is due to a higher number of action potentials 

per minute, which provides a longer period of Ca2+ entry into the cell with an 

increase in sarcoplasmatic reticulum Ca2+ stores (Boulpaep, 2003c). Higher 

exercise intensities leads to an increase in HR (higher number of action 

potentials per minute) which leads to greater Ca2+ concentration entering 

myocardial cells, resulting in an increase in contractility and consequently in SV. 
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2.1.1.1.1.1.2 HEART RATE 
 
Heart rate (HR) is the speed at witch the heart is beating and is the major 

determinant of Q (; Opie, 1998; Brooks et al., 2000), particularly during 

moderate to maximal exercise (Brooks et al., 2000) as explained above. It is 

also the most important factor affecting oxygen consumption in the heart 

(Brooks et al., 2000). In dynamic exercise, the augment in HR follows the 

increase in exercise intensity (Brooks et al., 2000; Miyamoto et al., 2005) and 

oxygen consumption (Brooks et al., 2000; Wilmore and Costill, 2001) and it 

seems to level off at VO2max (Brooks et al., 2000). This increase in HR is 

important to maintain Q and blood pressure at the same level.  

In adult people, maximal heart rate can be estimated by the following 

equation (Brooks et al., 2000): 

 

Hrmax= 220-age (± 12 bpm) 
 

 

The HR varies with training, age (decrease with age) and sex (Brooks et 

al., 2000). 

 

2.1.1.1.1.1.2.1 HEART RATE CONTROL AND EXERCISE 
 

 The main determinants of HR are the intrinsic automatism of sinoatrial 

node and the activity of autonomic nervous system (Leite-Moreira, 1995). 

During exercise, HR is mainly regulated by autonomic nervous system, which 

connects the heart by the sympathetic and parasympathetic nerves (Charlton 

and Crawford, 1997; Brooks et al., 2000; Miyamoto et al., 2005). Its activity 

during exercise, results from an integration of several factors like central 

nervous systems, the mechano and chemoreceptors located in the working 

muscles and baroreceptors placed in the cardiovascular system (Mayo and 

Kravitz, 1999; Miyamoto et al., 2005), namely in aortic arch and in carotid sinus 

(Boulpaep, 2003b). 
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Thus, while the sympathetic nerve stimulates heart rate to increase 

(positive cronotropic effect), parasympathetic nerves suppress it (negative 

cronotropic effect) (Leite-Moreira, 1995; Brooks et al., 2000; Apkon, 2003; 

Powers and Howley, 2004). Parasympathetic neurons innervate the sinoatrial 

node, atrial myocardium, atrioventricular node and ventricular myocardium 

(Brooks et al., 2000), promoting the release of acetylcholine, which binds to M2 

muscarinic receptors (Boulpaep, 2003b) reducing HR (Boulpaep, 2003b; 

Powers and Howley, 2004). Otherwise, sympathetic neurons innervate the 

sinoatrial node and the ventricles, and when stimulated, they release 

norepinephrine which binds β1-receptors in heart (Boulpaep, 2003b), causing 

an increase in HR and in cardiac contraction (Brooks et al., 2000; Boulpaep, 

2003b; Powers and Howley, 2004). In 1966, Robinson et al. (1966) found that 

HR acceleration was due to parasympathetic inhibition at low exercise 

intensities and from both parasympathetic inhibition and sympathetic activation 

at moderate intensities. 

At rest, HR is largely determined by the vagal tone and so it remains low. 

However, moments before the initiation of exercise, there is a suppression of 

the vagal tone, activated by the readiness to perform exercise (Brooks et al., 

2000; Opie, 1998.) which explains the first increases in HR (Powers and 

Howley, 2004). As exercise progresses, subsequent increases in HR occur due 

to progressive parasympathetic suppression and sympathetic driving (Mayo and 

Kravitz, 1999; Brooks et al., 2000; Wilmore and Costill, 2001; Powers and 

Howley, 2004; Miyamoto et al., 2005; Goldberger et al., 2006). The increase in 

circulating catecholamines also contributes for HR increase (Savin et al., 1982; 

Charlton and Crawford, 1997; Mayo and Kravitz, 1999;). 

 

 

2.1.1.1.1.2 ARTERIOVENOUS OXYGEN DIFFERENCE 
 

Another determinant of oxygen consumption is the difference between 

the arterial and venous oxygen contents (CaO2 - CvO2) (Laughlin, 1999). Arterial 

oxygen content is determined by arterial oxygen carrying capacity (hematocrit) 

and by the ability of the respiratory system to load oxygen in the pulmonary 
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capillaries (Laughlin, 1999). On its turn, venous oxygen contents reflect the 

amount of oxygen captured by tissues. As response to exercise, arteriovenous 

oxygen difference increases with intensity (Charlton and Crawford, 1997; 

Brooks et al., 2000), being the venous oxygen content very low (Laughlin, 

1999).  
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2.1.2 HEMODYNAMIC RESPONSES TO ACUTE STATIC 
EXERCISE 

 
The straight relation between oxygen consumption and intensity of 

exercise reported in dynamic exercise is not the same during static exercise. 

High pressure developed within contracting muscle groups during static 

exercise tends to occlude muscle blood flow (Barata, 1997b; Charlton and 

Crawford, 1997; Shephard and Balady, 1999) decreasing oxygen delivery, and 

making from the anaerobic metabolism the mechanism responsible for 

providing energy for muscle contraction, being the increase in VO2 and Q very 

modest (Charlton and Crawford, 1997). This will result in a different 

performance and demand to the heart, which during static exercise is 

confronted to a pressure load while in dynamic exercise, is confronted to a 

volume load (Longhurst and Stebbins, 1992; Brooks et al., 2000). Figure 5 

illustrates representative examples of pressure-volume loops from the acute 

responses of dynamic and static exercise. 

 

Figure 5 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 - Pressure-volume loops representing the effect of dynamic and static exercise. 

Dynamic exercise (on the left), is characterized by an increase in preload (venous return) and 

contractility which induce stroke volume to increase (area of B is higher than A). On its turn, static 

exercise (on the right), is characterized by an accentuated raise in afterload (elevation of 

ventricular pressure in B) and stroke volume decrease (decreased area in B). Adapted from Opie 

et al., 1998. 
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The cardiovascular response during static exercise seems to be well 

known (Rowland et al., 2006) and it has been ascribed to the interplay of central 

and peripheral (mechano and metaboreflex) mechanisms (Goodwin et al., 1972 

and Thornton et al., 2002 in Fisher and White, 2004; O’Leary, 1993 and 

Williamson et al., 1995 in Rowland et al., 2006).  

 

2.1.2.1 CARDIAC OUTPUT 
 
During static exercise, there is a small enhancement of Q (Colan; 1997; 

Opie, 1998; Brooks et al., 2000; Rowland et al., 2006). This increase is 

dependent primarily on the acceleration of HR, since SV remains constant or 

even decline (Charlton and Crawford, 1997; Opie, 1998; Rowland et al., 2006). 

However, in a recent work, Rowland and colleagues (2006) propose that small 

increases in stroke volume from increased myocardial contractility in 

association with augmented heart rate could be responsible for the observed 

rise in cardiac output during static exercise (Rowland et al., 2006). 

Nevertheless, more studies are needed because data from these findings do 

not provide definitive proof for an alternative explanation about the 

cardiovascular responses to static exercise. 

During dynamic exercise, the increase in blood pressure accompanies 

the increase in Q, necessary to satisfy the metabolic needs of the working 

muscles that rise in higher exercise intensities. However, in the case of static 

exercise, blood pressure assumes values much higher than the metabolic cost 

of the exercise (Laughlin, 1999) and Q only increase modestly  

 

2.1.2.1.1 STROKE VOLUME 
 
Static exercise influence SV by acting under its main determinants 

(preload, afterload, heart rate and contractility) (Laughlin, 1999; Brooks, 2000; 

Boulpaep et al., 2003), and the end result is a stable or limited decline in SV 

(Charlton and Crawford, 1997; Opie, 1998; Brooks et al., 2000). However, 

although this SV response is generally accepted, there are some studies 
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providing a number of evidences that SV could also increase slightly (Nóbrega 

et al., 1997; Rowland et al., 2006) contributing to the observed Q increase. 

