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Exercise training can improve mortality, quality of life, exercise capacity and morbidity in cancer patients. Although current cardio-oncological guidelines recommend exercise intervention in cancer patients, a structured, interdisciplinary approach from diagnosis to maintenance of therapy including repetitive sports cardiological assessment to guide exercise intervention has not been established. Currently, exercise prescriptions are based on assessment of peak oxygen consumption, which does not differentiate between central (stroke volume and heart rate reserve) and peripheral (peripheral oxygen difference) limitations. Knowledge of these mechanisms could facilitate more effective exercise prescriptions because cancer subtypes may respond differently to exercise stimuli requiring individualized and cancer-specific exercise intervention. Our approach uses simultaneous cardiopulmonary exercise testing and stress echocardiography to analyze the entire oxygen cascade in one exam. Based on these findings, we propose individualized assessment of treatment and cardiovascular risk as well as exercise prescriptions. As cardiopulmonary limitations indicative of cancer therapy-related cardiac dysfunction or cardiotoxicity may first be detected during exercise, our approach may help to address cancer therapy-related adverse events earlier. Our approach contains repetitive exercise testing which should serve to re-assess efficacy of exercise intervention. Results of each sports cardio-oncological assessment is fed back to the treating oncologists as it may provide valuable insights to adapt treatment regimens. In addition, we propose a transition from supervised on-site and home-based to self-directed training, which may achieve better long-term training adherence from prehabilitation to post-treatment. In the advent of precision medicine and oncology we provide a concept for precision sports cardio-oncological care to tailor individual exercise prescriptions based on pathophysiological findings during exercise testing.
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1 Introduction

Cardiorespiratory fitness (CRF), measured by peak oxygen consumption (VO2peak), is a major determinant of cancer-associated morbidity and cardiovascular events in cancer patients (1). An improvement of 1 metabolic equivalent (MET, which equals 3.5 ml/kg/min) of exercise performance has been associated with a 10–25% relative risk reduction in all-cause and cardiovascular mortality (2), while low CRF has been associated with poor quality of life, reduced cardiac performance during exercise, a worse cardiovascular risk profile, and higher morbidity in cancer patients (3, 4). Adjunct exercise training has shown positive effects on clinical and functional status, therapeutic effects of anticancer treatment (5), cancer recurrence, mortality and morbidity as well as a reduction in cardiovascular risk factors and events in cancer (4, 6–9), leading to a reduced risk of premature mortality (9–11). However, in the absence of exercise intervention CRF remains severely reduced during and after termination of cancer therapy (12–14). Thus, there is a pressing need to early counteract this decline by establishing exercise programs in the prehabilitation (15), neoadjuvant (16, 17), and adjuvant phases (18, 19) and maintain its effects by providing long-term concepts for outpatient sports cardio-oncological care. These programs should not be limited to localized or regional cancer but should also include metastatic disease (20). Although there is agreement on the positive effects of aerobic and/or resistance training in cancer patients, the effect size varies, which may be due to the different exercise intervention regimens of local facilities and cancer-specific response to exercise (16, 18, 21–25). The wide-spread introduction of cardiotoxic cancer treatment leading to cancer therapy-related cardiac dysfunction (CTRCD) (26), defined by a deterioration of cardiac biomarkers, resting left ventricular ejection fraction and/or global longitudinal strain, necessitates early involvement of cardiologists.



1.1 Gaps of current knowledge on exercise training in cancer patients

Although current cardio-oncological guidelines (27) recommend exercise training in cancer patients, there are no specific concepts to ensure sustained patient care from diagnosis to long-term follow-up. In addition, cooperation between medical disciplines, for instance oncology, gynecology, urology, hematology, gastroenterology, cardiology, medical and radiation oncology and para-medical disciplines such as physiotherapy, sport sciences and nutrition, is often complicated by a lack in common infrastructure. Furthermore, sports scientists are required to tailor exercise programs to the patients´ needs and individual response to cancer therapy (28). In addition, a lack of studies combining nutritional support and training has been lamented on (29), which also emphasizes the need for cooperation between an “exercise team” and “nutrition team” to balance energy expenditure and demand (29, 30). Integration of all these sub-disciplines under guidance and coordination of the treating oncological specialist is a herculean task but is necessary to stabilize or even improve all components of physical performance and quality of life during different phases of cancer treatment. We provide a concept of interdisciplinary cooperation through different treatment phases of a cancer patient.

Improvement of VO2peak through exercise training is essential for prognosis but provides too little information on the physiological impact of exercise training. Determinants of VO2peak include cardiac [heart rate and stroke volume reserve (12, 31)] and peripheral muscular adaptations [arteriovenous oxygen difference (31, 32)], both of which can be improved through exercise in a specific cohort of cancer patients (18). However, current exercise oncology regimens do not take into account baseline (before treatment initiation) assessment of VO2peak determinants to tailor individual exercise programs (33) as exercise response may differ depending on the molecular cancer signature, patient characteristics and treatment phase. In the advent of targeted therapy and precision oncology, the implementation of precision sports cardio-oncology seems to be a logical and necessary next step to further improve clinical outcome and survival beyond cancer-specific therapy. Assessment of VO2peak determinants during exercise testing can be achieved by the gold standard invasive right heart catheterization or exercise magnetic resonance imaging, which are neither feasible during daily routine, nor cost-effective (18, 33). A feasible approach in sports cardiology is simultaneous cardiopulmonary exercise testing (CPET) with capillary blood gas analysis from the ear lobe and stress echocardiography. This approach can determine stroke volume increase, heart rate development and arteriovenous oxygen difference in one exam. Physicians may be able to reveal early signs of cardiotoxicity and cancer therapy-related cardiac dysfunction (e.g. exercise-induced decline of left ventricular ejection fraction or global longitudinal strain), which may not be manifest during resting echocardiography. We present a new approach as a clinically feasible way to analyze the entire oxygen cascade in one exam during sports cardio-oncological routine, which provides a deeper insight into exercise pathophysiology of cancer patients than established approaches and provides the basis for tailored, individualized exercise prescriptions.

