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Abstract

:

Simple Summary


Disability is a temporary phenomenon for every child, adolescent, and young adult with hematological malignancies during the intensive phases of cancer treatment, but it can become a long-lasting condition for many. Disability is an umbrella term for impairments, activity limitations and participation restrictions, denoting the negative aspects of the interaction between an individual and that individual’s contextual, environmental, and personal factors. Adapted precision-based training programs during cancer treatment are an emerging therapeutic option in pediatric oncology and evaluating the impact of tailored exercise on individuals’ performance is mandatory for adapting exercise/sports activities. Our research showed that a new intermittent and recovery test, the Yo-Yo AD, provided valid information on an individual’s capacity to perform repeated intense exercise and to follow up on the impact of precision-based exercise intervention in childhood hematological malignancies.




Abstract


During cancer treatments in childhood hematological malignancies, reduced exercise tolerance is one of the main hardships. Precision-based training programs help children, adolescents, and young adults and their families to resume regular physical activity, exercise, and sports once they return to their communities after the intensive phases spent in hospital. This study was aimed at verifying whether an intermittent recovery test, the Yo-Yo AD, could provide a simple and valid way to evaluate an individual’s capacity to perform repeated intense exercise and to follow up on the impact of tailored exercise in children, adolescents, and young adults with hematological malignancies. The Yo-Yo AD involved the repetition of several shuttles to muscle exhaustion, at pre-established speeds (walking and slow running). The heart rate (HR) and oxygen saturation (SaO2) were monitored during the test. The total distance and the walking/running ability, measured as the slope of the HR vs. distance correlation, were investigated before (T0) and after 11 weeks (T1) of precision exercise intervention. The Yo-Yo AD was also performed by healthy children (CTRL). Ninety-seven patients (10.58 ± 4.5 years, 46% female) were enrolled. The Yo-Yo AD showed the positive impact of the exercise intervention by increasing the distance covered by the individuals (T0 = 946.6 ± 438.2 vs. T1 = 1352.3 ± 600.6 m, p < 0.001) with a more efficient walking/running ability (T0 = 2.17 ± 0.84 vs. T1 = 1.73 ± 0.89 slope, p < 0.0164). CTRLs performed better (1754.0 ± 444.0 m, p = 0.010). They were equally skillful (1.71 ± 0.27 slope) when compared to the patients after they received the precision-based intervention. No adverse events occurred during the Yo-Yo AD and it proved to be an accurate way of correctly depicting the changes in performance in childhood hematological malignancies.
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1. Introduction


During cancer treatment, children, adolescents, and young adults with hematological malignancies (CAYA-H) face reduced exercise tolerance, which adds a further burden to their health [1,2,3]. Furthermore, CAYA-H’s fate is to become accustomed to decreasing social inclusion opportunities, notably those related to participation in sports training and competition, due to their impaired individual exercise capacity and immunological status [3]. Exercise capacity is still reduced at the end of cancer treatment, after individuals are off therapy for 1 to 5 years, and even after 15 years of follow-up, ultimately limiting individuals’ full self-realization in society and jeopardizing their transition towards adulthood [4,5,6,7,8]. CAYA-H and their families all over the world share a common path of uncertainty after surviving cancer, and experience compromised exercise ability in the long term. As a consequence, their prospects of finding suitable workplaces and/or of performing physical activities, exercises, training, and sports are dramatically narrowed [7].



In 2030, the expected number of CAYA-H in Europe will be around 750,000, but the remarkable resilience of CAYA-H must nonetheless be tested by the legacy of cancer treatment, i.e., chronic diseases impacting their exercise tolerance and quality of life [9,10]. CAYA-H have a higher risk of developing cardiovascular disease [11], reduced pulmonary function [12,13,14,15,16], impaired skeletal muscle oxidative capacity [4,17], and impaired motor nervous function [18]. Furthermore, their reduced bone mineral density and/or blood supply increases their risk of developing osteoporosis [19,20] and osteonecrosis [21,22,23,24]. Each CAYA-H will experience disability directly at some point in his or her life during the intensive phases of cancer treatment; this disability can become a long-lasting condition for many [1,2].



