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An increasing body of randomized controlled trials suggests the safety of engaging in moderate to vigorous intensity exercise training following solid organ transplantation. Fueled by emerging sport events designed for transplant recipients and the ever-growing body of research highlighting the diverse health benefits of physical activity, transplant recipients are now increasingly participating in strenuous and occasionally competitive physical endeavors that largely surpass those evaluated in controlled research settings. This viewpoint article adopts a cautionary stance to counterbalance the prevalent one-sided optimistic perspective regarding posttransplant physical activity. While discussing methodological limitations, we explore plausible adverse impacts on the cardiovascular, immunological, and musculoskeletal systems. We also examine the physiological consequences of exercising in the heat, at high altitude, and in areas with high air pollution. Risks associated with employing performance-enhancing strategies and the conceivable psychological implications regarding physical activity as a tribute to the ‘gift of life’ are discussed. With a deliberate focus on the potential adverse outcomes of strenuous posttransplant physical activity, this viewpoint aims to restore a balanced dialogue on our comprehension of both beneficial and potentially detrimental outcomes of physical activity that ultimately underscores the imperative of well-informed decision-making and tailored exercise regimens in the realm of posttransplant care.
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CITIUS ALTIUS, FORTIUS?
Promoting moderate to vigorous-intensity physical activity is gaining traction as a strategy to address prevalent cardiovascular, metabolic, muscular, and mental comorbidities in solid organ transplant recipients (SOTRs). This is in part supported by direct evidence from controlled intervention studies [1–4] and further driven by strong indirect evidence seen in the general population, translated in the World Health Organization physical activity recommendations [5]. In 2019, a collaborative position statement from the Canadian Society of Transplantation and CAN-RESTORE recommended SOTRs to participate in moderate to vigorous-intensity exercise 3–5 times per week [1]. The absence of sufficient evidence limited the formulation of more specific training recommendations. A surge in initiatives spearheaded by organizations like the World Transplant Games Federation, Transplant Sport, and Transplantoux is now encouraging SOTRs to participate in at times demanding and sometimes competitive physical endeavors. A survey-based investigation involving 220 athletes engaged in the British and World Transplant Games revealed that nearly one-third of respondents aspired to win national and international events, respectively [6]. Notably, over half of the respondents perceived limitations to their performance related to injury, illness, or lack of fitness. Nonetheless, the increasing ambition and potential of SOTRs is evident in successful undertakings such as 130 km cycling races, iron man triathlons, and high-altitude trekking expeditions to for instance the summit of Kilimanjaro [7–10]. Such admirable endeavours are undertaken by a select subpopulation of SOTRs often portrayed as role model. This prompts the question of whether the original Olympic motto ‘citius, altius, fortius’ should be embraced within the transplant community. Without contradicting the value of appropriate individualised training programs for SOTRs [1–4] and without discrediting those who have achieved highly competitive goals, this review aims to summarise the current evidence on potential downsides of strenuous physical activity after SOT. This review explores physical activity effects on various organ systems, the influence of climatic conditions, the use of performance-enhancing drugs, and methodologic limitations of the present literature. Occasional speculative arguments will not be avoided, as they can contribute to sparking an open debate that may ultimately lead to improved informed decision-making and implementation of thoughtful, personalised physical activity interventions.
ORGAN SYSTEMS AT RISK
Although poorly researched to date, particularly in SOTRs, strenuous exercise could be postulated to adversely impact various organ systems (Figure 1; Table 1).
[image: Figure 1]FIGURE 1 | Potential adverse outcomes of participation in posttransplant strenuous physical activity conducted in challenging environmental conditions.
TABLE 1 | Potential adverse effects of strenuous physical exercise in solid organ transplant recipients, and potential strategies to mitigate these adverse effects.