Long-term adherence to exercise is a major concern in cancer patients. This is also due to limited availability of rehabilitation and training facilities for on-site training and a lack of transition protocols from supervised on-site training to home-based or telemedicine-supported offers. We provide a proposal to accomplish this transition in sports cardio-oncological care.

Contemporary cancer therapy has led to a reduction of cardiotoxicity and CTRCD by applying reduced dosage of cardiotoxic chemotherapy, more efficient and targeted therapy as well as advanced cardiac-sparing radiation techniques (e.g. respiratory motion management) (27, 34). Our approach of repetitive, simultaneous CPET and stress echocardiography stresses the potential of early detection of cardiotoxicity and CTRCD. Our proposal of exercise intervention and repetitive adaptation of exercise prescriptions may have the potential to further reduce CTRCD and cardiotoxicity on top of state-of-the-art cancer therapy.





2 Methods



2.1 A holistic approach to facilitate long-term care for cancer patients

We propose an interdisciplinary approach which is being launched at our university medical school facility to facilitate long-term holistic care of patients diagnosed with cancer. The aim is to ensure long-term adherence to lifestyle modifications and exercise training, which has been shown to be a major obstacle for preservation of health in patients after successful cancer treatment (35). This effect of waning of CRF after leaving a structured, on-site exercise program has also been observed in patients with heart failure with preserved ejection fraction (36). In addition, exercise trials in cancer and heart failure patients have demonstrated that adherence to exercise training is key to VO2peak improvement (18, 37).

Our “cancer team” consists of medical oncologists, radiation oncologists, urologists, gastroenterologists, hematologists, cardiologists, sports scientists, psychologists, physiotherapists, and nutrition experts who repetitively meet in a board-like fashion not only to schedule medical and radiation cancer therapy, but to integrate exercise and nutrition into the treatment algorithms from the prehabilitation to the neoadjuvant, adjuvant and long-term maintenance phase (Figure 1).
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Figure 1 | Oxygen cascade from mouth-to-mitochondrion. During cancer therapy, impairment can occur at any level. Images created with biorender.com and smart.servier.com.

Sports cardiological surveillance includes repetitive testing of cardiac biomarkers, echocardiographic assessment of cardiac function at rest to detect early signs of new onset cardiovascular risk factors, CTRCD, cardiotoxicity and heart failure. CPET is used to determine exercise training intensity levels in the individual treatment phase and provide objective measures of progress. However, CPET, used simultaneously with stress echocardiography to analyze wall motion abnormalities, stroke volume reserve during exercise, dynamic valve pathologies, or signs of exercise-induced pulmonary hypertension (e.g. triggered by tyrosine kinase inhibitors), also elucidates cardiopulmonary limitations which warrant further clinical investigation before cancer therapy can be continued. By combining CPET (including flow-volume curves to assess hyperinflation and dynamic airway obstruction), blood gas analysis and stress echocardiography, the oxygen cascade can be analyzed entirely in a time- and cost-efficient way (Figure 2). This combined approach gaining individual real-time information on the entire oxygen cascade in one exam has not been established in exercise oncology. Early cancer or therapy-induced impairments can thus be detected.

[image: Flowchart illustrating the process of patient care from diagnosis to long-term maintenance. Key stages include neoadjuvant, therapy, adjuvant, prehabilitation, and rehabilitation. Icons represent medical treatments, physical exercises, and bodily improvements. Improvements listed are VO2 peak, cognition, and reductions in polyneuropathy, cachexia, sarcopenia, osteoporosis, and edema. Arrows and clocks indicate progression and time.]
Figure 2 | Concept of long-term sports intervention during the phases of cancer treatment. Upon cancer diagnosis prehabilitation is started to facilitate response to cancer treatment following initial sports cardiological assessment. Reduction of exercise capacity can be caused by pulmonary, cardiac, circulatory, and peripheral limitations, which can all be positively influenced by exercise training. Exercise training always integrates aspects of endurance, resistance and balance training. During neoadjuvant and adjuvant therapy (consisting of hormone-, chemo-, and immunotherapy as well as surgery and radiation therapy; the process of bone marrow transplantation is also supported by exercise intervention) exercise training is continued in an in- and outpatient setting. By induction of maintenance therapy patients enter the rehabilitation phase. Here, continued sports cardiological follow-ups are performed to ensure adherence to long-term exercise training. All these measures should lead to preservation and even improvement of peak oxygen consumption (VO2peak), increase cognition and reduce cachexia, sarcopenia, osteopenia, polyneuropathy and peripheral edema. Images created with biorender.com and smart.servier.com. VO2peak: Peak oxygen consumption.

Findings of initial and follow-up sports cardiological examinations (SCE), which are performed in every phase, are discussed on an interdisciplinary board (SportsCardioOncology Board), including oncological specialists (hematology, gastroenterology, gynecology, urology, medical and radiation oncologist), cardiologists, sports scientists, and experts from genetics, nursing, psychology and nutrition (Figure 3). If contraindications for exercise training are detected, further diagnostics (e.g. left/right heart catheterization, magnetic resonance imaging) are initiated (27, 39).

[image: Flowchart depicting the timeline of sports cardio-oncology care, showing stages of prehabilitation, cancer therapy, rehabilitation, and long-term maintenance. Each stage is connected to the Sports Cardio-Oncology Board, which includes oncology, cardiology, and more. Evaluations at each stage involve SCE tools like cardiac biomarkers, ECG, TTE, CPET, and strength/balance tests leading to exercise recommendations.]
Figure 3 | Workflow of the SportsCardioOncology Board. In all phases patients are discussed in the interdisciplinary board, which consists of several medical and paramedical disciplines. A sports-cardiological examination (SCE) is performed after every board meeting and results are reported back to the board (arrows). SCE consists of a cardiological baseline examination of cardiac biomarkers and, if not previously available, measurement of a lipid panel and glucose. A blood pressure profile is performed at the initial presentation according to current guidelines on hypertension (38). Resting echocardiography routinely assesses global longitudinal strain (GLS). At first visit, carotid sonography aims to reveal the plaque burden. Cardiopulmonary exercise testing (CPET) including flow-volume curves and blood gas analysis aims to delineate exercise-induced limitations. If indicated, simultaneous stress echocardiography is added to analyze wall motion abnormalities, signs of pulmonary hypertension and dynamic valve pathologies. Based on these findings tailored exercise recommendations are provided. SCE also includes testing of strength, balance and overall physical performance tests. CPET, Cardiopulmonary exercise testing; GLS, Global longitudinal strain; SCE, Sports-cardiological examination. Images created with biorender.com.