 

2.1.2.1.1.1 PRELOAD 
 
According to Miles at al. (1987), during static exercise, mainly during the 

higher intense muscle contraction, preload is reduced (Mayo and Kravitz, 1999). 

This result from decreased venous return to the heart, induced by the increased 

circulatory load, increased intrathoracic pressure and a less effective muscle 

pump (Brooks et al., 2000). However, it looks that until a certain magnitude of 

afterload, preload could increase. According to Sullivan et al (1992) and Brooks 

et al (2000), the increase in afterload during static exercise causes an 

immediate decrease in SV, resulting in augmented end-diastolic volume 

(preload) in the following cardiac cycle (Brooks et al., 2000). This increased 

preload triggers the Frank-Starling mechanism to increases SV at a higher 

pressure than normal (Brooks et al., 2000). 

 

2.1.2.1.1.2 AFTERLOAD 
 
During static exercise, an abrupt rise in both systolic and diastolic blood 

pressure (afterload) will occur (Figure 6) (Barata, 1997; Colan, 1997; Opie, 

1998; Laughlin, 1999; Brooks et al., 2000; Fisher and White, 2004; Rowland et 

al., 2006). This pressure load, as already explained when the determinants of 

SV during dynamic exercise were presented, is responsible for the increase in 

myocardial oxygen consumption, which is correlated to an increase in stress 

imposed to the heart (Brooks et al., 2000; Powers and Howley, 2004). The 

extent of afterload on the heart is dependent on the absolute load on the muscle 

(Laughlin, 1999; Mayo and Kravitz, 1999; Brooks et al., 2000) and the duration 

of sustained muscular contraction (Laughlin, 1999). Double product (or rate-

pressure product), is a good noninvasive parameter to measure myocardial 

oxygen consumption and is considered to be very useful in cardiac rehabilitation 

programs. It is obtained by multiplying HR with systolic blood pressure (Mayo 

and Kravitz, 1999; Brooks et al., 2000; Powers and Howley, 2004). 
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Figure 6 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

During a vigorous effort, high pressure is developed within contracting 

muscle groups, which tends to occlude muscle blood flow (Barata, 1997b; 

Charlton and Crawford, 1997; Shephard and Balady, 1999), resulting in 

augmented afterload and ventricular wall stress (Sullivan et al., 1992; Shephard 

and Balady, 1999;). Occlusion of the intramuscular vessels seems to begin 

when the muscles are contracting at 15% of their maximal voluntary force, and 

it becomes complete around the 70% of maximal force (Kay and Shephard, 

1969 in Shephard and Balady, 1999). 

Leite-Moreira et al (1996 and 1999) demonstrated that acute afterload 

elevation have a biphasic effect on cardiac function, were small increases 

induced a compensatory response while higher increases influence the heart 

negatively. Sullivan et all (1992), in a study about left ventricular performance 

during and after maximal isometric deadlift exercise at 50% and 100% of 

Figure 6- Example of systolic, mean and diastolic arterial pressures behaviour as a function 

maximum voluntary contraction (%MVC) (isometric handgrip). During static exercise, systolic, 

mean and diastolic blood pressure increase. It is usual to find values superior to 300 mmHg in 

systolic pressure and superior to 130 mmHg in diastolic pressure (Barata, 1997b). Adapted 

from Laughlin (1999).Cardiovascular responses to exercise. Advan Physiol Educ 277:244-259. 
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maximal voluntary effort, also reported a compensatory response, more 

accentuated in the higher effort. Using continuous echocardiographic 

measurements, they observed a decline in ejection fraction at the onset of 

isometric deadlift, which was attributed to an increase in left ventricle end-

systolic volume in response to the abrupt rise in systemic arterial pressure 

(afterload) and corresponding left ventricle wall stress. This reduction in ejection 

fraction (consequently in SV), was rapidly restored by an increase in end-

diastolic volume. According to Brooks et al (2000) and Leite-Moreira (1995) the 

decrease in SV caused by an afterload elevation, leads to an increase in end-

diastolic volume in the next cardiac cycle, which triggers the Frank-Starling 

mechanism and augments SV at a higher pressure than normal. 

Initially, heart compensates in order to maintain SV, but if afterload 

continues rising, compensatory mechanisms cannot adapt (Opie, 1998) and the 

ability of heart to empty will be compromised (Boulpaep, 2003a), resulting in 

decreased SV (Opie, 1998). 

 

2.1.2.1.1.3 HEART RATE 
 
During static exercise, HR shows a modest increase (Opie, 1998; Brooks 

et al., 2000; Rowland et al., 2006), comparably to values obtained during 

endurance exercise such as running (Brooks et al., 2000). HR is considered to 

increase in proportion to the muscle mass used and also according to the 

percentage of maximum voluntary contraction (Seals et al, 1983; Brooks et al, 

2000; Gálvez et al., 2000). Because of the limited influence of SV, the increases 

in Q are though to be mediated primarily to the increase is HR (Leite-Moreira, 

1995; Mayo and Kravitz, 1999). 

 

2.1.2.1.1.4 CONTRACTLITY 
 

Sympathetic stimulation, cardiac endothelium and catecholamines are 

considered the main responsible for increasing contractility (Leite-Moreira, 

1995; Wilmore and Costill, 2001; Powers and Howley, 2004). During static 

exercise, sympathetic nervous system increases the contractility of the heart 
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(Charlton and Crawford, 1997). Quinones (1974), mentioned by Rowland 

(2006), suggested that improvement in myocardial contractility observed during 

static exercise reflect a compensatory mechanism in order to maintain SV and 

en-diastolic pressure, in the face of the increased afterload. Also Brooks et al 

(2000) refer that heart compensates the increased afterload by increasing 

contractility in an attempt to maintain Q. 

 
2.1.2.2 ARTERIOVENOUS OXYGEN DIFFERENCE 

 
 According to Charlton and Crawford (1997), it seems that during static 

exercise, the (CaO2 - CvO2) remains unchanged because the contracted muscles 

block the blood. However, it increases at the end of contraction, as a result of 

increased blood flow to the muscles and augmented oxygen extraction Charlton 

and Crawford (1997). 
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 2.1.3 ADAPTATIONS TO CHRONIC EXERCISE 
 

As a result of regular participation in systematic physical training several 

specific changes will occur in order to guarantee a better performance of the 

organism. 

  

 2.1.3.1 MORPHOLOGIC ADAPTATIONS TO CHRONIC 
EXERCISE 
 

2.1.3.1.1 CARDIAC HYPERTROPHY 
 
Systematic exercise conditioning is frequently associated with 

morphological changes in the heart, which includes increased left ventricular 

cavity dimension, wall thickness and hypertrophy (; Pelliccia et al, 1999; Pluim 

et al, 2000; Pellicia et al, 2002; D’Andrea et al, 2006). Cardiac hypertrophy as a 

result of training, is commonly known as “athlete’s heart” (Pelliccia et al, 1999; 

Pluim et al, 2000; Pellicia et al, 2002) and it represents the main long-term 

response of the heart to increased wall stress (Hart, 2003). The magnitude of 

cardiac adaptation is determined by several factors including age, sex, body 

size, ethnicity (Sharma, 2003) and type and intensity of sport activities (Pellicia 

et al, 2002; Sharma, 2003). In absolute terms, comparably to non-athletes, 

cardiac dimensions in athletes are only slightly increased, but the differences 

are statistically significant, with the athletes presenting 15-20% of greater left 

ventricular wall thickness and 10% greater left ventricle cavity size (Sharma, 

2003). However, most of the athletes have cardiac dimensions inside normal 

range (Fagard, 2003; Sharma, 2003), which is accepted to be a size inferior to 

13 millimetres for left ventricular wall thickness and inferior to 55 millimetres for 

left ventricular cavity size (Pellicia et al, 1991; Pellicia et al, 1996). 