As stated by the World Health Organization (WHO), “disability” is an umbrella term for impairments, activity limitations, and participation restrictions, denoting the negative aspects of the interaction between an individual (with a health condition) and that individual’s contextual (environmental and personal) factors [25]. Disability is neither a simple biological nor a social phenomenon, and must be faced promptly and drastically, as mentioned in the “WHO global disability action plan 2014–2021: better health for all people with disability” [25]. Disability is a global public health issue because people with disability, throughout the course of their life, face widespread barriers to accessing health related services, such as rehabilitation, and have worse health outcomes than people without disability in high- as well as in low-income countries [25]. The action plan calls for member states to remove barriers and strengthen/extend rehabilitation, provide assistive devices, and support community-based rehabilitation. Accordingly, the action plan asks for the enhanced collection of relevant and internationally comparable data on disability research [25].



Adapted precision-exercise-based training programs (PEx) are emerging therapeutic options in pediatric oncology, and they fully encapsulate the directions given by the WHO’s global disability action plan [1,2,3,26,27,28]. PEx are run in hospitals as therapy prescribed by a sports medicine doctor teamed up with the CAYA-H’s pediatricians and performed under exercise scientists’ supervision [29]. The paradigm “exercise as medicine” is fulfilled by PEx, especially when it is started at the very onset of hematological malignancy and applied to the most medically fragile CAYA-H, including hematopoietic stem cell transplantation (HSCT) recipients [2,5,6,26,27,28]. PEx are inclusive in nature and can produce relevant and internationally comparable data by using a careful evaluation of the impact of exercise on physiological and social outcomes.



A new conceptualization of the correct phenotyping of populations before starting a PEx intervention was suggested by Scott et al. (2018), in order to facilitate personalized risk assessment and the development of targeted exercise prescriptions to optimally prevent or manage system toxicity after a cancer diagnosis [30]. Following this rationale, and because the efficiency of our systems is truly understood when the oxidative metabolism pathway is under stress (during an augmented metabolic request), we thought that introducing a performance test would fit with the next generation of precision-based exercise interventions [4]. An exhaustion test can contribute to the correct allocation into a specific phenogroup with a corresponding training protocol [30].



A meticulous approach to tailored exercise/sports programs includes a sensible functional evaluation of every CAYA-H to set the right amount of training, in terms of quality and quantity, exactly as pharmacological treatments are typically prescribed. This is a major challenge for clinical exercise physiologists and pediatricians; however, the reward could be significant, and the CAYA-H disability conversation flaws lessened. The collection of accurate data regarding the follow-up of CAYA-H’s exercise tolerance is not insignificant: due to the pharmacological toxicity related to life-saving treatments and the consequences of being bedridden, they experience a roller-coaster of symptoms that vary from days where PEx is fully manageable to days when severe fatigue is prevalent. The fatigue also affects a patient’s motivation to be evaluated and trained [31,32,33].



Customizing PEx requires a battery of functional evaluation tests, such as those used amongst athletes, including the evaluation of endurance, resistance, balance, and flexibility capacities. The complication is that functional evaluation tests must be performed in restrictive clinical settings and require a daily consultation between sport medicine experts and pediatricians. Evaluating an individual’s maximal exercise tolerance is the most accurate way to define PEx and to longitudinally assess their impact on CAYA-H [34,35]. Traditionally, the capacity of patients with chronic diseases, including cancer, has been evaluated using continuous exercise tests on ergometers and measuring the maximum aerobic capacity [4,34,35,36].



However, in order to check the activity profile of children and their usual activities, it seems that exclusively evaluating the oxidative metabolism chain during continuous exercise is not enough. A child’s activity consists of intermittent exercises such as jumps, turns, high-speed runs, and sprints, and resembles sports such as soccer and basketball. A Yo-Yo intermittent recovery test (Yo-Yo IRT) is commonly used to evaluate the performance of soccer players; it involves acceleration and deceleration phases interchanged with recoveries [37]. Through its use of incremental speeds and repeated shuttles of running, the test makes it possible to carry out intermittent exercise, leading to the maximal activation of the aerobic system, as well as determining an individual’s ability to recover from repeated exercise, with a high contribution from the anaerobic system [37]. CAYA-H are unable to use the original protocol suggested by Bangsbo et al. (2008), so we thought that an adapted version of the Yo-Yo IRT (Yo-Yo AD) would be a fair and safe approach to the assessment of CAYA-H’s individual performance and to evaluate the impact of PEx.