2.2 Individual contributions in the cancer team

Each member of the “cancer team” is informed on the baseline sports cardio-oncological assessment. Results are presented by the sports cardiologist and sports scientist. A proposal for an individualized exercise program for endurance, resistance and balance training is provided by the sports scientist and physiotherapists and a selection of exercises is displayed. The medical and radiation oncologist as well as an oncological surgeon comment on the feasibility of the exercises from a medical perspective. This is important because during surgery or radiation therapy muscles involved in the field of radiation or surgery may be more vulnerable to injuries. Feasibility of each individual exercise is discussed among these disciplines. Especially in patients with prostate cancer and bone metastases, discussion of feasibility of resistance training with medical and radiation oncologists as well as surgeons is essential to deliver the beneficial effects of exercise and prevent injuries.

Psychologists also comment on the workload of exercise. Exercise interventions are also given to cancer patients receiving palliative treatment who sometimes also need psychological support. Psychologists discuss whether the proposed exercise workload could induce excessive psychological stress in the patient.

Nutrition experts design recommendations based on the prescribed exercise intervention. This is of particular importance since caloric turnover needs to consider the amount of exercise. Resistance training is an essential part of exercise in cancer patients to mitigate the effects of cachexia and sarcopenia. Supplementation of macronutrients (especially amino acids) is calculated by considering the exercise workload.




2.3 Implementation of repetitive re-assessment and exercise prescription from pre-to rehabilitation

The periodization process to re-assess performance is applied before prehabilitation, during neoadjuvant and adjuvant treatment and, dependent on the patients´ risk profile, during long-term follow-up to ensure optimal benefits (18). Though initial sports consultations are usually required in an inpatient setting, outpatient services are provided in the form of on-site training guided by a sports scientist, telemedicine-based, supervised exercise training, and provision of exercise samples deposited at our website (Figure 4). The latter should serve as a compendium for patients to recapitulate exercises at home. Explanations are provided for patients on the correct movement execution and the aim of the exercise (educational aspect). The transition from supervised, on-site training to achieve self-directed training at home is a prerequisite to attain long-term adherence to exercise training and is facilitated by our approach. We included app-based training models to support home-based training in our cancer patients. Ahead of us there is an urgent need to further integrate remote (40) and app-based (41) training models into cancer care.

[image: Panel A shows a person in a pelvis lift position, lying on their back with legs raised. Panel B depicts a side plank, with one arm and leg extended horizontally. Both are performed on a red exercise mat.]
Figure 4 | Online compendium of exercise for home-based training in the maintenance phase. Each exercise is explained, and pitfalls of incorrect performance are illustrated. (A) Dynamic exercise, pelvis lift: The pelvis is lifted slowly to strengthen the abdominal muscles. (B) Isometric exercise, side plank: The upper body must be stabilized. All exercises are available in three degrees of severity. Permission obtained from participants.

After clearance from the sports cardiologist repetitive testing is performed for endurance, strength and balance capacities. While endurance capacities are tested with bicycle-based CPET according to current guidelines (42–44), strength capacities are tested with machines for the main upper and lower body muscle groups. In addition, isometric tests, such as “planks” and the “squat position” are used to measure the time to uphold a technically correct position (Figures 5A, B). In more compromised frail patients, the Short Physical Performance Battery and the Timed Up & Go tests are applied as they have shown to correlate with survival in cancer patients (45).

[image: A group of five images demonstrating various activities. Panel A: A person performs a wall sit exercise, leaning against a wall. Panel B: A person in a plank position on a red mat. Panel C: A person dressed in white standing on a blue balance board with arms extended. Panel D: The same person balancing on one leg on the balance board. Panel E: A laptop screen shows a cursor movement task, with two charts below depicting circular paths traced over time.]
Figure 5 | Testing of isometric strength and balance. Isometric strength is tested by holding a position as long as possible: (A) Squat position, (B) plank position. Balance is assessed by measuring two-legged (C) and one-legged (D) movement excursion, which can be graphically and numerically displayed (E). Permission obtained from participants.

Balance capacities are tested on a balance board (two-legged and one-legged, Figures 5C, D), movement excursions can be measured directly (Figure 5E).

Monitoring of heart rate (e.g. with smart watches) during the training process is desirable. Exercise training in all modalities is implemented in a stepwise approach. The concept of “start low and go slow” should be applied for all modes of training. Each training session contains a warm-up and cool down phase and features components of balance, endurance and strength exercises. Each session should start with:

	A short coordination, vibration and balance block, which should help to antagonize fatigue, osteopenia, polyneuropathic symptoms and foster neuromuscular coordination (46, 47).

	Endurance training is added: At the beginning of a chemo cycle intensity is low and should clearly be within the aerobic exercise intensity corridor (elected around the first ventilatory threshold (VT1) from CPET), duration should be short e.g. 5–10 min per session, increases of exercise intensity should, depending on the patient`s response, be steered through increasing frequency (e.g. two short sessions of walking/day with 5 minutes each, rather than 10 minutes once/day). As a chemo cycle progresses, both intensity (up or even above the second ventilatory threshold (VT2)) and duration e.g. 15 min per day may be increased, if lower intensities have been tolerated well by the patient. Importantly, variation should be applied in every session using elements of moderate continuous training as well as adapted (short intervals) higher intensity interval training of up to 80% of maximal exercise capacity (“adapted HIIT”). The typical “Norwegian model” of HIIT (48) (4 minute intervals at >90% maximal exercise capacity) proposed in heart failure patients does not seem to be suitable for cancer patients during chemotherapy as systemic lactate clearance may be severely compromised during this period, which may hinder active recovery (49). Thus, adapted HIIT with short intervals of 30–60 seconds (and up to two minutes of recovery) at slightly higher exercise intensities than moderate intensities may be more suitable (50).