Nevertheless, left ventricular dimensions may be more substantial, evoking the 

clinical dilemma in differentiating athlete’s heart from structural heart disease 

(Maron et al, 1995; Pelliccia et al, 1999). The distinction between these two 

conditions is of great importance because an erroneous diagnosis could put in 
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danger the athlete’s life (Opie, 1998; Sharma et al, 2002). However, the 

differentiation of physiological hypertrophy form pathological is out of range of 

this work. 

 

2.1.3.1.2 DIFFERENT PATTERNS OF SPORT’S INDUCED 
CARDIAC HYPERTROPHY 

 

Physical exercise is associated with hemodynamic changes and 

alteration of loading conditions of the heart that, when repeated continuously in 

time, could lead to left ventricle hypertrophy (Figure 7) (Fagard, 2003). Different 

patterns of hypertrophy have been described. During dynamic exercise such as 

running, were the emphasis is on the movement with no or minimal 

development of force, the imposed load to the heart is mainly that of volume 

(Longhurst and Stebbins, 1997; Fagard, 2003; Stewart et al, 2005; D’Andrea, et 

al., 2006). In this circumstance of chronic increase in preload, there is an 

enlargement of left ventricular cavity size in order to accommodate a larger SV, 

and a proportional increase in wall thickness to normalise wall stress (Sharma, 

2003), being this type of adaptation named eccentric left ventricle hypertrophy 

(Longhurst and Stebbins, 1997; Fagard, 2003). This result from the addition of 

sarcomeres in series and longitudinal cell growth (Frey et al, 2004). In contrast, 

during static exercises like weightlifting, force is developed with no or minimal 

movement, causing a little increase in Q and a pronounced rise in blood 

pressure (Fagard, 2003), which induce a pressure load to the heart (Longhurst 

and Stebbins, 1997; Fagard, 2003; Stewart et al, 2005). As a result of this 

increase in cardiac afterload, heart adapts by increasing wall thickness (to 

normalize wall tension) with no alterations in chamber size (Sharma, 2003; 

Fagard, 2003; D’Andrea, 2006), resulting in concentric hypertrophy (Fagard, 

2003) by parallel addiction of sarcomeres and lateral growth of individual 

cardyomyocytes (Frey et al, 2004). The term hypertrophy should be used 

criteriously because majority of the athletes have cardiac dimensions inside 

normal range. 

The majority of sport disciplines involve a combination of dynamic and 

static component and athletes demonstrate increases in both left ventricular 
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wall and ventricular cavity size (Shama, 2003). According to Fagard (1996) and 

more recently Pluim et al (2000), the development of eccentric or concentric left 

ventricular hypertrophy cannot be regarded as an absolute or dichotomous 

concept, but rather a relative concept. 

 

Figure 7 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Athletic conditioning is not purely dynamic or static and training programs of 

different athletes may have both characteristics (Fagard, 2003). In every forms 

of endurance training, blood pressure rise (pressure load) as well as Q (volume 

load), just as in every forms of strength training, HR, Q and blood pressure 

increase (Pluim et al., 2000; Fagard, 2003). 

 

 
 

Figure 7- Load chain events until cardiac hypertrophy. An increase in volume load on the heart 

results mostly in a rise in diastolic wall stress, which is normalized by the addition of 

sarcomeres in series in order to accommodate a larger SV. At the same time, the rise in volume 

without a change in wall thickness results in a rise in systolic stress, which is normalized by the 

addition of sarcomeres in parallel and a proportional increase in wall thickness to normalise wall 

stress. The end result is eccentric hypertrophy (A). On its turn, an increase in pressure load 

induce to the heart an increase in systolic stress, which is normalized by increasing wall 

thickness with the addition of sarcomeres in parallel, resulting in concentric hypertrophy (B). 

Adapted from Colan (1997). 
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 2.1.3.2 HEMODYNAMIC ADAPTATIONS TO CHRONIC 
EXERCISE 
 
 2.1.3.2.1 VO2max 

 
As a result of intense dynamic training (e.g. endurance) there is an 

improvement in VO2max (Charlton and Crawford, 1997; Brooks et al, 2000) of 

approximately 20%, being possible greater increases if the initial fitness level of 

the subject is low (Brooks et al, 2000). In normal young man, VO2max is around 

45 ml/kg/min and it can reach values like 80 ml/kg/min in elite endurance 

athletes (Charlton and Crawford, 1997). This increase in VO2max is accompanied 

by an increase in both maximal Q and (CaO2 - CvO2) (Charlton and Crawford, 

1997) but the former is more important (Barata, 1997a; Basset and Howley, 

1999; Wilmore and Costill, 2001). On its turn, static exercise training seems to 

get little benefit from an increase in VO2max, since majority of energy for muscle 

contraction is provided by the anaerobic metabolism, being maximal oxygen 

consumption increased only minimally or not at all (Charlton and Crawford, 

1997; Longhurst and Stebbins, 1997). In general, the cardiovascular 

hemodynamic response to static exercise is not different between trained and 

untrained people (Longhurst et al, 1980). Consequently, the great bulk of the 

improvement in static exercise performance as a result of training is the end 

result of specific muscle group adaptations, with little effect on cardiovascular 

responses (Charlton and Crawford, 1997; Longhurst and Stebbins, 1997). 

 
2.1.3.2.1.1 CARDIAC OUTPUT 

 
Cardiac output increases largely due to dynamic training mainly because 

of an increase in SV, given that maximal HR of dynamic trained athletes is not 

different from that of not-trained (Charlton and Crawford, 1997; Basset and 

Howley, 1999). Cerretelli and Di Prampero (1987) referred that 70 to 80% of the 

limitation in VO2max is related with Q (Basset and Howley, 1999). In endurance 

trained athletes, Q may increase from 5-6 litres per minute at rest to 40 during 
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maximal exercise (Ekblom and Hemansen, 1960 mentioned by Pluim et al, 

2000).  

 

 2.1.3.1.1.1 SROKE VOLUME 
 

The large oxygen uptake during maximal upright exercise in endurance 

athletes cannot be explained by an increase in heart rate or the arteriovenous 

oxygen difference alone but requires considerable increase in left ventricular 

stroke volume (Sundstedt et al., 2004). 

As stated by Brooks (2000), SV is probably the most important factor to 

explain individual differences in VO2max. This is easily understood if we compare 

de determinants of Q (the main determinant of VO2max) of a sedentary man with 

those of a well trained one. Both will have similar maximal HR (185 beats per 

minute) but different SV, with the well trained man presenting the highest value 

(173 ml against 90 ml) (Brooks, 2000). The difference in SV responses between 

trained and not-trained people was firstly recognized by Gledhill and colleagues 

(1994). Endurance training increases SV at rest, during submaximal and 

maximal exercise (Brooks et al, 2000; Wilmore and Costill, 2001). There is 

some discordance about the pattern that SV assume during progressive 

exercise in endurance trained adults (Nottin et al, 2002; Sundstedt et al., 2004; 

Vella and Robergs, 2005). Most recent research states a constant increase in 

SV during exercise of increasing intensity in both trained and untrained people 

(Vella and Robergs, 2005). Data support endurance training as a mechanism of 

enhancing SV (Vella and Robergs, 2005).  