This study aimed at verifying whether the Yo-Yo AD test can provide a simple and valid way to obtain important information on an individual’s capacity to perform repeated, intense exercise and to examine changes in performance of CAYA-H performing precision-based exercise during cancer treatment. The present article deals with various physiological aspects of CAYA-H performing the Yo-Yo AD and the use of this test in a complex clinical setting. This study attempts to discuss the factors that are important when choosing an appropriate performance test for CAYA-H. Thus, the validity, reliability, and sensitivity of the Yo-Yo AD are addressed.




2. Materials and Methods


This was a single-center, analytic observational study, including both a cohort (CAYA-H, before and after exercise intervention) and a case-control (CAYA-H vs. healthy CTRL) design. Sample size calculation determined that a sample of 15 participants would be adequate to detect a difference of 25% in functional ability (6MWT or TUDS) between the participants, as opposed to healthy children, with a power of 0.80 (α = 0.05). Every attempt was made to avoid unnecessary discomfort and disturbance to CAYA-H and parents according to the ERICE statement about the cure and care of long-term survivors of childhood cancer [38]. All children and parents provided written consent to participate in the study that was approved by the University of Milano Bicocca Ethics Committee (registered number 2017/284). Personal data was treated in compliance with the European standard principles of confidentiality (n. 2016/679). The protocol was registered at ClinicalTrials.gov PRS (n. NCT04090268).



2.1. Participants and Intervention


Eligible CAYA-H were: (1) those treated for any hematological malignancy (including relapses) at the Maria Letizia Verga center (Monza, Italy) from April 2017 to July 2020, with the participants being aged 7 to 19 years old; (2) CAYA-H within 4 weeks from diagnosis, as well as those in the last weeks of treatment before being off-therapy. A small group of patients in their late post-HSCT course, with respiratory or joint grafts versus host disease and/or osteonecrosis were also included.Another criterion was that each CAYA-H agreed to participate in a round of an 11-week combined training program (endurance, resistance, balance, and flexibility) three times per week that was individually targeted, with workloads ranging from moderate to intense exercises, depending on the daily clinical conditions. A control group of 18 healthy children (CTRL) of matching age and gender was evaluated as they took part in recreational (non competitive) summer-time activities.



The main reason for CAYA-H not participating in the study was logistical (CAYA-H living outside of province or region). A small number of families refused to attend the PEx sessions because of a lack of interest in participating in the research project. Each participant was informed by the referring pediatric hematologist of the possibility of participating in the research protocol. Subsequently, a sports medical doctor evaluated the possible risks of performing precision training.



CAYA-H were phenotyped according to their clinical history and to the intensity of their treatment protocol, by using the Intensity of Treatment Rating (ITR-3) [39]. Each CAYA-H was allocated in one of the following PEx protocols (Table 1): moderately intensive treatment, very intensive treatment, and most intensive treatment. CAYA-H in their late post-HSCT course, with respiratory or joint graft versus host disease and/or osteonecrosis, adhered to the moderately intensive PEx protocol.



Every day of the training session, although specific workloads were settled according to the functional evaluation performed before the start of the PEx, a consultation between the pediatrician and the sports medical doctor led to the avoidance of exercises considered as dangerous due to the clinical history of the patient. The daily training was changed mostly in type and intensity if a specific intercurrent clinical condition was known. Two possible examples are as follows: (1) in the case of severe anemia, the cardiorespiratory exercise was reduced or avoided; (2) in the presence of suspected lower limb osteonecrosis a continuous maximum amount of cardiorespiratory exercise (2–6 min) was refrained from in order to preserve the joint structure.




2.2. Assessment of the Exercise Tolerance


Figure 1 shows the Yo-Yo AD execution.. The number of shuttles for each speed, and the cumulative distance are presented in Table S1 in the Supplementary Materials section. The speeds ranged from easy walking (3.0 km/h) to low race pace (8.0 km/h).



The Yo-Yo AD involved the repetition of several shuttles, each comprising a 20-m route with a round trip, at pre-established speeds, and each followed by 10 s of rest. The shuttles were time-marked by acoustic sounds on an audio track, signaling the start of each new shuttle and the recovery time between one shuttle and the next., (e.g., double acoustic sound: go for 20 m; wait until the acoustic sound; back for 20 m; acoustic sound: recovery phase; double acoustic sound: start of a new shuttle). Each speed change was indicated by a vocal recording, clearly stating the new speed (e.g., “You are now running at 4 km/h”). If a CAYA-H did not finish the shuttle within the sounds indicating the start of the next distance twice in succession, the test was considered as completed due to exhaustion and the best individual performance was the total distance covered by the CAYA-H.