	Resistance training needs to be integrated from the very beginning to counteract sarcopenia, osteopenia, incontinence, and improve muscular impairment. Resistance training, when performed on machines, is mostly performed in a supervised setting. Initiation of training needs to focus on adequate technical performance to reduce the risk of injuries by using elastic bands and machines focusing on a small set of involved working muscles (50-60% of the one-repetition maximum, 1 RPM, up to 20 repetitions). The 1 RPM is usually estimated since direct measurement of maximal load may not be feasible in all facilities. In a second step, intensity can be increased reaching 70-80% of 1 RPM at 10–12 repetitions. With increasing exercise experience, dumbbells may be included to better stimulate inter- and intramuscular coordination. Integration of exercises using kinematic chains may follow in experienced cancer patients. Most importantly, resistance exercises may also be performed home-based daily including exercises with small weights or own body load e.g. squats without or with small weights.






2.4 Maintenance phase

Maintenance training is supported by the oncological clinics and the sports cardiological department at our university. Sports scientists are employed to ensure long-term adherence to exercise by offering exercise counseling for cancer patients. This includes advice on outpatient contacts to physiotherapists specialized in cancer patients as well as education on the role of exercise to treat cancer-related side effects, such as incontinence, fatigue, polyneuropathy, obstipation and depression (sports scientific consultation hour). In- and outpatient exercise training is offered on site by sports scientists. Moreover, the university hospital program is closely connected to physiotherapy facilities within the greater urban area with knowledge and expertise in specifically treating cancer patients in different outpatient phases. Furthermore, patients are educated to consult our website to recapitulate the exercises on balance and flexibility, cardio and resistance training (www.sport.mri.tum.de) and provide a smooth transfer from supervised on-site to home-based self-guided training. This training can be supported by telemedicine-based, supervised training. In our experience, referring to the opportunity of supported training at home early in the treatment process, fosters self-determined exercise and improves long-term adherence.





3 Discussion

We present a novel approach of repetitive cardiopulmonary exercise stress testing of the entire oxygen cascade and analysis of the determinants of VO2peak to unmask individual exercise limitations. We thus transfer a sport scientific periodization model to cancer patients. Our approach is new in several ways (1): Our interdisciplinary approach with feedback of exercise testing results to the treating surgeons, medical and radiation oncologists could facilitate adaptations of treatment regimens to prevent CTRCD, cardiotoxicity and heart failure. (2) Early signs of cardiotoxicity, CTRCD or heart failure may only become visible during exercise testing. By detecting early signs of dysfunction, adaptation of cancer therapy regimens may further reduce the risk of adverse events on top of optimized medical and radiation treatment. (3) In a time of precision medicine and oncology our exercise testing protocol of the entire oxygen cascade provides a tool to create a “cardiopulmonary exercise signature” of each cancer patient. As cancers with different molecular signatures may respond differently to exercise stimuli, exercise prescriptions need to be based on these findings. Resistance training is an effective tool to improve arteriovenous oxygen difference (37, 51), which is often hampered in cancer patients (52, 53). Detection of this limitation can result in focusing exercise prescriptions on resistance training. On the other hand, failure to improve stroke volume and heart rate reserve (central limitations) during simultaneous stress echocardiography and CPET testing may require further cardiological assessment to unmask underlying structural heart disease or cardiovascular disease. In addition, exercise prescriptions to improve central limitations could include a higher amount of endurance training using elements of moderate-continuous, but also short bouts of high intensity training (18, 54). In summary, we present a sports cardio-oncological approach of precision medicine to prescribe exercise based on the individual exercise response of the entire cardiopulmonary system, rather than endurance exercise prescriptions based only on VO2peak. Our approach should be implemented into future exercise oncology studies to delineate whether different cancer entities and molecular signatures require specific exercise interventions.

Our approach highlights the need for early involvement of cardiologists in high risk patients, as suggested by current cardio-oncological guidelines (27), but extends current suggestions from resting echocardiography and cardiac biomarkers to patient assessment during stress conditions. Both CPET and stress echocardiography are feasible tools in daily sports cardiological routine and bear great potential to be implemented into exercise oncology. In summary, our approach provides novel aspects of exercise prescriptions, which are continuously adapted and reported to the treating physicians. Using this “exercise signature” of the entire oxygen cascade in cancer patients to steer exercise prescriptions is novel and requires further studies to achieve a reduction in cardiotoxicity, CTRCD and heart failure.



3.1 Next research steps

Our approach is currently being tested in a single-center, randomized controlled exercise intervention trial in triple negative breast cancer patients undergoing neoadjuvant anthracycline-based and immune checkpoint inhibitor therapy (Exercise in regional breast cancer with neoadjuvant Anthracycline-based ChemoTherapy with Immune Checkpoint-Inhibition (ExACT-ICI): A prospective randomized controlled trial, NCT06672120) (55). The ExACT-ICI trial is a prospective single-center study randomizing (1:1) 120 TNBC patients (stage I-III, age 18-65) before initiating anthracycline (AC)-based chemotherapy plus pembrolizumab into 1.) Exercise Training (ET) or 2.) Usual Care. ET participants will perform video-supervised sessions (endurance, resistance, balance) 5x/week during 24-week treatment, monitored via smartwatch. Both groups will undergo detailed cardiological assessment (combined cardiopulmonary exercise testing and stress echocardiography) and strength/balance assessments at baseline, 6, 12, and 24 weeks. The primary outcome is VO2peak change from baseline to 24 weeks (a difference of 2mL/kg/min is deemed significant, power 90%), with secondary outcomes including changes of cardiac biomarkers, echocardiographic variables, quality of life, strength, balance and adverse cardiac events (incidence of cardiotoxicity, immune checkpoint associated myocarditis, CTRCD, cardiovascular events, atrial and ventricular arrhythmias, and heart failure hospitalizations) through follow-up of 52 weeks. Eligibility for study inclusion is assessed in our interdisciplinary board. Exercise prescriptions and follow-up adhere to our proposal depicted in this manuscript. We hope that this study will help to further establish our approach in sports cardio-oncological care and can be extended to other cancer entities.