 

 2.1.3.1.1.1.1 PRELOAD 
 
 Endurance training results in increased preload (end-diastolic volume) 

(Brooks et al, 2000; Sundstedt et al., 2004; D’Andrea et al., 2006), due to 

increased left ventricular volume (volume overload), blood volume and left 

ventricle compliance (Brooks et al, 2000). The well known increased end-

diastolic volume (cavity size) is proportional to athlete’s level of training 

(Crawford et al., 1985), and seems to represent a major adaptive response to 
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intensive and systematic athletic training in largely aerobic sports (Crawford et 

al., 1985; Pelliccia et al., 1999). Cycling, cross-country skiing and canoeing are 

some examples of endurance sports that have been associated with the largest 

increases in left ventricular cavity (Pelliccia et al., 1999; Sharma, 2003). An 

increase in preload determines a proportional increase in the early diastolic 

relaxation, into what myocardial respond with a better application of the Franck-

Starling mechanism, with increased stretch of the myocardial fibers and 

consequential increase in SV (D’Andrea et al., 2006). Frank-Starling 

mechanism in association with heart rate (which is less increased until 

submaximal exercise intensity allowing an enhanced diastolic filling) and 

contractility are very important in increasing SV during exercise. The former is 

thought to be the mainly responsible during low exercise intensities, while in the 

highest intensities myocardial contractility and tachycardia are considered to 

have more effect on increasing Q in endurance athletes (Ginzton et al, 1989, 

Jensen-Urstad et al. 1998; Wilmore and Costill, 2001). 

 Nevertheless, recent findings have challenged this notion and indicate 

that endurance-trained athletes may rely on different mechanisms to increase 

their Q during the later stages of vigorous exercise (Warburton et al, 2002). 

Warburton and colleagues (2002), in a study with highly trained male cyclists, 

concluded that the progressive increases in diastolic filling rate, end-diastolic 

volume and SV presented by the athletes, support the contention that 

endurance-trained athletes have an enhanced diastolic function that allows 

them to increasingly use the Frank-Starling mechanism throughout incremental 

to maximal exercise, and not only in the initial stages as previously reported. 

Also, they concluded that highly trained athletes rely on an increasing effect of 

the Frank-Starling mechanism throughout incremental to maximum exercise in 

both the supine and upright positions, being the potential increases in end-

diastolic volume, SV and therefore the relative reliance on the Frank-Starling 

mechanism to increase Q, greater in the upright position comparably to the 

supine position. 
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 2.1.3.1.1.1.2 AFTERLOAD 
 
 As already presented, afterload (blood pressure) is a function of Q and 

total peripheral resistance. To make possible that SV and Q increase, it is 

necessary a great balance between blood pressure and peripheral resistance.

 As a result of endurance training, skeletal muscle vascularity increase, 

which results in reduced peripheral resistance (Brooks et al, 2000). 

Consequently, afterload (systolic, diastolic and mean arterial blood pressure) is 

reduced at rest and at submaximal exercise. About maximal exercise, training 

seems to have no effect on maximum systolic blood pressure (Brooks et al, 

2000). Looking to afterload definition, less tension will be developed against 

ventricular wall fibers during ejection (Leite-Moreira, 1995) and less stress will 

be imposed to the heart when it is attempting to eject blood into the circulation 

(Brooks et al, 2000). 

 Although very controversial, little peripheral cardiovascular adaptations 

are though to occur in response to training with repetitive static exercise, mainly 

in that with a dynamic component. These adaptations include modest 

decreases in resting blood pressure and smaller increases in blood pressure 

and sympathetic nerve activity during a given workload (Longhurst and 

Stebbins, 1997). 

 

 2.1.3.1.1.1.3 CONTRACTILITY 
 

Myocardial contractility increases with training. (Brooks et al. 2000). 

Endurance-trained athletes are capable of larger increases in myocardial 

contractility during submaximal exercise, with smaller increments as maximal 

exercise is attained (Warburton et al, 2002). The increased contractility seems 

to lead to greater ventricular emptying, reducing end-systolic volume (Brooks et 

al, 2001; Wilmore and Costill, 2001; Warburton et al, 2002), which is thought to 

compensate the decline in end diastolic volume, which allows SV to be 

maintained or slightly reduced during demanding exercise (Warburton et al, 

2002). 
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There are several possible mechanisms to explain this enhancement in 

contractility. As already presented, changes is cardiac contractility have been 

attributed to variations in the amount of calcium available for muscular 

contraction (Leite-Moreira, 1995; Ross et al., 1995; Brooks et al., 2000) and/or 

to alterations in miofilaments sensibility to calcium (Leite-Moreira, 1995). As a 

result of training, there is an increase in the release and transport of calcium 

from the sarcoplasmatic reticulum (Brooks et al., 2000). Cardiomyocyte 

contraction and relaxation are linked to the sarcoplasmatic reticulum Ca2+ 

ATPase (SERCA2) and its regulator phospholamban, both of which increase 

with regular exercise (Wisloff et al., 2001). SERCA2 removes the main bulk of 

Ca2+ from the cytosol (Ca2+ decay), and restores sarcoplasmatic reticulum Ca2+ 

load before the next contraction cycle (Wisloff et al., 2001). 

 Diffe et al., (2001) demonstrated that the Ca2+ sensitivity of tension in rat 

myocardium increased as a result of a treadmill training regimen. Also Wisloff et 

al., (2001) obtained data suggesting increased myofilament Ca2+
 sensitivity as 

the dominant effect responsible for enhanced myocyte contractility, in result of 

intensity controlled aerobic endurance training in the rat. According to them, it is 

possible that this adaptation at the level of the miofilaments underlies, at least in 

part, the improvement in myocardial contractility with endurance exercise 

training. There are also evidences of an increase in the more contractile isoform 

of myosine ATPase (Brooks et al, 2001). Jin et al., (2000), in a study with rats, 

showed a significant increase of α-myosin heavy chain as a result of treadmill 

training. Similar findings were obtained by Iemitsu et al., (2001) with rats 

submitted to physical training by swimming. In both studies LV mRNA level of 

α−myosin heavy chain was significantly increased after exercise training. α-

Myosin heavy chain is associated with high ATPase activity and increased 

contractility, which might contribute, in part, to the enhanced cardiac index and 

stroke volume index observed in the exercise- trained rats (Jin et al, 2000).  

 

 2.1.3.1.1.1.4 HEART RATE 
 

Long-term endurance training has effect on HR by reducing its values at 

rest and during submaximal exercise (Charlton and Crawford, 1997; Opie, 
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1998; Brooks et al, 2000; Wilmore and Costill, 2001; Carter et al, 2003). This 

reduction, also referred as bradycardia (Hart, 2003), is thought to allow an 

enhancement of diastolic filling time and consequently more blood enters into 

the heart, increasing preload and consenting a grater use of Frank-Starling 

mechanism that will improve SV (Wilmore and Costill, 2001). Bradycardia 

results from the increased parasympathetic tone to the sinoatrial node from the 

vagus nerve (Brooks et al, 2000; Opie, 1998; Charlton and Crawford, 1997; 

Wilmore and Costill, 2001) and reduced sympathetic control (Barata, 1997a; 

Wilmore and Costill, 2001; Carter et al, 2003; Hart, 2003). During exercise, 

complete withdrawal occurs at a HR of approximately 130 beats per minute. 

After that, further increases in HR are due to increases in sympathetic activity 

and circulating catecholamines. Circulating levels of catecholamines are lower 

in both endurance and static trained athletes (Charlton and Crawford, 1997). 

Resting HR of less than 40 beats per minute is common in endurance trained 

athletes (Barata, 1997a; Brooks et al, 2000; Wilmore and Costill, 2001). 

Although it is recognized a strong genetic influence in low HR values of 

endurance athletes, aerobic training is the major cause.  