[image: Table 1]Musculoskeletal Injuries
While osteoporosis is common among patients awaiting transplantation, further bone loss is a typical phenomenon throughout the early posttransplant period [11]. Even patients without a pretransplant history of osteoporosis face an elevated risk of posttransplant osteoporosis and fractures [12, 13]. The incidence of fractures is four to five times higher compared to the general population [14, 15] and can be attributed, in part, to the side effects of immunosuppressive agents such as glucocorticoids, cyclosporine A, and tacrolimus [16–19]. Particularly in individuals engaging in endurance sports, an imbalance between energy expenditure and caloric intake can lead to the relative energy deficiency in sport syndrome, further reducing bone mineral density and increasing the risk for stress fractures [20, 21].
Immunosuppressive agents, together with obesity and/or type 2 diabetes, also increase the risk for tendinopathy [22, 23]. Some evidence indicates heart and kidney transplant recipients to be at elevated risk of (Achilles) tendinopathy, possibly related to fluoroquinolone therapy [24, 25]. Both undertraining and overtraining are known to set healthy athletes at risk for non-contact soft-tissue injury [26]. Tailoring a progressive training load seems essential in injury prevention, particularly in SOTRs already predisposed to injury. Training load not only relates to the volume and intensity of exercise, but also to tissue-specific mechanical stress associated with a given type of exercise. For instance, high-impact sports such as long-distance running amplify the risk of stress fractures in the lower limbs [27, 28]. Vigilance for exercise-induced overuse injuries in SOTRs seems justified. Screening practices with timely bone mineral density measurements and personalized pharmacological and training approaches may be advised. Supported by promising results in heart and lung transplant recipients, the latter may amongst others consist of bisphosphonate treatment, well-planned aerobic weight-bearing exercise, and resistance training [29–31].
Immune Modulation
Immunosuppressive therapy has turned allotransplantation into a curative option for end-stage organ disease [32]. However, chronic immunosuppressive therapy comes at a price of heightened vulnerability to infections. Especially within the initial year and contingent upon the transplant type, patients are susceptible to common or opportunistic infections, primarily affecting the lungs, gastrointestinal system, and urinary tract [33, 34]. In the general population, engaging in mild to moderate-intensity exercise, i.e., below 60% of peak oxygen uptake (VO2peak), promotes immunovigilance and reduces infection incidence [34]. However, a contrasting effect is observed with strenuous exercise, such as prolonged exercise exceeding 60% VO2peak [34]. Through complex interactions of transient changes in adaptive and innate immune system components, increased inflammatory responses, and metabolic factors that impair immune cell metabolic capacity, engagement in strenuous exercise leads to temporarily suppressed immune function [35]. In healthy athletes, a typical example of this phenomenon is the six-fold increased risk for upper respiratory tract infection within the first week after a marathon [36]. The interaction with immunosuppressive therapy is less clear. Blood samples from kidney transplant recipients and matched healthy controls, drawn after a strenuous 81-km bicycling trip, showed appositional gene expression upon incubation with bacterial endotoxin lipopolysaccharide [37]. Immune response genes were overrepresented in controls, whereas numerous apoptotic genes were overrepresented in kidney transplant recipients. These findings, albeit in a limited cohort of 10 transplant recipients and 10 healthy controls, suggest that SOTRs are at increased risk for infection upon contact with a pathogen in the early aftermath of strenuous exercise. Note that certain sport environments such as natural waters and public pools house a higher number of pathogens that can lead to illnesses. In addition, endurance sports may predispose individuals to urinary tract infections due to infrequent voiding and dehydration, particularly in women exercising in hot and humid weather conditions [38–40]. One should balance the benefits against potentially unfavorable immunomodulation of strenuous exercise after SOT. Whether dynamic customization of the immunosuppressive regimen is warranted in response to acute or long-term participation in moderate or strenuous exercise awaits examination in future studies.
Cardiovascular Events