3.2 Challenges and limitations of exercise oncology in clinical routine

Costs are a considerable limitation in exercise oncology. Our approach using CPET and stress echocardiography is feasible in our facility due to our experience in performing high-volume exercise testing (37, 51, 56). We admit that this may not be reproducible in other centers. As the role of exercise as a cancer drug to improve mortality has been demonstrated (9), contracts with insurance companies need to be made to lower costs. In addition, detailed exercise prescriptions may be restricted to cancer patients at high risk for adverse events, which can be assessed by the validated HFA-ICOS score (27, 57) prior to treatment initiation. Our approach to provide a transition from supervised on-site to home-based supervision should increase adherence to long-term exercise, also supported by provision of exercises on demand for self-directed training (www.sport.mri.tum.de). It needs to be considered though, that home-based training may not be applicable to all cancer entities, especially those with poor prognosis or a high number of comorbidities. Thus, it will remain at the discretion of the sports cardiologist to select the most appropriate training approach for each patient.





4 Conclusions

We present an interdisciplinary periodization approach as a potential role model for long-term cancer care which could be implemented on a larger scale following studies demonstrating a further reduction of CTRCD, cardiotoxicity and heart failure through exercise on top of state-of-the-art cancer therapy. Tailoring repetitive exercise prescriptions based on impairments in VO2peak determinants is key to success and should be part of precision sports cardio-oncology. This can be achieved by implementation of simultaneous CPET and stress echocardiography, a clinically feasible assessment to analyze the entire oxygen cascade during exercise. We highlight that early education on self-determined exercise is key in a time of short financial resources and limited availability of cancer sports groups and physiotherapists. Ensuring a smooth transition from in-hospital, supervised training to home-based, remote and app-supported training will be the future of exercise training in cancer. Judging from the undoubted beneficial effect of exercise the time may be ripe to implement the concept of a SportsCardioOncology Board into the oncological routine to better adapt exercise, medical, surgical and radiation treatment regimens over time as part of the precision medicine concept and further improve survival of cancer patients.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Ethics statement

Ethical approval was not required for the study involving humans in accordance with the local legislation and institutional requirements. Written informed consent to participate in this study was not required from the participants or the participants’ legal guardians/next of kin in accordance with the national legislation and the institutional requirements. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.





Author contributions

SW: Visualization, Project administration, Resources, Writing – review & editing, Conceptualization, Writing – original draft. CF: Writing – review & editing, Conceptualization, Methodology. BM: Visualization, Writing – review & editing, Methodology, Formal analysis. LK: Writing – review & editing, Investigation, Project administration, Visualization. SGl: Writing – review & editing, Resources, Visualization, Conceptualization, Methodology. EM: Investigation, Writing – review & editing, Project administration, Visualization. SGr: Conceptualization, Writing – review & editing. MK: Writing – review & editing, Conceptualization. HA: Writing – review & editing, Methodology, Conceptualization. FB: Resources, Writing – review & editing. SC: Methodology, Writing – review & editing, Conceptualization. JG: Methodology, Writing – review & editing, Conceptualization. MHay: Supervision, Writing – review & editing, Investigation. MHal: Writing – review & editing, Project administration, Supervision.





Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.




Acknowledgments

Images were created with biorender.com and smart.servier.com.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





References

	 Wernhart S, Rassaf T. Exercise, cancer, and the cardiovascular system: clinical effects and mechanistic insights. Basic Res Cardiol. (2024) 120:35–55. doi: 10.1007/s00395-024-01034-4, PMID: 38353711


	 Kaminsky LA, Arena R, Beckie TM, Brubaker PH, Church TS, Forman DE, et al. The importance of cardiorespiratory fitness in the United States: the need for a national registry: a policy statement from the American Heart Association. Circulation. (2013) 127:652–62. doi: 10.1161/CIR.0b013e31827ee100, PMID: 23295916


	 Fardman A, Banschick GD, Rabia R, Percik R, Fourey D, Segev S, et al. Cardiorespiratory fitness and survival following cancer diagnosis. Eur J Prev Cardiol. (2021) 28:1242–9. doi: 10.1177/2047487320930873, PMID: 34551084


	 Lahart IM, Metsios GS, Nevill AM, Carmichael AR. Physical activity, risk of death and recurrence in breast cancer survivors: A systematic review and meta-analysis of epidemiological studies. Acta Oncol. (2015) 54:635–54. doi: 10.3109/0284186X.2014.998275, PMID: 25752971


	 Iyengar NM, Scott JM, Lee J, Lavery JA, Foug KL, Lee CP, et al. Effects of exercise therapy on chemotherapy delivery and response in primary breast cancer: A secondary analysis of a randomized trial. Cancer. (2025) 131:e35575. doi: 10.1002/cncr.35575, PMID: 39306704


	 Jones LW, Habel LA, Weltzien E, Castillo A, Gupta D, Kroenke CH, et al. Exercise and risk of cardiovascular events in women with nonmetastatic breast cancer. J Clin Oncol. (2016) 34:2743–9. doi: 10.1200/JCO.2015.65.6603, PMID: 27217451


	 Okwuosa TM, Ray RM, Palomo A, Foraker RE, Johnson L, Paskett ED, et al. Pre-diagnosis exercise and cardiovascular events in primary breast cancer: women’s health initiative. JACC Cardio Oncol. (2019) 1:41–50. doi: 10.1016/j.jaccao.2019.08.014, PMID: 34396161


	 Palomo ARR JL, Paskett E, Caan B, Jones L, Okwuosa T. Associations between exercise prior to and around the time of cancer diagnosis and subsequent cardiovascular events in women with breast cancer: A women`s health initiative (WHI) analysis. J Am Coll Cardiol. (2017) 69:1774.


