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	Results of heart transplantation (HTx) as therapy for end�stage cardiac diseases are encouraging not only through actuarial survival curves but also through the recovered quality of life for the heart transplant recipient (HTR).


Although HTx drastically improves the physical capacity of the patients, HTRs still have a reduced peak aerobic capacity (�O2p) compared to healthy sedentary people. 


	Abnormal resting and exercise hemodynamics, due to cardiac denervation, are a common finding after orthotopic HTx: increases in heart rate (HR) and stroke volume (SV) at exercise are first linked with the augmented venous return and later with the increased plasma noradrenaline level. Peak HR and SV are both reduced when compared to innervated heart. Reduced cardiac output (CO) response to exercise therefore results in early anaerobic metabolism, acidosis, hyperventilation and diminished physical capacity. 


	Moreover, pulmonary hemodynamic adaptation to moderate exercise is abnormal and could be responsible for slight pulmonary congestion. This could explain the abnormal ventilatory adaptation to exercise, characterized by hyperpnea in most HTRs. Nevertheless, if ventilatory efficiency is reduced, ventilation is not the limiting factor for exercise in HTRs.


	The cardio�circulatory and pulmonary capacity of HTRs allow them to undertake endurance sport activities such as walking, jogging, cycling and swimming, which should be encouraged.








Heart Transplantation, Exercise Performance, Rehabilitation





	The results of human HTx have steadily improved over the past years with an actuarial 5�year survival rate currently between 70�75 %, making it an appropriate life�saving procedure in patients with end�stage myocardial disease.


	Heart recipients response to incremental exercise test (ET) is characterized by a reduced �O2p, a reduced slope of the �O2/workload relationship, early anaerobic metabolism, normal arterial blood oxygenation, broad ventilatory reserve but reduced ventilatory efficiency. Those disorders are mainly related to pretransplant deconditioning induced by the end�stage cardiac insufficiency and the surgical cardiac denervation leading to a reduced CO response to exercise. Indeed, breathlessness and muscle fatigue during exercise, due to pulmonary congestion and severe left ventricular failure, bring the pretransplant patients to a progressive reduction of their daily activities. Alterations in skeletal muscle ultrastructure and biochemistry are observed which include fibre atrophy and decreased oxidative enzyme capacity as consequences of major reduced physical activities. This detraining effect seems also responsible for impaired peripheral vasodilation during exercise which leads to a reduced nutritive flow to skeletal muscle. As the orthotopic transplant procedure imposes denervation of the implanted heart, the HTR is no more able to respond to the conjugated action of the orthosympathetic and parasympathetic systems. Resting HR is high, HR response to exercise is delayed and peak HR is reduced as compared to expected values. Although graft reinnervation has been well documented in animals, time course and extent of human graft reinnervation remain dubious. 





Aerobic and Anaerobic Metabolisms.





	The �O2p of untrained HTRs remains within the range of 40 to 70 % (1.467 ± 0.378 L.min-1 or 24 ± 6 ml.kg-1.min-1) of the predicted values. Table 1 shows the distribution of 80 HTRs in class A (�O2/kg > 20 ml.kg-1.min-1), B (16 to 20 ml.kg-1.min-1) and C (10 to 16 ml.kg-1.min-1) according to Weber's classification (1982) one year post�surgery. Prior to their HTx, all patients had a �O2p/kg < 14 ml.kg-1.min-1.


	A mean �O2p of about 1.5 L.min-1 O2 is needed for most daily activities in sedentary subjects. Nevertheless, all but HTRs in class A remain physically handicapped and will encounter difficulties in activities like walking at 3 to 5 km.h-1, climbing stairs or making housework that need O2 uptake above their anaerobic threshold. 


	The O2 uptake kinetic of HTRs (4) during an incremental ET (10 watts.min-1) (fig 1) performed one year post�transplantation is lower (8.9 ± 2.6 ml.min-1.watt ) than expected (10.29 ± 1.01 ml.min-1.watt : (10)). Using another approach (rectangular exercise profile), Ceretelli (2) showed that the time needed to achieve 50 % of the steady state �O2 for a fixed submaximal load is significantly higher in HTRs (78 ± 24 sec.) than in control group (38 ± 6 sec.). Therefore, anaerobic metabolism in HTRs appears earlier than in healthy subjects as evidenced by the respiratory exchange ratio (RER) (fig 2): RER exceeds "1" at a workload of 50 watts to 60 watts in most patients. At peak exercise, plasma lactate levels are high (~ 12 mmoles/L) despite moderate load (~ 120 watts) and �O2p (~ 1.5 L.min-1). Resting and exercise arterial blood gas measurements (table 2) show normal blood oxygenation but a significant decrease of partial pressure of CO2 which gives evidence of hyperventilation at peak exercise. The pH drop emphasizes metabolic acidosis.