Heart rate (HR) and oxygen saturation (SpO2) were continuously monitored by a pulse oximeter (OxyTrue A, bluepoint MEDICAL GmbH & Co., Selmsdorf, Germany) and a correlation between the HRs and times was evaluated. The slope of HR vs. time was considered as an individual’s walking/running ability [40]. At the basal evaluation (T0), soon after the recruitment to PEx, the test was performed twice on two different days in the same week; the first attempt was considered as a familiarization session, while the second was the effective evaluation. No verbal encouragement, music, or feedback was allowed during the test sessions.



The clinical conditions of each CAYA-H were evaluated before the execution of the Yo-Yo AD by a pediatrician and a sports medicine doctor; the latter was also in charge of supervising the full evaluation session.



In order to test the reliability of the Yo-Yo AD, 15 CAYA-H repeated the test 7–10 days after the execution of the previous measure.




2.3. Assessment of Functional Capacity and Strength


The Timed Up and Down Stairs test (TUDS) was performed to measure the general neuro-muscular aspects of dynamic posture [41]. The 6-min walking test (6MWT) was performed to assess the system response to moderately aerobic exercises to intensive performance requiring lactic acid anaerobic pathway (Silverline 868793 Mini measuring wheel) [42]. The strength of both quadriceps was investigated through the execution of a five maximum repetitions test (5RM) [43]. A leg extension machine was modified to fit the body dimensions of CAYA-H of different ages (leg extension Alpha Pro, multi-function bench, Kettler, Ense-Parsit, Germany).




2.4. Statistical Analysis


Values were expressed as mean (±standard deviation). D’Agostino and Pearson’s omnibus normality test was used to check whether the values were from a Gaussian distribution. Pearson’s correlation test was used to assess the reliability (test-retest) of performance during the Yo-Yo AD [44]. The ROC curve was used to evaluate the sensitivity and specificity of the Yo-Yo AD [45]. The statistical significance of the difference between mean values, considering the different circumstances, was evaluated as follows: (1) In case of differences between CAYA-H at T0, T1 vs. CTRL, an ordinary one-way ANOVA, followed by a Kruskal–Wallis test, with a Dunn’s multiple comparative test; the same applied to different groups of CAYA-H (male vs. female, or children vs. teens) at different time points (T0 vs. T1). (2) In case of differences between CAYA-H at T0 vs. T1, a Wilcoxon matched-pairs rank test was used. The regression analyses were performed using the r2 method. If there was no statistically significant difference between the two regression lines, the unified line equation (slope and pooled intercept) was used. The level of significance was set at p < 0.05. All statistical analyses were performed using a commercially available software package (Prism 8.4.3: GraphPad, La Jolla, CA, USA)





3. Results


Two-hundred-five CAYA-H were eligible (Figure 2) and of the 213 aged ≥ 7 years who attended PEx, 40 dropped out (<15% of adherence to the PEx sessions) due to lack of compliance, such as living too far away from the hospital or a busy family schedule when young siblings were in the same familiar nucleus. Ninety-seven CAYA-H performed the full battery of tests and participated in the basal (T0) and post-PEx (T1) evaluation; only their data are presented in this paper (Figure 2). Their adherence to PEx was >64% of the total amount of the training sessions (33 total sessions).



The reasons for ending the Yo-Yo AD were: 43% did not finish the shuttle in the established time, 33% voluntarily finished for reported unbearable fatigue, and 24% finished due to chest or leg pain. No major adverse events (falls, syncope, muscle strains, post-exercise asthma) occurred during or after the test sessions. Very medically fragile CAYA-H fully recovered in 48 h from the test, when muscular fatigue ceased completely.