	 Courneya KS, Vardy JL, O’Callaghan CJ, Gill S, Friedenreich CM, Wong RKS, et al. Structured exercise after adjuvant chemotherapy for colon cancer. N Engl J Med. (2025) 393:13–25. doi: 10.1056/NEJMoa2502760, PMID: 40450658


	 Groarke JD, Payne DL, Claggett B, Mehra MR, Gong J, Caron J, et al. Association of post-diagnosis cardiorespiratory fitness with cause-specific mortality in cancer. Eur Heart J Qual Care Clin Outcomes. (2020) 6:315–22. doi: 10.1093/ehjqcco/qcaa015, PMID: 32167560


	 Jiao Q, Xu B, Meng C, Xu F, Li S, Zhong J, et al. Effectiveness of aerobic exercise intervention on cardiovascular disease risk in female breast cancer: a systematic review with meta-analyses. BMC Public Health. (2024) 24:3355. doi: 10.1186/s12889-024-20592-9, PMID: 39623369


	 Johansen SH, Wisløff T, Edvardsen E, Kollerud ST, Jensen JSS, Agwu G, et al. Effects of systemic anticancer treatment on cardiorespiratory fitness: A systematic review and meta-analysis. JACC Cardio Oncol. (2025) 7:96–106. doi: 10.1016/j.jaccao.2024.11.004, PMID: 39967210


	 Jones LW, Courneya KS, Mackey JR, Muss HB, Pituskin EN, Scott JM, et al. Cardiopulmonary function and age-related decline across the breast cancer survivorship continuum. J Clin Oncol. (2012) 30:2530–7. doi: 10.1200/JCO.2011.39.9014, PMID: 22614980


	 Beaudry RI, Haykowsky MJ, MacNamara JP, Tucker WJ, Rao R, Haley B, et al. Cardiac mechanisms for low aerobic power in anthracycline treated, older, long-term breast cancer survivors. Cardiooncology. (2022) 8:8. doi: 10.1186/s40959-022-00134-1, PMID: 35410444


	 Casanovas-Álvarez A, Estanyol B, Ciendones M, Padròs J, Cuartero J, Barnadas A, et al. Effectiveness of an exercise and educational-based prehabilitation program in patients with breast cancer receiving neoadjuvant chemotherapy (PREOptimize) on functional outcomes: A randomized controlled trial. Phys Ther. (2024) 104. doi: 10.1093/ptj/pzae151, PMID: 39423256


	 Antunes P, Joaquim A, Sampaio F, Nunes C, Ascensão A, Vilela E, et al. Exercise training benefits health-related quality of life and functional capacity during breast cancer chemotherapy: A randomized controlled trial. Med Sci Sports Exerc. (2024) 56:600–11. doi: 10.1249/MSS.0000000000003341, PMID: 38051110


	 Antunes P, Joaquim A, Sampaio F, Nunes C, Ascensão A, Vilela E, et al. Effects of exercise training on cardiac toxicity markers in women with breast cancer undergoing chemotherapy with anthracyclines: a randomized controlled trial. Eur J Prev Cardiol. (2023) 30:844–55. doi: 10.1093/eurjpc/zwad063, PMID: 36857149


	 Foulkes SJ, Howden EJ, Haykowsky MJ, Antill Y, Salim A, Nightingale SS, et al. Exercise for the prevention of anthracycline-induced functional disability and cardiac dysfunction: the BREXIT study. Circulation. (2023) 147:532–45. doi: 10.1161/CIRCULATIONAHA.122.062814, PMID: 36342348


	 Kirkham AA, Mackey JR, Thompson RB, Haykowsky MJ, Oudit GY, McNeely M, et al. TITAN trial: A randomized controlled trial of a cardiac rehabilitation care model in breast cancer. JACC Adv. (2023) 2:100424. doi: 10.1016/j.jacadv.2023.100424, PMID: 38939428


	 Hiensch AE, Depenbusch J, Schmidt ME, Monninkhof EM, Pelaez M, Clauss D, et al. Supervised, structured and individualized exercise in metastatic breast cancer: a randomized controlled trial. Nat Med. (2024) 30:2957–66. doi: 10.1038/s41591-024-03143-y, PMID: 39054374


	 Rashid FA, Anwar W, Kandakurti PK, Al Qawasmeh KHA, Latif MF, Tirmazy SH, et al. Physical rehabilitation program for cardiorespiratory health and quality of life among breast cancer survivors in UAE: a randomized control trial. BMC Cancer. (2025) 25:705. doi: 10.1186/s12885-025-14005-2, PMID: 40241061


	 Bettariga F, Taaffe DR, Crespo-Garcia C, Clay TD, Galvão DA, Newton RU. Effects of resistance training vs high intensity interval training on body composition, muscle strength, cardiorespiratory fitness, and quality of life in survivors of breast cancer: a randomized trial. Breast Cancer Res Treat. (2025) 210:261–70. doi: 10.1007/s10549-024-07559-5, PMID: 39557768


	 Soriano-Maldonado A, Díez-Fernández DM, Esteban-Simón A, Rodríguez-Pérez MA, Artés-Rodríguez E, Casimiro-Artés MA, et al. Effects of a 12-week supervised resistance training program, combined with home-based physical activity, on physical fitness and quality of life in female breast cancer survivors: the EFICAN randomized controlled trial. J Cancer Surviv. (2023) 17:1371–85. doi: 10.1007/s11764-022-01192-1, PMID: 35314958


	 Vikmoen O, Strandberg E, Svindland KV, Henriksson A, Mazzoni AS, Johansson B, et al. Effects of heavy-load strength training during (neo-)adjuvant chemotherapy on muscle strength, muscle fiber size, myonuclei, and satellite cells in women with breast cancer. FASEB J. (2024) 38:e23784. doi: 10.1096/fj.202400634R, PMID: 38953567


	 Ma ZY, Yao SS, Shi YY, Lu NN, Cheng F. Effect of aerobic exercise on cardiotoxic outcomes in women with breast cancer undergoing anthracycline or trastuzumab treatment: a systematic review and meta-analysis. Support Care Cancer. (2022) 30:10323–34. doi: 10.1007/s00520-022-07368-w, PMID: 36322246


	 Yu AF, Flynn JR, Moskowitz CS, Scott JM, Oeffinger KC, Dang CT, et al. Long-term cardiopulmonary consequences of treatment-induced cardiotoxicity in survivors of ERBB2-positive breast cancer. JAMA Cardiol. (2020) 5:309–17. doi: 10.1001/jamacardio.2019.5586, PMID: 31939997