Cortisone therapy in HTRs has a negative impact on muscle mass and metabolism leading to a reduced maximal O2 extraction. Yet, many authors have demonstrated an enhanced arteriovenous O2 difference both at rest and during exercise in HTRs.





HEMODYNAMIC ADAPTATION TO EXERCISE.





HEART RATE.


	The resting HR of a denervated heart is generally higher than that found in control subjects. The lack of parasympathetic drive and a higher plasma noradrenaline level may explain this observation.


	During incremental ET, HR adaptation is obtained in 2 phases and the peak HR is lower than expected. - 1. During the first minutes of exercise, the HR increases moderately. This chronotropic response of the heart is due to an intrinsic autoregulatory mechanism induced by a change in the pacemaker fibre length (enhanced venous return). The use of beta�blockers has no effect on this HR acceleration. - 2. Later on, a significant increase of HR is observed. The noradrenaline discharge by the nervous ortho�sympathetic endings being no longer possible (denervated graft), the stimulation of the sinoatrial node depends now on  noradrenaline produced by extracardiac origin. The plasma noradrenaline level increase is related to the relative intensity of the muscle mass involved by the exercise. The response to the adrenergic stimulation is correspondingly better when the graft beta�adrenergic receptors' sensibility appears to have been increased. This increased sensibility may be of postsynaptic origin (increase of the receptors density) and/or of presynaptic origin (no re�uptake of noradrenaline by the nervous endings due to graft denervation and consequently prolonged local hormone concentration). Notwithstanding this beta�receptors' supersensibility to the action of the plasma noradrenaline, the chronotropic response at peak exercise is reduced. As neither the good performance of the beta�receptors nor the plasma noradrenaline increase during exercise seem to be responsible for the chronotropic deficit, it is related with the absence of direct ortho�sympathetic discharge on the sinoatrial node (7).


	During a constant work rate test, more than 3 minutes are needed to allow the HR to reach a steady value as compared to less than 3 minutes for a subject with an innervated heart.


	During cardiac rehabilitation program, (fig 3) it is not uncommon to observe HR higher than during a maximal ET. Therefore, target HR during cardiac rehabilitation cannot be defined from the results of a short ET.


	During sport events, we have often observed HR drastically higher than the peak HR recorded during a short maximal ET. For instance, we have recorded a peak HR of 135 beat per minute (bpm) at the end of an ET (watts = 150, �O2p = 2.045 L.min-1, RER = 1.13) performed the week before a semi�marathon race and a HR of 175 bpm during the race in a HTR, one year after his transplantation.


	After stopping the exercise, HR continues to accelerate in most patients for the first two minutes of recovery, when ET is performed soon after HTx, then decreases slower than for controls with innervated heart (resting HR obtained in more than twenty minutes). This HR acceleration effect after the end of the test is not systematically observed when HTRs are tested later after transplantation.





Heart Rate Evolution With Time Post�Transplantation





	Resting, sub�maximal and peak HR are significantly higher after one year than during the first months after transplantation due to higher plasma noradrenaline levels. Some patients show better adaptation of HR during exercise and recovery some years after HTx compared with ET performed one year after HTx.





Stroke Volume (SV) And Ventricular Filling Pressures.





	The determinants of SV are plasma volume, atrial contraction, ventricular diastolic and systolic function and afterload.


	A nearly  15 % plasma volume expansion is generally observed and linked to cyclosporine and corticosteroids�mediated hydrosaline renal retention. It contributes to an increased filling pressure and to a reduced hematocrit.


	The absence of synchronism between recipient (still controlled by autonomic regulation) and donor atrial contractions and relaxations explain a diminished atrial contribution to ventricular filling in HTRs.





Systolic And Diastolic Ventricular Function





	Contractility is generally well maintained at rest in most patients both soon and later after HTx.  However, ventricular function reserve seems to be decreased among HTRs. Left and right ejection fractions during peak exercise are significantly lower than those of normal subjects (9). Cyclosporine, post-transplantation hypertension and related left ventricular hypertrophy, repeated minor rejection episodes and occult coronary artery disease may be responsible for interstitial fibrosis development and associated abnormalities in ventricular systolic and (passive) diastolic function when cardiac denervation contributes to a slow ventricular relaxation pattern (5). Diastolic dysfunction, blunted HR acceleration and SV increase at the onset of exercise mediated primarily by an increase in end�diastolic volume partially explain the abnormal left ventricular filling pressure increase during exercise among HTRs.