Regular participation in physical activity has been established as a key factor in reducing cardiovascular morbidity and mortality across the general population [5, 41]. However, the cardiovascular advantages of physical activity exhibit a curvilinear dose-response relationship. Surpassing an ‘optimal dose of exercise’ in terms of duration and intensity might raise the potential for coronary plaque development [42–44], atrial fibrillation [45–47], and myocardial fibrosis [48, 49]. Furthermore, during acute high intensity exercise, cardiac workload and blood pressure increase to potentially hazardous levels which may lead to myocardial infarction and sudden cardiac death in susceptible individuals. This is translated in a >100-fold increased risk of acute myocardial infarction in sedentary individuals during participation in vigorous physical activity [50]. This heightened risk is associated with the presence of underlying coronary artery disease. Coronary artery disease is highly prevalent in SOTRs [42, 51–53]; the 5-year cumulative incidence for coronary artery disease after kidney transplant is 7.6% [51], cardiac allograft vasculopathy in heart transplant patients has a prevalence of 18% [52], coronary stenosis is present in one-third of liver transplant candidates [53], and the 5-year cumulative incidence of cardiovascular events after liver transplantation is 14% [54]. Nonetheless, to our knowledge, apart from one study [55], reports of cardiovascular events occurring during physically demanding exercise [7–10] or during controlled exercise-based rehabilitation are lacking. We speculate that this observation is consequent to profound selection bias and in-depth medical preparticipation screening. Some forms of preparticipation screening (i.e., cardiopulmonary exercise test, functional imaging, coronary CT scan and, if necessary, coronary angiography) may indeed be indicated, particularly in those with heightened cardiovascular risk profile planning to engage in moderate and/or vigorous exercise training or physically strenuous endeavors [56].
Gastrointestinal Distress
Diarrhea is a common issue among SOTRs, irrespective of exercise. Its prevalence varies, ranging from 13% after kidney transplantation to 40% after liver transplantation [57, 58] and may be of infectious origin but is very often related to side effects of immunosuppressive agents such as tacrolimus and mycophenolate [59]. Gut ischemia, together with mechanical (e.g., increasing intra-abdominal pressure) and neuroimmune endocrine factors, is believed to play an important contribution in exercise-induced diarrhea and gastrointestinal distress symptoms such as regurgitation, nausea, and, in some instances, gastrointestinal bleeding [60]. Unspecified non-infectious diarrhea has been associated with elevated risk of graft failure (e.g., dehydration with negative effects on organ perfusion and function), mortality, and gut microbial dysbiosis [61, 62]. Microbial dysbiosis is widely prevalent among transplant recipients and has been associated with mortality [63]. In contrast to moderate-intensity exercise, strenuous exercise of long-duration and/or high intensity can negatively impact intestinal health, as it reduces intestinal blood flow and increases intestinal permeability, leading to impaired gut-barrier function, depressed immune function, and increased risk for viral and bacterial infections [64, 65]. While in the general population evidence suggests that regular moderate-to-vigorous aerobic physical activity reduces the risk of gastrointestinal malignancies [66], diabetes [67], chronic kidney disease [68, 69], fatty liver disease [70], and gut microbial dysbiosis [71], little is known about the impact of strenuous physical exercise on the gastrointestinal tract in SOTRs.
Diabetes
Approximately 10–40 percent of SOTRs have some form of diabetes mellitus, mainly type 2 diabetes and posttransplant diabetes mellitus [72]. Class I level A recommendations support the increase in weekly physical activity to 150 min of moderate or 75 min of vigorous intensity activity in all patients with type 2 diabetes [73]. The beneficial glucometabolic effects of exercise in SOTRs are remarkably understudied and at least for now lack solid evidence base [74, 75]. Exercise in patients with diabetes treated with insulin or medication improving insulin secretion (e.g., sulfonylurea) requires specific attention. Exercise-induced increase in insulin sensitivity can modulate blood glucose levels till several hours after exercise cessation [76, 77]. In general, long-duration aerobic exercise increases the risk of acute hypoglycemia, but it appears that there is a great intra- and interindividual variation in blood glucose response to a given exercise stimulus [77]. A brief bout of exercise at vigorous intensity on the other hand increases plasma glucose during and briefly after exercise due to a mismatch between gluconeogenesis and muscle glucose utilization [78]. High diabetes prevalence in SOTRs highlights the importance of patient education regarding exercise-induced modulation of blood glucose, hypoglycemia symptoms recognition, blood glucose monitoring, and adequate dietary strategies before, during, and after exercise.