	 Lyon AR, López-Fernández T, Couch LS, Asteggiano R, Aznar MC, Bergler-Klein J, et al. 2022 ESC Guidelines on cardio-oncology developed in collaboration with the European Hematology Association (EHA), the European Society for Therapeutic Radiology and Oncology (ESTRO) and the International Cardio-Oncology Society (IC-OS). Eur Heart J. (2022) 43:4229–361. doi: 10.1093/eurheartj/ehac244, PMID: 36017568


	 Soldato D, Michiels S, Havas J, Di Meglio A, Pagliuca M, Franzoi MA, et al. Dose/exposure relationship of exercise and distant recurrence in primary breast cancer. J Clin Oncol. (2024) 42:3022–32. doi: 10.1200/JCO.23.01959, PMID: 38838281


	 Puklin LS, Ferrucci LM, Harrigan M, McGowan C, Zupa M, Cartmel B, et al. Improving lifestyle behaviors during chemotherapy for breast cancer: The Lifestyle, Exercise, and Nutrition Early After Diagnosis (LEANer) Trial. Cancer. (2024) 130:2440–52. doi: 10.1002/cncr.35280, PMID: 38470431


	 Touraine C, Jacot W, Gourgou S, Carayol M, Senesse P, Ninot G, et al. Impact of adapted physical activity and diet counselling on health-related quality of life in women undergoing adjuvant breast cancer therapy. Sci Rep. (2025) 15:8215. doi: 10.1038/s41598-025-91569-w, PMID: 40064980


	 Foulkes SJ, Haykowsky MJ, Li T, Wang J, Kennedy M, Kirkham AA, et al. Determinants of impaired peak oxygen uptake in breast cancer survivors: JACC: cardioOncology primer. JACC Cardio Oncol. (2024) 6:33–7. doi: 10.1016/j.jaccao.2023.11.005, PMID: 38510287


	 Kirkham AA, Haykowsky MJ, Beaudry RI, Grenier JG, Mackey JR, Pituskin E, et al. Cardiac and skeletal muscle predictors of impaired cardiorespiratory fitness post-anthracycline chemotherapy for breast cancer. Sci Rep. (2021) 11:14005. doi: 10.1038/s41598-021-93241-5, PMID: 34234163


	 Wernhart S, Fiorentini C, Halle M. Exercise training in breast cancer survivors: A call for a mechanistic understanding of exercise physiology. JACC Cardio Oncol. (2025) 7:427–9. doi: 10.1016/j.jaccao.2025.05.004, PMID: 40537191


	 Chan MF, Parikh D, Shi C. Narrative review: cardiotoxicities and cardiac-sparing techniques in radiotherapy. Technol Cancer Res Treat. (2024) 23:15330338241301211. doi: 10.1177/15330338241301211, PMID: 39636079


	 Anandavadivelan P, Mijwel S, Wiklander M, Kjoe PLM, Luijendijk M, Bergh J, et al. Five-year follow-up of the OptiTrain trial on concurrent resistance and high-intensity interval training during chemotherapy for patients with breast cancer. Sci Rep. (2024) 14:15333. doi: 10.1038/s41598-024-65436-z, PMID: 38961182


	 Upadhya B, Brubaker PH, Nicklas BJ, Houston DK, Haykowsky MJ, Kitzman DW. Long-term changes in body composition and exercise capacity following calorie restriction and exercise training in older patients with obesity and heart failure with preserved ejection fraction. J Card Fail. (2025) 31:497–507. doi: 10.1016/j.cardfail.2024.06.007, PMID: 38971299


	 Edelmann F, Wachter R, Duvinage A, Mueller S, Fegers-Wustrow I, Schwarz S, et al. Combined endurance and resistance exercise training in heart failure with preserved ejection fraction: a randomized controlled trial. Nat Med. (2025) 31:306–14. doi: 10.1038/s41591-024-03342-7, PMID: 39747684


	 McEvoy JW, McCarthy CP, Bruno RM, Brouwers S, Canavan MD, Ceconi C, et al. 2024 ESC Guidelines for the management of elevated blood pressure and hypertension. Eur Heart J. (2024) 45:3912–4018. doi: doi: 10.1093/eurheartj/ehae178, PMID: 39210715


	 Herrmann J. Adverse cardiac effects of cancer therapies: cardiotoxicity and arrhythmia. Nat Rev Cardiol. (2020) 17:474–502. doi: 10.1038/s41569-020-0348-1, PMID: 32231332


	 Weemaes ATR, Sieben JM, Beelen M, Mulder L, Lenssen AF. Determinants of physical activity maintenance and the acceptability of a remote coaching intervention following supervised exercise oncology rehabilitation: a qualitative study. J Cancer Surviv. (2025) 19:149–61. doi: 10.1007/s11764-023-01455-5, PMID: 37733263


	 Kennedy F, Smith S, Beeken RJ, Buck C, Williams S, Martin C, et al. An app-based intervention with behavioral support to promote brisk walking in people diagnosed with breast, prostate, or colorectal cancer (APPROACH): process evaluation study. JMIR Cancer. (2025) 11:e64747. doi: 10.2196/64747, PMID: 39928926


	 Guazzi M, Wilhelm M, Halle M, Van Craenenbroeck E, Kemps H, de Boer RA, et al. Exercise testing in heart failure with preserved ejection fraction: an appraisal through diagnosis, pathophysiology and therapy - A clinical consensus statement of the Heart Failure Association and European Association of Preventive Cardiology of the European Society of Cardiology. Eur J Heart Fail. (2022) 24:1327–45. doi: 10.1002/ejhf.2601, PMID: 35775383


	 Corrà U, Agostoni PG, Anker SD, Coats AJS, Crespo Leiro MG, de Boer RA, et al. Role of cardiopulmonary exercise testing in clinical stratification in heart failure. A position paper from the Committee on Exercise Physiology and Training of the Heart Failure Association of the European Society of Cardiology. Eur J Heart Fail. (2018) 20:3–15. doi: 10.1002/ejhf.979, PMID: 28925073


	 Guazzi M, Arena R, Halle M, Piepoli MF, Myers J, Lavie CJ. 2016 Focused update: clinical recommendations for cardiopulmonary exercise testing data assessment in specific patient populations. Circulation. (2016) 133:e694–711. doi: 10.1161/CIR.0000000000000406, PMID: 27143685