	Systemic arterial hypertension is observed in 90 % of HTx as earlier as six months after transplantation since cyclosporine has been introduced into the immunosuppressive therapy. This hypertension, whose precise physiopathologic mechanisms remain unclear, is moderate to severe and not easily treated. Cardiac denervation, plasma volume expansion, chronic neuroendocrine hyperactivity and vasopressive effect of cyclosporine may contribute to the incidence and severity of hypertension in HTRs. Hypertension treatment often makes compulsory the use of an aggressive therapy using an association of several drugs such as diuretics, beta�blockers, calcium�channel blockers, angiotensin converting enzyme inhibitors or specific vasodilatory substances. These medications alter the exercise response of the HTR acting on cardiac response or on peripheral vascular resistance.


	Systemic vascular resistance in HTRs remains significantly higher than controls throughout the exercise. Nevertheless, due to the absence of direct orthosympathetic cardiac stimulation, peak systolic blood pressure (BP) is generally lower among HTRs than among control subjects when diastolic BP is higher. During recovery, the absence of vagal cardiac innervation contributes to a delayed BP fall.





Pulmonary Hypertension: 





	Hemodynamic measurements, weeks to months after successful HTx, have documented normalization of resting right heart hemodynamics and pulmonary vascular resistance. However, mean pulmonary artery pressure, transpulmonary pressure gradient and pulmonary vascular resistance remain in the upper normal range. During mild to moderate exercise, abnormal increases of pulmonary artery, pulmonary artery wedge and right atrial pressures are observed. These abnormal exercise hemodynamics, associated with a slightly lower CO elevation, can unveil a latent persistent pulmonary hypertension which limits exercise SV adaptation. They can also induce mild pulmonary congestion during exercise and by stimulation of pulmonary J receptors, be responsible for a restrictive breathing pattern.





Stroke Volume And Cardiac Output Response To Exercise





	Resting SV and cardiac index among HTR are in the low normal range. At the onset of exercise, the increase in the venous return results in a steep end�diastolic volume increase responsible of the SV increase (Frank Starling mechanism). On the contrary, the end�systolic volume does not decrease as observed in normal innervated hearts. The progression of exercise beyond the first stage and the HR increase induce  a shortening of the diastolic filling period which results in relatively constant end�diastolic volume and SV (6). The rate of CO rise and peak CO are lower among HTRs, mainly due to a lower peak exercise HR and a reduced peak SV. Generally, CO doubles at peak exercise in HTRs while multiplied by 3 or 4 times in normal sedentary population.





Blood Flow Distribution.





	During rhythmic exercise, the preferential direction of the increased CO results essentially from the balance between adrenergic vasoconstriction of peripheral resistance vessels and vasodilatation induced by metabolites of active muscles. The arteriolar vasoconstriction provokes a reduction of the blood flow in the splanchnic area and the resting muscles. In the active muscles, the vasodilatation exceeds the vasoconstriction in order to divert a major fraction of the blood flow to the contracting muscle mass.


	In HTRs, this response is potentially altered by two factors : � 1. a maximal peripheral vasodilatory capacity (the reactive hyperemic blood flow due to transient arterial occlusion), reduced in patients before HTx (21±3 ml.min-1.100 ml of muscle), which increases up to 43±5 ml.min-1.100 ml three months postoperatively in relation with the physical activity level performed by the HTR (8). This could explain the bad muscle oxygenation of patients exposed early after transplantation to exercise and explains the major complaint of tired legs. - 2. a reduced peripheral response of HTRs to adrenergic vasoconstriction (1). At exercise, this could contribute to an insufficient blood flow distribution to the active muscles.





Ventilatory Adaptation To Exercise.