Renal Injury
Exercise-induced release of noradrenaline during moderate and vigorous-intensity exercise in temperate climate leads to a reduction of kidney blood flow by about 20% and 52%, respectively, [79, 80]. These physiological changes could be postulated to set kidney transplant recipients, many of whom have an estimated glomerular filtration rate below 60 mL/kg/m2 [81], at risk for kidney injury. Of course also other transplant groups often suffer compromised kidney function [82–84]. A prospective study of 76 healthy marathon runners reported a 48% incidence of acute renal failure, mostly grade 1 [85]. Based on serum creatinine levels, earlier findings in 23 marathon runners indicated a 55% incidence of acute renal failure, while 74% of participants showed significant increases in tubular biomarkers [86]. Whether these findings truly imply significant kidney injury remains open for debate, but vigilance may be required.
Though a rare condition, muscle breakdown from strenuous exercise may lead to rhabdomyolysis and associated acute kidney failure and liver dysfunction [87]. The risk increases with excessive, high intensity, long duration, eccentric muscle contractions conducted by less trained individuals. Hot environments, electrolyte imbalance, and inadequate protein and carbohydrate intake may further increase the risk [87].
Environmental Factors
In contrast to training interventions conducted in controlled research environments, real-world settings often involve environmental stressors that were previously unconsidered. These stressors can include factors like heat, humidity, ambient hypoxia (altitude), and air pollution. Extrapolating safety data from research settings in mild environmental conditions or from observational studies involving carefully selected individuals exposed to challenging environments to the wider transplant population in real-world settings is inappropriate.
Exercise in hot and humid climates causes redistribution of cardiac output to the skin. Combined with evaporation-induced dehydration, this may result in an additional 15%–30% reduction in renal blood flow [88–90], a decrease in glomerular filtration rate, and acute tubular injury possibly resulting in acute kidney injury [88–93].
Apart from hot environments, exercise endeavors are not infrequently organized in oxygen-deprived conditions. Acute altitude sickness, ranging from mild to life threatening forms, may develop upon recent ascent to altitudes ≥2,500 m [94]. Transplant recipients have successfully summited high-altitude peaks such as Kilimanjaro (Tanzania). At its peak 5,895 m above sea level, around 80% of healthy sojourners develop acute mountain sickness [95]. The current literature indicates comparable summitting success rates in well-trained transplant recipients compared to healthy controls [8]. Normal physiological responses, including changes in oxygen saturation and heart rate, appear largely similar to those observed in healthy controls when exposed to increasing altitudes [7, 8, 96–98]. However, a higher incidence of arterial hypertension in liver transplant patients has been reported [98], and higher altitude sickness scores have been reported in lung transplant recipients [7]. In the latter, the rise in right ventricular contractility was blunted, indicating impaired cardiac adaptation to hypoxia. The underlying mechanisms behind this phenomenon could be linked to cardiac autonomic dysfunction due to surgical vagal nerve transection in lung transplantation and/or to the neurotoxic effects of immunosuppressive agents like calcineurin inhibitors. High altitude exposure could also have negative impact on the kidneys. Hypoxia can trigger the development of acute and chronic kidney failure [99, 100]. Acute hypoxia at high-altitude triggers hyperventilation with subsequent development of respiratory alkalosis, for which the kidneys need to compensate [100]. It also increases the renal excretion of sodium and water, potentially decreasing renal perfusion with subsequent reductions in glomerular filtration [100]. High altitude may also lead to high-altitude renal syndrome in which a combination of polycythemia, hyperuricemia, hypertension, and proteinuria coexist and can induce nephropathy with different histopathological features such as glomerular hypertrophy, basement membrane thickening, glomerulosclerosis, and fibrosis [101]. Hypoxia is also known to play a key role in the progression of chronic kidney disease to end stage kidney disease [100].