The clinical characteristics of the participants and the intensity of their treatment protocol are shown in Table 2. Table 2 also shows the CAYA-H that were long term follow-up patients (>5 years after their HSCT) but with impaired functional walking ability due to graft versus host disease and/or osteonecrosis.
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Table 2. Clinical characteristics of children, adolescents, and young adults with hematological malignancies and intensity-of-treatment rating.
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	Clinical Characteristics
	Num, (%)
	Treatment Protocols





	Patients, total
	97
	



	Aged 7 < x < 11 years
	58, (60%)
	



	Aged 11 ≤ x < 22 years
	39, (40%)
	



	Level 4: Most Intensive Treatments
	25, (26%)
	



	Relapsed Disease—Excluding Hodgkin Lymphoma, first relapse
	8, (8%)
	IntReALL SR or Personalized treatment



	HSCT—All diseases
	12, (13%)
	Personalized treatment



	AML
	5, (5%)
	AML 2013/01



	Level 3: Very Intensive Treatments, Total
	16, (17%)
	



	Relapse Protocols for Hodgkins
	3, (3%)
	Personalized treatment



	ALL (High Risk, Very High Risk, T-cell)
	10, (11%)
	AIEOP BFM ALL 2009



	HL (Stages 3B or 4/High Risk)
	1, (1%)
	EuroNet-PHL-C2



	NHL (Group C or Stage 4)
	2, (2%)
	Euro LB-02/ NHL97



	Level 2: Moderately Intensive Treatments, Total
	51, (53%)
	



	ALL (Low, Standard, or Intermediate Risk; precursor B cell)
	36, (37%)
	AIEOP BFM ALL 2009



	HL (Low/Intermediate risk: all stages except IIIB, IVB)
	13, (14%)
	EuroNet-PHL-C2



	NHL (Stages 1, 2, 3 and Groups A, B)
	2, (2%)
	Euro LB-02/ NHL97



	Level 0: Off Therapy, Total
	
	



	Long-term HSCT, with GvHD and/or ON
	5, (4%)
	Personalized treatment







ALL: acute lymphoblastic leukemia; AML: acute myeloid leukemia; HL: Hodgkin lymphoma; NHL: non-Hodgkin HSCT: hematopoietic stem-cell transplant; GvHD: graft versus host disease; ON: osteonecrosis.











Twenty-three CAYA-H (24%) performed PEx for 2–4 rounds consecutively, due to severe chronic functional impairment and/or cardiorespiratory system inefficiency at the end of one round of 11 weeks of training.



3.1. Reliability


The test-retest reliability showed the consistency of the Yo-Yo AD measures over time (r2 0.9764; p < 0.0001) and is represented in Figure 3A. The Yo-Yo AD was conducted on two different days (in 72 h), on a sub-group of 14 CAYA-H, by the same expert operator.



Table 3 represents the correlations at T0 and T1 between the Yo-Yo AD and the functional tests (6MWT average 496.0 ± 122.0 m, TUDS average 8.05 ± 4.33 s, Leg Extension average 36 ± 18 kg).




3.2. Sensitivity


The sensitivity of the Yo-Yo AD measures, assessed by the ROC curve, is represented in Figure 3B. The area below the curve (AUC) was 0.7 and the confidence interval at 95% was 0.6208–0.7702. A cut-off performance for medically fragile CAYA-H was settled at 740 m (sensitivity: 36.99%; specificity: 82.47%) and for well-performing CAYA-H at 1420 m (sensitivity: 82.61%; specificity: 43.30%).




3.3. Validity


Figure 4 shows the impact of PEx on the performance of the Yo-Yo AD. There was a significant improvement in the performance at T1 when compared to T0 (T0 = 946.6 ± 438.2 vs. T1 = 1352.3 ± 600.6 m, p < 0.001). CAYA-H had, on average, a lower performance than CTRL (1754.0 ± 444.0 m) both at T0 (p < 0.001) and T1 (p = 0.013).



The correlation between time and HR during the Yo-Yo AD execution at T0, i.e., the efficiency of the individual walking/running, is shown in Figure 5A. Three different patterns were identified based on the cut-offs obtained by the ROC curve analysis (<740 m, 740 < x < 1460 m and >1460 m, respectively). The three different patterns represent satisfactory, intermediate, and poor performances, depending on the HR response to the increasing workload (slopes 3.275; 2.189; 1.624, respectively). The slopes and intercepts of these three patterns were statistically different (p < 0.001).



The three patterns after PEx (T1) are shown in Figure 5B. The significant decrease in the averaged HR/Time slopes after 11 weeks of PEx suggests the beneficial effect of the PEx on the heart-rate response to the exercise (T0 = 2.175 ± 0.844 vs. T1 = 1.732 ± 0.891 slope, p < 0.016). There was a statistically significant reduced slope (p < 0.001) for the satisfactory and intermediate patterns (slopes 1.722 and 1.464, respectively), when compared to T0, but not for the poor performances (slope 3.858). The latter was significantly worse than T0 (p < 0.001).