	During exercise, minute ventilation (�E) evolution is linked more to the need of CO2 elimination (�CO2) than to the need of O2 uptake. When �E is plotted against �CO2 for HTRs one year post�surgery, we obtained a slope of 28�32 L./L. �CO2 as compared to 22�27 L./L. �CO2 for a normal population. The unsatisfactory ventilatory response to exercise is the result of either a pulmonary ventilation/perfusion mismatch, or a restrictive breathing pattern (high respiratory rate, low tidal volume with important ventilation of the anatomical dead space), or an early acidosis, or a combination of those factors. The early acidosis and the use of a restrictive�like breathing pattern, which are related to the steep increase of pulmonary artery pressure and wedge pressure during exercise, seem to be the most rationale basis of the observed ventilatory response to exercise in HTRs. Nevertheless, ventilatory response to exercise of most HTRs is less than 70 % of the estimated maximal voluntary ventilation (Forced Expiratory Volume in 1 second times 40). This gives evidence that ventilatory exercise adaptation does not seem to be, generally, the limiting factor in HTRs submitted to exercise.





Rejection And Physical Activity





	Acute allograft rejection appears to be associated with left ventricular diastolic dysfunction related to a myocardial wall thickening (altered distensibility by interstitial edema) although the left ventricular systolic function is relatively preserved. The loss of cardiac compliance leads to a decrease of the SV and CO adaptation during exercise. In addition, the capacity to increase the coronary flow by reducing the resistance to the coronary flux, that is the vasodilatation capacity of the coronary micro�vessels, is severely reduced during acute rejection, resulting in a greater vulnerability to a myocardial increase in the demand for oxygen. Consequently, it seems reasonable to reduce, or even to stop, physical activity depending on the severity of the rejection in progress.


	The notion of chronic rejection refers to progressive atheromatose of the graft's coronary arteries. The lumen narrowing of the coronary arteries is diffuse and concentric. The cardiac graft being denervated, the ischemia is more often silent and an unexpected myocardial infarction is observed by increased dyspnea and/or other symptoms of left ventricular failure.





Rehabilitation After Cardiac Transplantation





	Firstly, the aim of rehabilitation is to restore the ability to perform usual daily activities. Secondary, the increase of maximal aerobic capacity will improve daily activities to be performed aerobically, without dyspnea. Training effects on skeletal muscle are the main goal of rehabilitation.





Post-discharge Rehabilitation


	We recommend, as for healthy subjects, three training sessions a week for an average of 45�60 minutes each. Non�supervised physical training after HTx should take place after a learning period in a cardiac rehabilitation center.  A HTR has to be aware of the current reactions while performing a moderately intense training without significant metabolic acidosis. The feeling of breathlessness, obvious when speaking, seems to be a reliable parameter of exercise intensity. Easy speaking is probably closely linked to aerobic exercise (~ 40 %  maximal capacity), a staccato speaking indicates an exercise intensity probably near to 60 % maximal aerobic capacity and finally, a very uneasy speaking evidences an exercise intensity unadapted to endurance training. A constant HR survey (pulsemeter) is certainly not essential but could help motivated HTRs to high intensity training. The setting up of a HR target should not be based on HR evolution during a short ET but on the HR registered during a constant work rate test (> 20 minutes) whose intensity raises RER between 0.95 and 1.05. The profile of a training session using a bicycle or a treadmill includes �1. a very progressive warming�up, �2. a continuous load at 60 % of the maximal aerobic capacity or interval training at 40�50 % and 70�80 % aerobic capacity and �3. a active recovery phase at 30�40 % aerobic capacity, longer than usual. Training with arm�ergometer, rowing�machine and weights can be proposed as is usual in cardiac rehabilitation. We recommend quickly to perform leisure activities at the same subjective exercise intensity as during the supervised training sessions. Therefore, a number of our patients enjoy walking or cycling. Fewer patients enjoy jogging, others even try cross�country skiing when weather permits. Swimming is not recommended during the first five to six months after transplantation due to infection risks, especially in the sea. Each rejection therapy should delay this kind of activity for at least three months.





Warming-Up Importance


	The slow cardiocirculatory kinetic adaptation during exercise and the higher risks of tendinitis or muscular damages due to cortisone are incentives for long and careful warming�ups. Systematic stretching of the specific muscles involved in the chosen sport will decrease tendinitis and muscular damages. After stretching, a progressive 10 minutes warming�up at 40 to 50 % maximal aerobic capacity will stimulate the extracardiac noradrenaline release and allow the correct cardiac output adjustment to the exercise intensity. Thereafter, exercise intensity should be increased to the chosen level of endurance training.