Young physically inactive adults residing in regions characterized by high levels of particulate matter, commonly encountered in big cities and regions with high levels of air pollution, exhibit an augmented susceptibility to cardiovascular disease upon elevating their physical activity levels to ≥1,000 MET-min/week (equivalent to approximately ≥4 h of moderate-intensity physical activity) [102]. Furthermore, engagement in vigorous but not moderate-intensity physical activity in areas with high levels of air pollution appears to escalate mortality risks among older adults [103]. These findings hold particular relevance to lung transplant candidates and recipients, as poor air quality in their living environments correlate with adverse waitlist occurrences and compromised lung function, respectively [104, 105]. Consequently, exercise recommendations must factor in air pollution levels, emphasizing that, in areas with poor air quality, vigorous-intensity exercise should be conducted indoors or substituted with moderate-intensity alternatives.
Mental Distress—The “Gift of Life” Metaphor
Receiving solid organ transplantation and thereby the “gift of life” may induce substantial psychological distress among recipients [106]. Upon receiving a donor organ, recipients may experience a sense of obligation not only towards their donors, but also towards the medical team and transplant community [107]. It is not uncommon practice among healthcare practitioners to leverage the “gift of life” metaphor as a potent means of fostering motivation towards adopting a healthy physically active lifestyle. “It is a minimal gesture to honor your donor.” Therefore, inability to commence or sustain suitable levels of posttransplant physical activity, regardless of the causes, can evoke sentiments of guilt and personal failure. Research in 134 kidney transplant patients indicated the presence of feeling of guilt in the large majority of patients, with an average guilt score of 69 on a Visual Analogue Scale from 0-100 [108]. It is important to recognize the potential unintended mental strain that patients might undergo and to persist in viewing them as individuals with distinct needs and experiences. Upholding patients’ autonomy and fostering shared decision-making could offer a more ethical and sustainable strategy for interventions targeting the enhancement of patients’ physical activity behavior.
PERFORMANCE ENHANCERS: CAVEATS
In situations where performance enhancement is pursued, the use of performance enhancing strategies lurks around the corner. Notably, for pain prevention or relief, a significant portion (12%–48%) of healthy participants in endurance sport events have been reported to utilize non-steroidal anti-inflammatory drugs or analgesics [109–111]. Non-steroidal anti-inflammatory drugs have been shown to exert toxicity on the kidneys and gastrointestinal tract and to promote arterial hypertension [112]. Furthermore, these drugs can potentially alter blood concentrations of immunosuppressive medications through drug-drug interactions [113–115]. The same concern exists regarding other over-the-counter drugs and dietary supplements. Supplement manufacturers are not obligated to conduct third-party testing of their product’s safety, efficacy, or potential contamination by substances such as anabolic androgenic steroids or stimulants [116]. Such contamination can arise either inadvertently due to substandard manufacturing practices or deliberately with the aim of enhancing product efficacy [117]. The prevalence of supplement use within athletic populations varies widely, spanning from 11% to 100%, depending upon factors such as the definition used to call a product a supplement, the timeframe considered, and the data collection methodology in the different studies [118]. Apart from carbohydrate and protein supplements, athletes predominantly turn to minerals and vitamins in their endeavors to enhance performance, promote health, and aid recovery [118]. Nutritional supplement adoption is similarly widespread among SOTRs. A study involving liver, kidney, and combined lung-heart transplant recipients revealed that 58% of the patients consistently integrated supplements into their regimens, independent of exercise participation, encompassing vitamins, minerals, and diverse herbs asserted to possess therapeutic advantages [119]. A notable concern arises from the fact that in roughly 75% of cases, the treating physician remained uninformed about patients’ supplement intake.