 

2.1.3.2.1.2 ARTERIOVENOUS DIFERENCE 
 

The arteriovenous oxygen difference increases slightly with training 

(Charlton and Crawford, 1997; Brooks et al 2000), differing little between trained 

and sedentary people (Brooks et al, 2000). The oxygen content of arterial blood 

is approximately of 200 ml O2.L-1 and during maximal exercise it falls to about 

20-30 ml O2.L-1 (Basset and Howley, 1999). A possible mechanism for this 

change include rightward shift of the oxyhemoglobin dissociation curve, 

mitochondrial adaptations (increase speed of reactions involving oxygen), 

elevated haemoglobin and myoglobin concentrations (speed transport of 

oxygen to the mitochondria) and increased muscle capillary density (shorter 

diffusion distance between the circulation and muscle mitochondria. That seems 

to facilitate diffusion during exercise (Brooks et al, 2000).  
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 2.1.3.3 CARDIAC FUNCTION 
 

Cardiac function in athletes has been a target of various studies mainly 

because of the need to differentiate the athlete’s heart from pathological 

hypertrophy (Pelliccia et al., 1999; Sharma et al., 2002; Fagard, 2003; Hart, 

2003; D’Andrea et al., 2006). Left ventricular systolic function has most often 

been assessed by use of echocardiography or radionuclide ventriculography, 

and expressed as fractional shortening of the left ventricular internal dimension 

or ejection fraction (Fagard, 2003). On its turn, left ventricular diastolic function 

has been measured by use of mechanocardiography, radionuclide techniques, 

imaging echocardiography, and Doppler velocimetry and it is usually expressed 

by the E/A ratio (peak flow velocity during rapid left ventricular filling/peak flow 

velocity during atrial contraction) (Fagard, 2003). 

Functional changes appear to be secondary to the morphological 

alterations (Colan, 1997). About systolic function, it appears to be within normal 

ranges when measured at rest and during exercise (Fagard, 2003). In addition, 

it also seems to be similar to that of sedentary subjects (Pluim et al., 2000). 

Concerning to diastolic function, it seems to be normal at rest but enhanced 

during exercise in comparison to sedentary control subjects of studies, which 

favours adequate left ventricle filling at high heart rates (Fagard, 2003). 

Longhurst and Stebbins (1997) mention that neither systolic nor diastolic 

function is altered by the hypertrophic process associated with static exercise 

training. Vinereanu at al (2002) compared diastolic function of endurance-

trained athletes with strength-trained athletes and showed that the endurance 

athletes have global enhanced diastolic function, but measurements of 

transmitral flow have shown only small differences. 
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 3 AIMS OF STUDY 
 

 
Dynamic exercise has several beneficial effects in terms of 

cardiovascular physiology. The aims of this study were:  

 

1. evaluate the hemodynamic performance of animals submitted to 

chronic dynamic exercise (treadmill) in comparison to non-trained 

control. 

 

2. compare the hemodynamic response to an acute increase in 

afterload in both groups. Both systolic and diastolic parameters 

were analyzed.   
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 4 MATERIAL AND METHODS 

 

The present study was performed according to the Portuguese law on 

animal welfare and conforms to the Guide for the Care and Use of Laboratory 

Animals published by the US National Institutes of Health (NIH Publication No. 

85-23, revised 1996).  

 

4.1 SAMPLE 
 

The study was carried out in male adult Wistar rats (n= 11; age= 5 

weeks; weight=268±12.9 at the beginning of the experiment; Charles River 

Laboratories; Barcelona), housed in groups of 2 rats/cage in a controlled 

environment under inverted 12:12h light-dark photoperiod at a room 

temperature of 22-23º C, with a free supply of food and water. The animals 

were randomly separated into two groups: i) trained (n=5; submitted to an 

exercise training protocol) and ii) sham (n=6; placed on a nonmoving treadmill 

three times per week).  

 

4.2 EXERCISE TRAINING PROTOCOL 
 

Figure 8 
 

 

 

 

 

 

 

 

 

 

In the trained group, animals exercised 5 days/wk (Monday to Friday), for 

14 weeks on a motor-driven treadmill. Treadmill speed was gradually increased 

Figure 8 – Treadmill utilized for training animals. 
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over the course of the 14 week training period (Table 1). The protocol included 

5 days of habituation to the treadmill with 10 minutes of running at 30m/min, 

with daily increases of 10 minutes until they reach the 60 minutes (Powers et al. 

1998). This training protocol was chosen because it resulted in both cardiac 

hypertrophy and biochemical alterations in other studies (Powers et al. 1998; 

Ascensão et al, 2005). The non-trained animals were not exercised but where 

placed on a nonmoving treadmill three times per week (10-30 min/session) for 

acclimatization because of the possible environment stress induced by treadmill 

without promoting any physical training adaptations (Powers et al. 1998). 

Twenty-four hours after ending the exercise training protocol, animals were 

submitted to hemodynamic instrumentation. 
 

Table 1- Exercise training protocol 

 Weeks of training 
 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Exercise duration (min/day) 30 60 90 90 90 90 90 90 90 90 90 90 90 90 

Teadmill speed (m/min) 25 25 30 30 30 30 30 30 30 30 30 30 30 30 

 

4.3 IN VIVO HEMODYNAMIC MEASUREMENTS 
 

Figure 9 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 9– Cardiac Instrumentation: tracheotomy, jugular cannulation, sternotomy, 

pericardiotomy, cardiac catheters and aortic banding. 
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Figure 10- Catheters inserted in right and left ventricular cavity (adapted from 

http://www.servier.com). 

Preparation of experimental subject: the animals were anaesthetized 

(pentobarbital, 6 mg/100g, ip), placed over a heating pad and tracheostomized 

for mechanical ventilation with oxygen-enriched air at 60 cpm, with tidal volume 

of 1 ml/100g (Harvard Small Animal Ventilator, Model 683). Anesthesia was 

maintained with an additional bolus of pentobarbital (2 mg/100 g) as needed, to 

keep adequate depth anesthesia. The right jugular vein was cannulated under 

binocular surgical microscopy (Wild M651.MS-D, Leica; Herbrugg, Switzerland) 

for fluid administration (0,9% NaCl solution) to compensate the perioperative 

fluid losses. The heart was exposed though a median sternotomy and the 

pericardium was widely opened (Figure 9). Descending aorta was dissected 

and a silk 1/0 was passed around it, which was than passed through a plastic 

tube in order to allow aortic constriction during the experimental protocol (Figure 

11). Cardiac instrumentation was performed using conductance catheter for LV 

and pressure catheter for RV or pressure catheters in both ventricles (Figure 

10).  

 

Figure 10 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pressure catheters: RV and LV 2-Fr high-fidelity micromanometer 

(SPR-324, Millar Instruments) were inserted through the RV free-wall into the 
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RV cavity and through an apical puncture wound into the LV cavity, 

respectively. Pressure catheters were calibrated and zeroed after stabilization 

for 30 minutes in a water bath at 37ºC. The catheters were connected to an 

amplifier and a differentiator, to enable recording of intracavity pressures and 

their first derivate as a function of time, dP/dt.  

 

Conductance catheters: A 1.4Fr microtip pressure-volume (P-V) 

catheter (SPR-838, Millar Instruments), which had been externally calibrated 

and balanced with MPV-300 Millar control unit, was inserted through an apical 

puncture wound into the LV cavity. Prior to the insertion in LV, catheter was 

soaked in distilled water bath at 37ºC for 30 minutes. Catheter was connected 

to MVPS-300 conductance system (Millar Instruments), coupled to a 

PowerLab16/30 converter (AD Instruments) and a personal computer for data 

acquisitions. Figure 12 illustrates data acquisitions. After 10 minutes of 

stabilization, data were recorded continuously, in units of conductance (RVU-

relative volume units). After experiment, units of conductance were converted 

into volume units (uL).  

 

Volume Calibration of conductance catheters (converting RVU into 

uL): the volume calibration of the conductance system was performed using 

small tubes of known diameters (calibration cuvette) provided by Millar 

Instruments, filled with fresh blood drawn from the experimental subject at the 

end of cardiac instrumentation, using a syringe with heparin. Catheter 

electrodes were submerged into the blood-filled tubes and the conductance was 

recorded. After, using the Two Point Calibration option from PVAN3.5, 

conductance values and their associated volumes derived from dipping the 

catheter in high and low volume calibration cuvette tube were entered. 

Following, the program executes a two-point linear interpolation that calculates 

the slope and intercept for the equation that converts conductance values to 

volume values in uL. Parallel conductance volume (Vp) was not calculated. 