Resistive Training


	Resistive training can be proposed to non�osteoporotic HTRs following the usual recommendations of a cardiac rehabilitation center. Heart recipients' systolic and diastolic blood pressure (BP) increase rapidly but, the HR increase is lower as compared to controls. The rise in BP of HTRs originates from a significant increase in peripheral vascular resistance (alpha�adrenergic stimulation) when for normal subjects, BP increase is related to both rising peripheral vascular resistance and increasing cardiac output (beta�adrenergic stimulation). We recommend the following procedure: in the initial sessions, HTRs should perform 1 to 3 sets (according to the number of devices) of 8 to 10 repetitions with weights corresponding to 30�40 % of the predetermined maximal voluntary contraction (MVC) and with 60 seconds pauses between each series. The low weights should avoid soreness and increase the patient's compliance to resistive training. Cuff blood pressure should be obtained during the last 5 repetitions of the last set at nonmoving body site. The training regimen should then be gradually enhanced by increasing the relative intensity (% MVC) preferentially to the number of repetitions per set. Eventually, 3 to 5 sets of 10 repetitions each at approximately 70 % of the predetermined MVC should be obtained at each session.





Training Benefits 


	Firstly, regular physical activity most probably acts as a deterrent to toxic effects of immunosuppressant therapy. Indeed, cyclosporine has nephrotoxic effects and encourages the emergence of hypertension. Corticoids are responsible for hydrosodic retention, adipose tissue increase, melting muscles, skeleton demineralization, tendinitis and muscle damage risks. Loss of bone substance might accentuate the risk of fracture and induce vertebral compressing. Corticoids can also trigger imbalance in carbohydrate metabolism and induce diabetes. Thus, physical activity could decrease muscular atrophy and osteoporotic processes. Hip or backaches should be attentively considered. Strength exercises such as weight lifting, ought to be discouraged in osteoporotic HTRs. Hypertension would also benefit from regular endurance activity.


	Training benefits in HTRs are those classically observed with cardiac rehabilitation programs: life quality improvement through strengthening of the peripheral muscles, increases of peak HR, �E, power and aerobic capacity, reduced HR, BP and �E during submaximal exercise (Kavannagh, 1988). Occasionally, some highly motivated HTRs with a particularly good graft function are capable of participation in endurance events such marathon or triathlon although most patients, even after training, still have lower exercise capacities as compared to controls.





Conclusions





	Heart transplant recipients cannot be compared to healthy sedentary subjects with respect to their exercise adaptation and their maximal aerobic capacity. Abnormal resting and exercise hemodynamics, due to cardiac denervation, are a common finding after orthotopic HTx. In a transplanted heart, increased SV secondary to the Frank Starling mechanism and increased HR and contractility secondary to noradrenaline effect appear sequentially. The postponed HR acceleration at the exercise onset contributes to delayed CO adaptation, reduced �O2 kinetic and early anaerobic metabolism. The decreased chronotropic and inotropic responses at peak exercise, in the context of an increased afterload due to hypertension, explain a reduced maximal CO and therefore a diminished maximal aerobic capacity. The HTRs still have cardiac insufficiency more related to diastolic dysfunction rather than to systolic dysfunction. However they are able to perform normal daily activities and even to be engaged in sporting endurance events, which should be encouraged. However, restrictions might arise from inadequate antihypertensive therapy or skeleton problems such as osteoporotic compression fractures.�
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Figure 1.


Oxygen uptake kinetic during incremental maximal exercise test: normal subjects (short dash line), HTRs (solid line)





Figure 2.


RER evolution during incremental maximal exercise test performed by HTRs one year after transplantation (means ± SD).





Figure 3.


HR evolution during 10 watts.min-1 incremental maximal exercise test (ET - dot) and during one training session (T - square) (interval training at 45 and 75 watts) performed by a HTR not taking beta-blockers.








Table 1.


Functional classification of 80 HTRs aerobic capacity one year after transplantation.








Table 2.


Arterial blood gas measurements at rest and peak exercise obtained one year after transplantation in 6 HTRs.�
TABLE 1 : Weber's classification.





Class�
�O2p 


(ml.kg-1.min-1)�
n = 80�
�
�
�
�
�
A�
> 20�
73.42 %�
�
B�
16 to 20�
20.25 %�
�
C�
10 to 16�
6.33 %�
�
�
TABLE 2 : Blood gas measurements.





(n = 6) �
Rest �
Peak exercise�
�
�
�
�
�
PaO2 (mmHg)�
102 ± 9�
95 ± 3�
�
PaCO2 (mm Hg)�
38 ± 4�
30 ± 2�
�
pH�
7.40 ± 0.03�
7.31 ± 0.04�
�
Lactate (mmoles.L-1.)�
1.7 ± 0.5�
12.3 ± 3.0�
�
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