Transplant recipients should be cautious when mimicking the dietary habits of professional athletes. For example, the International Association of Athletics Federations recommends a daily protein intake of 1.3–1.7 g/kg for weight-stable athletes, and 1.6–2.4 g/kg for athletes aiming to attain weight loss while preserving lean body mass [120]. This stands in contrast to the existing daily dietary protein recommendations for kidney transplant recipients, which are currently established at 0.8 g/kg of body weight [121, 122]. Substantial dietary protein intake following kidney transplantation has been hypothesized to contribute to elevated blood pressure, secondary graft failure, and an increased risk of cardiovascular events [121, 123, 124].
Lastly, competitive and performance-oriented transplant recipients may be inclined to temporarily adjust their medication schedules in order to achieve performance advantages. Chronotropic incompetence induced by beta blockers can reduce VO2peak by 5%–15%, significantly diminishing cardiorespiratory exercise performance [125]. Patients participating in challenging aerobic events could thus be tempted to temporarily decrease the dosage of these ergolytic agents. This is of course inadvisable, as this medication provides a significant survival benefit in certain conditions such as heart failure or after acute myocardial infarction [126]. A similar assumption could apply for the inappropriate increase in erythropoietin use to achieve above normal total hemoglobin mass in patients receiving erythropoietin treatment, e.g., about one in ten kidney transplant patients [127].
A CRITICAL APPRAISAL OF THE RESEARCH METHODOLOGY IN THE FIELD OF EXERCISE IN SOTRS
Various randomized controlled trials (RCTs) suggest that safety concerns are not readily apparent in posttransplant exercise-based rehabilitation [74, 75, 128]. However, RCTs and systematic reviews of RCTs are commonly misconstrued as the primary sources for assessing adverse intervention effects. Apart from the limited data the present literature enables us to make strong safety claims, other methodological concerns are present that limit statements about training intervention’s effectiveness, generalization, and implementation (Figure 2). A recent Cochrane review that evaluated the harms and benefits of exercise interventions in liver transplant recipients corroborates our critical appraisal [4]. The authors concluded that there were very few data on adverse events outcomes, and that based on very low-certainty evidence the role of exercise training in affecting mortality, health-related quality of life, and physical function was very uncertain [4].
[image: Figure 2]FIGURE 2 | Common methodological concerns present in the current literature regarding physical activity and exercise interventions after solid organ transplantation.
Safety Evaluation Concerns
In the realm of posttransplant exercise training, RCTs tend to prioritize intervention benefits, while the evaluation of harms is either demoted to a secondary role or omitted altogether. A recent systematic review of RCTs examining exercise training after SOT showed that adverse events were explicitly documented in merely eight out of the 21 studies encompassed [128]. Additionally, safety assessment frequently relied on retrospective self-reporting of adverse events. This approach might have resulted in the omission of harms that patients deemed insufficiently severe or significant, as well as harms that they did not perceive to be connected to the study. Although we did not perform a systematic literature search to confirm our hypothesis, it is likely that training studies in SOTRs, in line with similar studies in SOT candidates [129], not only poorly define and describe safety but also fail to inform the reader whether dropouts may have been related to adverse events. Future studies should a priori define adverse events, include a prospective evaluation of potential harms, and clearly describe whether dropouts could potentially have been related to the applied intervention. Safety claims based on RCTs have additional shortcomings in that most of these studies are underpowered and of insufficient duration to detect anything beyond the most common harms.
Selection Bias and Underpowered Studies
Strict eligibility criteria and substantial selection bias considerably limit the generalizability of the RCTs’ conclusions on harms and benefits and lead to underpowered studies. Selection bias is a significant concern in the present research field. It results in a sample that is not representative of the transplant population in real-world settings. A recent review on RCTs showed that only 35% of the approached kidney transplant recipients were found eligible and willing to participate in exercise RCTs [74]. In liver transplant recipients, only one in three approached patients were included in the final analyses [75]. Systematic reviews in heart and lung transplant recipients have reported difficulties in evaluating selection bias due to issues with the selection procedures in a significant number of analyzed studies [2, 3]. Future literature reviews on safety of exercise after transplantation should also include other types of studies on top of RCTs, given that observational studies may be less restrictive in their eligibility criteria and achieve larger sample sizes [130, 131].