Complete instrumentation took around 30-40 min. The animal 

preparation was allowed to stabilize for 15 minutes before the beginning of the 

experimental protocol.  
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Experimental protocol: a late systolic left ventricle pressure overload 

was induced in LV by partial occlusion (banding) of the thoracic descending 

aorta (Figure 11) that was maintained for two hours. An elevation of peak 

systolic left ventricular pressure (Pmax) by 50%-70% was achieved. 

Measurements were made in baseline conditions and in isovolumetric 

conditions by beat-to-beat occlusions of ascending aorta (acute LV afterload 

elevation) and pulmonary trunk (acute RV afterload elevation), during the 

diastole separating two heartbeats. The preceding beat is control and the 

following beat is test heartbeat. These measurements were made at 0 

(immediately before banding), 30, 60, 90 and 120 minutes of banding. After 

each intervention, the aorta and pulmonary trunk were immediately released to 

prevent neurohumoral activation in response to variation in blood pressure 

(Correia-Pinto et. al, 2002a), and the animal was stabilized for several beats 

before another intervention was performed.  

 

Figure 11 
 

 

 

 

 

 

 

Figure 11- Banding of the thoracic descending aorta: a silk 1/0 was passed around the 

descending aorta and than, passed trough a plastic tube. The plastic tube was pressed against 

the surface of the aorta to allow its external constriction and a clamp was used to help the 

maintenance of the oclusion during the experimental protocol (adapted from 

http://www.servier.com) 



Material and Methods 

 41

At the end of experimental protocol, a blood sample (2-3mL) was 

collected using a syringe with heparin for volume calibration. Heart and 

gastrocnemies muscle were excised and weighed. Tibia was collected and 

measured. Samples from both ventricles and atria were collected for further 

analysis.  

 
4.4 DATA ACQUISITION AND ANALYSIS 

 
 

All recordings were made with the ventilation suspended at end-

expiration.  

Pressure catheters: parameters were automatically recorded and 

converted on a computer, online to digital data with a frequency of 1 KHz. 

(Figure 13). To distinguish between ED at the beginning and at the end of the 

analysed cycle, ED at the beginning was referred to as ED(pre), while ED at the 

end was referred to as ED(post). Peak rates of LVP rise (dP/dtmax) and fall 

(dP/dtmin) were measured. LVP was measured at the beginning of the cardiac 

cycle (LV end-diastolic pressure; LVPED)), at peak systole (LVPmax), at its 

protodiastolic nadir (LVPmin), and at the end of cardiac cycle (LV end-systolic 

pressure; LVPES). Pressure fall was evaluated with dP/dtmin and the time 

constant ( ). For calculating , the portion of the LVP tracing between dP/dtmin 

and a pressure equal to ED(post) was selected (Leite-Moreira and Correia-

Pinto, 2001). 
 

Conductance catheters: parameters from conductance catheter were 

recorded at a sampling rate of 1 kHz (1000 samples/second), in order to 

accurately capture all of the features of the P-V waveforms produced by the fast 

beating hearts of rats.  

Data were stored and analyzed by using Millar conductance data 

acquisition and analysis software (PVAN3.5). The following parameters were 

calculated: heart rate (HR), maximum volume (Vmax), minimum volume (Vmin), 

end-systolic volume (VES), end-diastolic volume (VED), maximum pressure 

(Pmax), minimum pressure (Pmin), end-systolic pressure (PES), end-diastolic 

pressure (PED), stroke volume (SV), ejection fraction (EF), cardiac output (Q), 
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stroke work (SW), maximum power (PWRmax), arterial elastance (Ea), dP/dtmax, 

dP/dtmin, maximal rate of change of left ventricular volume (LVdV/dtmax), 

minimum rate of change of left ventricular volume (LVdV/dtmin), time constant of 

LV pressure decay ( )  

Some of the recorded parameters and performed measurements are 

illustrated in Figure 14. 

 

4.5 STATISTICAL ANALYSIS 
 
Group data are presented as mean±SE. Comparisons between groups 

were performed by One-Way Analysis of Variance (One-way ANOVA). When 

treatments were significantly different, the Student-Newman-Keuls test was 

selected to perform pairwise multiple comparisons. Statistical significance was 

set at P<0,05. 
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Figure 12 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13 
 

 

Figure 12 – An example of data acquisition using conductance system (Millar Instruments). It 

illustrates LV P-V loop (A) of the selected LV pressure sample (channel1;B). RV pressure 

(channel 2; C); LV volume (channel 3;D); LV dP/dt (channel 4;E). 

A 

B

C

D

E

Figure 13- An example of pressure data analysis. From top to bottom its represented LV 

pressure, LV dP/dt, RV pressure, RV dP/dt and LVpressure-LVdP/dt loop. 
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Figure 14 
 

 

 

 

 

 

 

 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14- Representative example showing some of the recorded parameters and performed 

measurements. The time courses of left ventricular (LV) and right ventricular (RV) pressure 

(LVP and RVP; A, D respectively), their first derivative (LVdP/dt and RVdP/dt; B and E 
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respectively) and LV volume (C) of 3 consecutive heartbeats (two control and one 

isovolumetric) are shown. The ascending aorta was totally occluded during the diastole 

separating control and isovolumetric heartbeats (A, B, C) for leftt ventricle and the pulmonary 

trunk for the right ventricle (D, E). The vertical solid line represents end diastole (ED) at the 

beginning (LVPED(pre)) of the control beat, whereas the dashed line represents ED at the end of 

the control cycle (LVPED(post)). Note that EDpost of the control beat corresponds to EDpre of the 

test beat. LVPEDpre and LVPEDpost, Vmax and Vmin, maximum and minimum LV volume, 

respectively. The dotted line is placed at dP/dtmin  
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5. RESULTS 

5.1 MORPHOMETRIC PARAMETERS 
 

Somatic and cardiac growth data are summarized in Table 1 as 

mean±SE. There was no statistically difference between the two groups 

regarding the analyzed parameters, namely in body, heart and gastrocnemius 

muscle weights.  

 
Table 2- Morphometric parameters. 

 Exercised Sham 

Body Weight (g) 451.2±11.5 470.8±18.4 

Heart/Body (g/Kg) 2.54±0.04 2.56±0.05 

RV/LV+S (g/g) 0.279±0.02 0.283±0.01 

Gastrocnemius/Tibia (mg/mm) 60.3±4.1 63.8±5.8 

P< 0,05 

 

5.2 EFFECTS OF PRESSURE OVERLOAD ON SYSTOLIC 
FUNCTION 

 
Two hours pressure overload by descending aortic banding induced a 

biphasic effect on LVPmax in the sham group. LVPmax increased and achieved a 

maximum at 30 min after banding. Thereafter, peak systolic pressure started to 

decrease until the end of protocol, reaching a minimum at 120 min after banding 

(Figure 16, A). Conversely, in exercised group LVPmax reached a plateau 90 min 

after the banding. At 120 min, LVPmax was statistically higher in exercised group 

than in sham group (Figure 16, A). Therefore, in exercised group there was no 

decompensatory response of LVPmax to pressure overload. 

Myocardial contractility evaluated by dP/dtmax was similar between both 

groups until 60 minutes of banding, and only at 120 min of pressure overload 

there was a statistically big significant difference between exercised and sham 

groups. Whereas in sham group there was a tendency to decrease contractility 

during the experimental protocol, in the exercised group pressure overload 

resulted in a statistically significant increase in contractility (Figure 16, B).  
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Regarding LV end-systolic volume there was no significant variation during the 

protocol in both groups (LVVES; Figure 16, C). 

Double product, an index of cardiac workload obtained by multiplying 

systolic pressure by heart rate, present a curve pattern similar to LVPmax, with a 

biphasic pattern in sham group and a plateau pattern in exercised group. 

Exercised group ended with higher values as compared to baseline and sham 

group (Figure 16, D). 