	 Verweij NM, Schiphorst AH, Pronk A, van den Bos F, Hamaker ME. Physical performance measures for predicting outcome in cancer patients: a systematic review. Acta Oncol. (2016) 55:1386–91. doi: 10.1080/0284186X.2016.1219047, PMID: 27718777


	 Kneis S, Wehrle A, Müller J, Maurer C, Ihorst G, Gollhofer A, et al. It’s never too late - balance and endurance training improves functional performance, quality of life, and alleviates neuropathic symptoms in cancer survivors suffering from chemotherapy-induced peripheral neuropathy: results of a randomized controlled trial. BMC Cancer. (2019) 19:414. doi: 10.1186/s12885-019-5522-7, PMID: 31046719


	 Stolzenberg N, Belavý DL, Rawer R, Felsenberg D. Vibration or balance training on neuromuscular performance in osteopenic women. Int J Sports Med. (2013) 34:956–62. doi: 10.1055/s-0033-1334870, PMID: 23549694


	 Tjønna AE, Lee SJ, Rognmo Ø, Stølen TO, Bye A, Haram PM, et al. Aerobic interval training versus continuous moderate exercise as a treatment for the metabolic syndrome: a pilot study. Circulation. (2008) 118:346–54. doi: 10.1161/CIRCULATIONAHA.108.772822, PMID: 18606913


	 Li X, Yang Y, Zhang B, Lin X, Fu X, An Y, et al. Lactate metabolism in human health and disease. Signal Transduct Target Ther. (2022) 7:305. doi: 10.1038/s41392-022-01151-3, PMID: 36050306


	 Klavina A, Ceseiko R, Campa M, Jermolenko GF, Eglitis K, Llorente A, et al. The effect of high-intensity interval training on quality of life and incidence of chemotherapy side effects in women with breast cancer. Integr Cancer Ther. (2024) 23:15347354241297385. doi: 10.1177/15347354241297385, PMID: 39548802


	 Mueller S, Winzer EB, Duvinage A, Gevaert AB, Edelmann F, Haller B, et al. Effect of high-intensity interval training, moderate continuous training, or guideline-based physical activity advice on peak oxygen consumption in patients with heart failure with preserved ejection fraction: A randomized clinical trial. Jama. (2021) 325:542–51. doi: 10.1001/jama.2020.26812, PMID: 33560320


	 Wernhart S, Fiorentini C, Glowka S, Madl B, Grill S, Kiechle M, et al. Evaluating cardiovascular risk factors in breast cancer survivors: The role of echocardiography and cardiopulmonary exercise testing in the Munich Cardio-Oncology-Exercise retrospective Registry. Int J Cardiol. (2025) 436:133421. doi: 10.1016/j.ijcard.2025.133421, PMID: 40425074


	 Haykowsky MJ, Kirkham AA, Li T, Pituskin E, Thompson RB, Paterson DI, et al. Determinants of oxygen utilization in breast cancer: Similarities between heart failure with preserved ejection fraction. Prog Cardiovasc Dis. (2022) 74:45–52. doi: 10.1016/j.pcad.2022.10.005, PMID: 36279949


	 Foulkes SJ, Howden EJ, Pituskin E, Thompson RB, La Gerche A, Haykowsky MJ. A review on the role of exercise training to prevent a decline in cardiorespiratory fitness and cardiac function in breast cancer survivors. J Cardiopulm Rehabil Prev. (2024) 44:5–14. doi: 10.1097/HCR.0000000000000834, PMID: 38032257


	 Murr EGS, Kiechle M, Kraemer A, Madl B, Glowka S, Haller B, et al. Exercise in regional breast cancer with neoadjuvant Anthracycline-based ChemoTherapy with Immune Checkpoint-Inhibition (ExACT-ICI): Study protocol for a prospective randomized controlled trial. BMC Cancer. (2025). submitted.


	 Ellingsen Ø, Halle M, Conraads V, Støylen A, Dalen H, Delagardelle C, et al. High-intensity interval training in patients with heart failure with reduced ejection fraction. Circulation. (2017) 135:839–49. doi: 10.1161/CIRCULATIONAHA.116.022924, PMID: 28082387


	 Butel-Simoes LE, Ngo DTM, Sverdlov AL. Navigating cardiotoxicity risk in cancer therapy: the importance of the HFA-ICOS score. Eur Heart J. (2025) 46:285–7. doi: 10.1093/eurheartj/ehae624, PMID: 39680373







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Wernhart, Fiorentini, Madl, Kuehberger, Glowka, Murr, Grill, Kiechle, Alguel, Bassermann, Combs, Gschwend, Haykowsky and Halle. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-15-1649742-g003.jpg
Prehabilitation

Oncology
Surgery
Radiotherapy
Genetics
Nursery
Physiotherapy

Cardiac biomarkers
ECG

Resting TTE (+GLS)
Carotid sonography
CPET (+/-) stress echo
Strength/balance test

Cancer therapy

Rehabilitation

SportsCardioOncology Board

s &

Cardiac biomarkers
ECG

Resting TTE (+GLS)
CPET (+/-) stress echo
Strength/balance test

& §

Cardiac biomarkers
ECG

Resting TTE (+GLS)
CPET (+/-) stress echo
Strength/balance test

Long-term
maintenance

Cardiology
Sports
Science
Nutrition
Psychology

Cardiac biomarkers
ECG

Resting TTE (+GLS)
CPET (+/-) stress echo
Strength/balance test






OEBPS/Images/fonc-15-1649742-g001.jpg
L Circulation .

Oxygen cascade





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-15-1649742-g005.jpg





OEBPS/Images/fonc-15-1649742-g004.jpg





OEBPS/Images/fonc-15-1649742-g002.jpg
Neoadjuvant Therapy

Cognition 1
Polyneuropathy |
Cachexia |

Sarcopenia |
Osteoporosis |
Edema |

Adjuvant

VE
Q
Rehabilitation

/Q





OEBPS/Images/fonc.2025.1649742_cover.jpg
& frontiers | Frontiers in Oncology

An interdisciplinary approach to ensure
adherence to exercise and potentially
reduce adverse cardiac events in cancer
patients: primers in cardio-oncology