Lack of Adequate Control Group and Core Outcome Set
The absence of blinding constitutes another prevalent bias in exercise RCTs. Given the nature of the intervention, blinding participants to the exercise regimen is essentially unattainable, rendering the intervention arm susceptible to expectancy effects [132]. Consequently, to facilitate more credible between-group comparisons of intervention effects, it is recommended to employ an attention control group or a sham exercise comparator (e.g., flexibility exercise training) instead of usual care. Furthermore, the lack of a standardized set of core outcomes evaluated throughout the different studies, great heterogeneity in the applied training interventions, and other methodological limitations make it difficult to draw strong conclusions and recommendations from the existing literature.
Lack of Long-Term Behavior Change and Effectiveness Evaluation
Lack of long-term follow-up is a major shortcoming, as it is required to evaluate long-term effects on hard objective outcomes such as mortality, graft function, and the incidence of cardiovascular or other life-threatening events [1, 3, 74, 75]. While exercise interventions have demonstrated favorable outcomes concerning cardiorespiratory fitness, muscle strength, and quality of life in the short term, these advantages are transient and do not last over the long term [132–138]. Short-term exercise-based rehabilitation after transplantation may be recommended for specific patients to enhance their physical and psychological capacity for physical activity. However, continuous engagement in lifelong exercise training is likely unfeasible for the majority of the population [133]. Consequently, in our perspective, exercise interventions should consistently be preceded by tailored physical activity behavioral interventions when aiming for long-term clinical impact [139].
Lack of Implementation Studies
Despite the multifaced health benefits associated with exercise RCTs, the implementation of such interventions remains challenging. The majority of exercise studies have been conducted under strict research conditions, often neglecting critical aspects such as stakeholder involvement throughout the whole lifespan of a research project; i.e., the co-design of the intervention, public and patient involvement in the recruitment strategy, selection of relevant outcomes, interpretation, and dissemination of study results. Moreover, the local context in which the intervention is delivered, and the development of tailored implementation strategies adapted to that context have also been overlooked. In addition to evaluating the efficacy and effectiveness of exercise interventions, the study of methods that promote systematic uptake of these interventions in clinical practice may offer valuable insights with real-world impact [140]. Therefore, there is a critical need to bridge the gap between research and practice and integrate exercise and physical activity interventions into routine clinical care to promote their implementation and ultimately improve patient outcomes.
THE DIFFERENCE BETWEEN MEDICINE AND POISON LIES IN THE DOSE
In this review, we delved into the existing literature to analyse the impact of (strenuous) physical activity on SOTRs. Embracing a stance akin to the devil’s advocate, we did not avoid sometimes speculative arguments hoping to stimulate dialogue within the posttransplant exercise research community. It is crucial to emphasize that while exercise can serve as a potent therapeutic intervention after transplantation and is probably underutilized in the transplant population, the line between its medicinal benefits and potential harm lies in the dosage administered. Tailoring exercise frequency, intensity, duration, and type to the unique needs of each individual as well as continuous monitoring for potential adverse events is imperative. Although past case reports suggest the feasibility of completing tremendous physical endeavours after transplantation, a one-size-fits-all approach is not viable, given the associated risks spanning various organ systems, including the transplanted organ. Appropriate precautions may sometimes be advised to mitigate potential adverse events. Lastly, we underscored frequent methodological concerns in the present research field as a call for more high-quality studies.
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System Potential adverse effects