 
Table 3 Left ventricle systolic function during 2 hours of pressure overload. 

Time (minutes) n 0  30  60  90  120  

Sham  

LVPmax (mmHg/s) 6 89.3±9.4  163.4±10.8  α 151.9±15.9  α 125.0±9.7  77.4±10.4  

LVdP/dtmax (mmHg/s) 6 4489±508  7764±1711  7301±1769  6714±1508  3057±997  

VES (uL) 2 261.5± 97.9  227.4±53.2  233.2±41.2  244.1±4.2  252.2±13.3  

LVdVdt max (uL/sec) 2 2644±1725  3296±1960  2616±1540  3479±306  1116±77  

EF (%) 2 19.74±1.6  28.595±9.5  26.495±10.5  30.665±3.2  13.4±3.8  

Ea (mmHg/uL) 2 2.2±1.2  2.81±1.6  3.1±1.7  1.3±0.1  2.4±0.3  

Heart Rate 6 373±21  350±26  362±34  368±34  322±45  

Exercised (n=4) 

LVPmax (mmHg/s) 4 96.1±3.6  154.8±13.3  164.6±10.7  α 170.2±13.2  α 154.7±13.0  αβ

LVdP/dtmax (mmHg/s) 4 5126±280  7822±696  7250±1245  9964±1930  α 9159±1529 β 
VES (uL) 2 175.3±82.8  178.4±44.6  216.7±99.4  188.4±85.4  173.4±65.8  
LVdVdt max (uL/sec) 2 3805±2466  2616±1774  1940±925  1664±174  2149±654  
EF (%) 2 29.6±2.6  27.5±11.2  18.3±1.5  24.9±1.5  26.9±4.5  

Ea (mmHg/uL) 2 1.7±0.9  4.3±3.5  4.3±2.2  3.2±1.7  3.5±2.3  

Heart Rate 4 389±21   337±16  339±34  368±43  369±38  
Data are mean±SE. LVPmax, LV peak systolic pressure; LVdP /dtmax, peak rate of left ventricular pressure rise; VES, end-systolic 

volume; LVdVdtmax, maximal rate of change of left ventricular volume; EF, ejection fraction; Ea, arterial elastance;. P< 0,05: α vs o 

min; β vs Sham 

 

Figure 15- Effects of pressure overload on heart rate 
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Figure 16- Effects of pressure overload on left ventricular systolic function 
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5.3 EFFECTS OF PRESSURE OVERLOAD ON DIASTOLIC 
FUNCTION 

 
In sham group, two hours of pressure overload induced several 

disturbances on diastolic function. Peak rate of LV pressure fall (LVdP/dtmin) has 

a J pattern with a peak at 30 min after banding. In exercised group pressure 

overload induced a compensatory increase in dP/dtmin, reaching a peak at 120 

min that was statistically different from baseline at the beginning of protocol 

(Figure 17, A).  

Time constant Tau was used to estimate relaxation rate. In sham group 

there was a significant increase in Tau at 120 min indicating a slower relaxation, 

while in the exercised group, Tau did not change during the experimental 

protocol (Figure 17, B).  

There were no statistically differences in end-diastolic pressure and 

volume neither during the experimental protocol nor between groups (Figure 17, 

C and D). 

 
Table 4- Left ventricle diastolic function during 2 hours of pressure overload. 

 
Time (minutes) n 0  30  60  90  120  

Sham  

LVPmin (mmHg/s) 6 0.4±0.3  -0.1±0.8  0.2±0.3  0.0±0.3  0.4±0.5  

LVdP/dtmin (mmHg/s) 6 -4142±947  -6499±1543  -5873±1438  -4990±1129  -2407±714  

LVPED (mmHg/s) 6 2.4±0.5  1.7±0.8  1.6±0.8  0.7±0.4  1.7±0.8  

Tau (ms) 6 15±1  16±2  16±2  15±2  22±4 α

Exercised 

LVPmin (mmHg/s) 4 0.5±0.1  0.7±0.3  0.7±0.8  0.3±0.5  0.5±0.2  

LVdP/dtmin (mmHg/s) 4 -4864±480  -7301±1057  -7816±1995  -8913±1840  -8864±1769 β

LVPED (mmHg/s) 4 2.9±0.6    3.0±0.6    2.5±0.7    2.2±0.9   3.0±0.3    

Tau (ms) 4 13±1   14±2    14±2  14±2   13±8  β

Data are mean±SE. LVPmin,  LV minimum systolic pressure; LVdP /dtmin, peak rates of left ventricular pressure fall; LVPED, LV 

end-diastolic pressure; VED, end-diastolic volume, LVdV/dtmin,LV minimum rate of change of left ventricular volume; , time 

constant of LV pressure decay. P< 0,05: α vs o min; β vs Sham 
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Figure 17- Effects of pressure overload on left ventricular diastolic function 
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5.4 EFFECT OF BEAT-TO-BEAT AFTERLOAD ELEVATIONS ON 
LEFT VENTRICULAR FUNCTION 
 

Acute afterload elevations by sudden occlusion of the ascending aorta 

were performed along the experimental protocol. In sham group, we 

demonstrated that peak systolic pressure in isovolumetric cycles had a biphasic 

effect, with a maximum at 60 min and a significant decrease at 120 min as 

compared to baseline. In exercised group, LVPmax achieved in isovolumetric 

cycles was not affect by descending aortic banding, being statistically higher at 

90 and 120 min as compared to sham group (Figure 18, A; Figure 19).  

 Regarding relaxation rate, in sham group only at 120 min there was a 

decompensatory increase in Tau during isovolumetric heart beat, which was 

significantly higher than exercised group. Trained animals did not show any 

changes in diastolic function during experimental protocol when submitted to 

isovolumetric cycles.  

 
Figure 18- Effects of beat-to-beat afterload elevations on left ventricular 

function. 
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Figure 19- Representative examples of control and isovolumetric LV pressure- volume loops 

relationship at 0, 30, 60, 90 and 120 minutes of thoracic descending aortic banding. 
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6 DISCUSSION 

 
In the present work we characterized for the first time the cardiac 

hemodynamic effects of acute pressure overload by descending thoracic aortic 

banding, in animals submitted to chronic running exercise of moderate intensity. 

Animals were trained in a treadmill without inclination for 14 weeks as described 

by Powers et al (1998). We described systolic and diastolic dysfunction after 

two hours of pressure overload in sham animals. Trained animals tolerated very 

well this overload without dysfunction. This work demonstrates new beneficial 

effects of dynamic exercise in acute adaptations of the left ventricle to sudden 

increases in afterload.  

 Treadmill training was selected as exercise model in an attempt to 

reproduce physiologic adaptations of exercise in Humans and to avoid the 

physiological limitations associated with swim training in rodents, namely 

intermittent moments of hypoxia (Powers et al, 1998; Lennon et al, 2004). 

Treadmill training is a well-established method to study the cardiac adaptations 

to exercise in rats (Powers et al, 1998; Powers et al, 2003). There are some 

conflicting results regarding to structural changes induced by this training 

method, namely cardiac hypertrophy. While some authors did not describe any 

difference in heart weight and derived indexes (Brenner et al, 2001; Jin et al, 

2000; Kemi et al, 2005; Lennon et al, 2004) others found some degree of 

cardiac hypertrophy (Ascensão et al, 2005; Iemetsu et al, 2001; Powers et al, 

1998). These differences could be attributed to specific discrepancies in the 

experimental protocols. In fact, an inclined treadmill allows the recruitment of a 

larger muscle mass and the use of inappropriate treadmill inclination might hide 

training-induced adaptations if the true VO2max is not reached. It seems that it is 

the training intensity and not the mode used, that determines the stimulus for 

cardiac hypertrophy (Wisloff et al, 2001). Perrault and Turcotte (1994) reviewed 

animal and human studies on exercise training and found that cardiac 

hypertrophy should not be seen as an expected outcome to regular exercise. 