Musculoskeletal - Overuse injuries: stress fractures, (Achilles)

tendinopathies, and other soft-tissue injuries

- Increased risk of infection, in particular that of the upper
respiratory and urinary tract

immunological

Cardiovascular - Cardiovascular events during acute strenuous exercise

- Increased risk for development of certain cardiovascular
diseases (coronary plaques, atrial fioilation, myocardial
fibrosis) in those surpassing the ‘optimal dose of

exercise'?

Gastrointestinal - Gastrointestinal distress (e.g., diarhea, regurgtation,
nausea)

- Gut microbial dysbiosis

Endocrine - Acute dysregulation of blood glucose levels

Renal - Impaired kidney perfusion
- Acute kidney injury

- Rhabdomyolysis

- Acute mountain sickness
- Impaired kidney function and kidney injury

Systemic, rendl, cardiovascular, and respiratory
systems during exposure to extreme

environments - Cardiovascular disease
- Impaired lung function
- Increased mortaliy risk
Psychological - Mental distress: feelings of guilt or personal failure
Various - Drug-drug interactions

- Contaminated supplement use
- High dietary protein intake increasing kidney workload
- Incorrect use or non-adherence to medication

Potential mitigation strategies

- Load management: avoid over- and undertraining

- Personalized, progressive increase in training volume and
intensity

- Implement resistance training

- Implement warming-up routines

- Attention to sufficient recovery (e.g., soft tissue therapy,
mobilty exercises, active recovery (ight exercise), good
sleep, cryotherapy, thermotherapy, post-exercise nutrition)

- Add variety in training routine and limit (the increase in) long
duration repetitive movements (e.g., long-distance running)

- Respect tissue-specific load-capacity ratio

- Avoid imbalance between energy expenditure and caloric
intake

- In case of overweight: weight loss

- Training load can be modified by extrinsic factors, such as
training surface and footwear

- Be alert for early symptoms

- Screen for osteoporosis. When present: calcium-vitarmin D
supplementation and/or bisphosphonate treatment

- Avoid overreaching/overtraining

- Implement infection preventing strategies following
strenuous exercise and during strenuous training periods
(e.g.. hygiene practices, immunizatior)

- Prevent dehydration and infrequent voiding

- Avoid environments that house a high number of
pathogens (e.g., natural waters, public swimming pools)

- Dynamic customization of immunosuppressive regime may
be useful, but remains a topic of future research

- Preparticipation cardiovascular screening
(cardiopuimonary exercise test, functional imaging,
coronary computed tomography scan, coronary
angiography)

- Personalized, progressive increase in training load

- Balanced approach regarding long-tem training load

- Avoid too strenuous exercise
- Adequate hydration
- Dietetic measures

- Patient education on exercise-induced modulation of biood
glucose and symptom recognition

- Dietetic and insuiin interventions before, during, and after
exercise

- Avoid too strenuous exercise

- Respect muscle load-capacity ratio; prevent excessive
exercise-induced muscle damage

- Maintain good hydration and electrolyte balance

- Avoid strenuous exercise in environments characterized by
high levels of heat, humidity, alttude, or air pollution

- Opt for indoor altemnatives

- Heat mitigation strategies: strategically choose time of day,
time of year, dlothing, hydration, etc.

- Decrease exercise intensity and duration

- Elicit intrinsic motivation rather than relying on extrinsic
factors (e.g. leveraging a patient's feelings of guilt toward
their donon) to initiate and/or maintain a physically active
lifestyle

- Patient education on drug-drug interactions

- Professional counseling regarding medication and nutition
in the context of health and exercise performance

- Use of high quality batch-tested supplements only, if
necessary at all
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