Jin and collaborators did not find true cardiac hypertrophy in the treadmill-

trained rats compared with age-matched sedentary controls. However, they 

found myocardial adaptation characterized by improved function and altered 
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cardiac gene expression and geometry (Jin et al, 2000). In our study we used 

treadmill without inclination (grade zero) and did not find differences in left 

ventricular weight as well as in the indexes derived from this data. These results 

can be attributed to the absence of treadmill inclination. Despite the absence of 

cardiac hypertrophy based on ventricular weight, we had hemodynamic 

differences that favour the hypothesis that the exercised heart has a higher 

reserve to adapt to demanding conditions like acute overload.  

We did not observe any significant effect of exercise training in HR 

values of the exercised animals comparably to sham group. In fact, values of 

exercised group were slight higher at the beginning of the experiment, which 

seems to be in accordance with other studies (Cuttilleta et al, 1979; Barbier et 

al, 2006; Jin et al 2000) where little or no changes in resting heart in conscious 

and anesthetised normal rats after training were reported. The absence of 

bradycardia could be explained by their age, by the use of different training 

protocols which are known to influence heart rate adaptation (Barbier et al, 

2006; Cuttileta et al, 1979) and also by the different conditions of data 

acquisition, that in this case was accessed with catheters after sternotomy. 

However, heart rate behaviour of exercised rats during experiment seems to 

reflect a better and compensatory response of the sympathetic and 

parasympathetic system in response to an increase in afterload.  

Looking to the double product, which reflects the stress imposed to the 

heart (Brooks et al., 2000; Powers and Howley, 2004), it is possible to observe 

that the exercised animals had a greater performance in comparison with the 

sham group. They were capable of sustaining a higher work load until the end, 

with no decompensatory response, while the sham group started 

decompensating after the 30 min, reaching the end of experiment with values 

significantly smaller than exercised animals. Similar results were obtained by 

Powers et al. (1998) where exercised animals maintained significantly higher 

double product during ischemia and reperfusion. This response also 

demonstrates that exercise training provides support for improving myocardial 

performance during the pressure overload.  

 We described an experimental protocol of acute pressure overload 

during 120 min by thoracic descending aortic banding. In relation to cardiac 

cycle, this overload is applied during the reduced ejection phase that acts as a 
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late clamp. As described by Leite-Moreira et al., (1999), when a load is imposed 

during muscular relaxation, systolic LVP still can increase, but the number of 

interacting crossbridges can no more adapt. This intervention will induce a 

mismatch between the number of active crossbridges and load. An increase in 

load during relaxation will increase systolic stress imposed on each individual 

interacting crossbridge, in less cross-bridge cycling and in a position of the 

myosin head which is closer to the isometric position. Such a load will induce a 

premature fall of LVP, decreased rate of LVP fall and a slower course of 

myocardial relaxation. Accordingly, a decrease in load during relaxation delays 

and accelerates LVP fall. Our findings indicate that acute overload can induce a 

decompensatory response in normal myocardium in only 120 min of continuous 

stimulus. We initially tried a longer duration of pressure overload for 360 min but 

the majority of the animals did not survive until the end of the experimental 

protocol (data not shown). Pressure overload by aortic banding induced, in 

sham animals, precocious systolic and diastolic dysfunction. After only 30 min 

of pressure overload we observed a fall in LV peak systolic pressure and at the 

end of protocol we observed a marked decrease of relaxation rate. Once 

characterized the effects of pressure overload in control animals, next step was 

to study the influence of chronic dynamic exercise on myocardial response to 

the same stimulus. Trained animals tolerated much better an acute increase in 

afterload during 120 minutes. In contrast to the sham group, exercised animals 

did not develop neither systolic nor diastolic dysfunction. Left ventricular 

contractility increased during all the protocol and LV peak systolic pressure did 

not decrease (as verified in sham group). There were no modifications in 

relaxation and in diastolic function. We could speculate that these results can 

be explained by sub-cellular modifications induced by exercise.  

 There are several possible underlying mechanisms that have been 

proposed to explain the beneficial effects of regular exercise. Kemi and 

collaborators showed that cardiovascular effects related to VO2max, 

cardiomyocyte contractility and Ca2+ handling are dependent of exercise 

intensity (Kemi et al, 2005). It is probable that increased cardiomyocyte size, 

contraction and relaxation all contribute sinergycally to higher stroke volume, 

cardiac output and VO2max. Regarding calcium handling, cardiomyocyte 

contraction and relaxation are linked to the sarcoplasmatic reticulum Ca2+ 
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ATPase (SERCA2) and its regulator phospholamban, both of which increase 

with regular exercise. SERCA2 removes the main bulk of Ca2+ from the cytosol, 

and restores sarcoplasmatic reticulum Ca2+ load before the next contraction 

cycle. However, Ca2+ sequestering may be species-dependent, as SERCA2 

removes 90% of cytosolic Ca2+ in rat, whereas the equivalent in man is only 

70%. Thus, the magnitude of exercise-induced effects may differ between rat 

and man. Ascensão and collaborators showed that moderate endurance 

training improved heart mitochondrial respiratory function and increased their 

tolerance against anoxia-reoxygenation induced dysfunction which suggests 

that mitochondrial adaptations might be involved in the well-described training-

induced protection against cardiac deleterious insults (Ascensão et al, 2005). 

Jin and collaborators (2000) demonstrated that exercise induces an increase in 

LV mRNA level of α-myosin heavy chain without changing beta-myosin heavy 

chain. Several authors demonstrated that a physiological load (exercise 

training) results in a further increase in the V1 myosin isoenzyme (α-myosin 

heavy chain), whereas pathological load induces a shift in the isoenzyme 

pattern from the V1 to V3 isoenzyme (β-myosin heavy chain) in rats (Orestain et 

al, 1995; Sheuer and Butrick, 1987). Alpha-myosin heavy chain is associated 

with high ATPase activity and increased contractility, which might contribute, in 

part, to the enhanced cardiac index and stroke volume index observed in 

trained rats (Jin et al, 2000). On the other hand, there are also descriptions of 

the effect of an increase in right ventricle afterload on myocardial gene 

expression. Roncon-Albuquerque et al (2006) recently demonstrated that RV 

pressure overloaded for 120 min resulted in an increase in myocardial mRNA 

levels of ppET-1, a vasoconstrictor peptide and IL-6, a pro-inflammatory 

cytokine.  

It will be interesting to study in the future, the underlying mechanism 

involved in the better response of the myocardium in exercised animals to 

cardiac deleterious insults like an acute sustained afterload elevation. 
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 7 CONCLUSION 
 

This work demonstrates new beneficial effects of dynamic exercise, 

namely in acute adaptations of the left ventricle, to an acute and late systolic 

pressure overload induced by descending thoracic aortic banding. The main 

conclusions of this experimental work are: 

 

1. In contrast to trained animals, sedentary animals were not able of 

responding by compensatory adjustments to an acute pressure 

overload of two hours, presenting: 

 

a. decreased contractility (systolic dysfunction): biphasic effect 

on LVPmax and DP (increase until 30 min after banding and 

decrease thereafter); decrease of LVdP/dtmax; 

 

b. slower relaxation (diastolic dysfunction): decreased 

LVdP/dtmin and significant increase in Tau. 

 

2. Animals submitted to chronic dynamic exercise (treadmill) 

presented a compensatory response in face of an acute pressure 

afterload elevation: 

 

a. enhancement of contractility (improved systolic function): 

maintenance of a plateau pattern after significant increase 

in LVPmax and DP, and increase in LVdP/dtmax; 

 

b. preserved relaxation (unaltered diastolic function): 

increased LVdP/dtmin and no change of Tau. 

 

In summary, endurance treadmill-training displayed strong evidence to 

support the notion that endurance exercise training provides cardiac protection 

in rats, allowing the heart to better sustain sudden and prolonged increases in 

afterload, which is one of the main stimulus for cardiac failure. 
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