When comparing the Yo-Yo AD performances according to sex in CAYA-H, there was no statistically significant difference between the groups at T0 (male 990.2 ± 585.7 vs. female 1153.0 ± 485.0 m, p = 0.999) or at T1 (1339.0 ± 739.4 vs. 1386.0 ± 588.1 m, p = 0.999). The comparison between the performances according to cohorts of age at T0 and T1 showed a statistically significant difference between the groups at T0 (teen 1251.0 ± 803.4 vs. prepuberal children 803.4 ± 408.3 m, p = 0.008), but not at T1 (teen 1449.0 ± 636.8 vs. prepuberal children 1099.0 ± 693.5 m, p = 0.127).





4. Discussion


This study attempted to prove that the Yo-Yo AD can be safe and reliable when evaluating the physiological aspects of exercise performance in CAYA-H with varying degrees of fragility, including the most medically fragile HSCT recipients. We also tried to confirm that the Yo-Yo AD could evaluate the effect of PEx on performance. PEx is not detrimental to CAYA-H and has a beneficial effect on their exercise tolerance, as already reported by previous studies [1,2,3,27,28,34,35,36,43].



The risk of falling, parental motivation and fears, clinical conditions, and cultural prejudice on the part of family and health-care professionals (“exercise for CAYA-H is not a priority”; “CAYA-H are medically fragile children, not athletes”; “CAYA-H can’t withstand stairs”; “CAYA-H can’t train outdoors”; “my child is tired, she/he can’t exercise today”; “when on oxygen you can’t train CAYA-H”), generate a multifaceted scenario that must be taken into account when a PEx is hosted in one hospital.



The application of precision-exercise-based training programs for medically fragile children, not only in oncological settings, requires a cultural change from the diagnosis and treatment of illness to lead to improvements in health [31,32,33]. PEx have a preventive function against the possible effects of cancer or oncological treatment on skeletal muscle, cardiorespiratory system, and bone tissue. Their benefits extend beyond a simple improvement in exercise capacity and include improved feelings of physical self-perception and satisfaction with life. PEx works on intensity, volume, frequency, and recovery, and optimizes individual physiological and psychological adaptations [1,2,3,36,43]. PEx is the new frontier in clinical exercise physiology, helping to induce more efficient oxidative metabolism (i.e., the main system of energy supply within cells) and to boost the adaptive response of bones in vulnerable patients. The heterogeneity in response creates the strong hypothesis that a precision-oncology approach is required to optimize the benefits and safety of exercise as a candidate antitumoral strategy [46].



The use of generic exercise prescriptions may actually be masking the full therapeutic potential of exercise treatment in the oncological setting. Essentially, the manipulation of training variables, such as volume, intensity, frequency, and recovery is an attempt to systematically structure training through phases to optimize physiological and psychological adaptations in an athlete that is also a patient with cancer. Finally, work recovery and rest are fundamental to restore the availability of nutrients and energy substrates to replace the components needed by the systems (proteins in the muscle) [30].



4.1. A Safe Test


The Yo-Yo AD is an exhaustion test that could enhance the collection of relevant and internationally comparable data about the impact of PEx on CAYA-H with disabilities, as recommended by the WHO’s global disability action plan (2014–2021) [25].



Testing exhaustion in CAYA-H can be intimidating for both patients and investigators. Most clinicians have a weak understanding of exercise physiology in children with cancer and the benefits of exercise in CAYA-H are mostly unknown. Currently, there is a growing body of knowledge about the preventive effects of exercise in clinical pediatric settings [32,33], but a cultural change from the treatment of illness to the recovery of health in CAYA-H survivors is long overdue [31]. According to the American College of Sports Medicine recommendation, when PEx and, consequently the evaluation of a basal performance, are necessary, the balance between the increasingly recognized health benefits of even low levels of physical activity and the rarity of cardiovascular events provoked among those with established cardiovascular disease needs to be taken into account [47]. A medical doctor was always present during Yo-Yo AD testing and the clinical history of each CAYA-H was investigated before the test: structural cardiovascular abnormalities, most notably, hypertrophic cardiomyopathy, were identified before starting the exhaustion test. Moreover, in order to provide the best help in case of a cardiovascular emergency, all the sanitary and nonmedical personnel attended pediatric basic life-support training in order to provide immediate assistance, such as dialing 112, initiating bystander cardiopulmonary resuscitation, and using an automated external defibrillator [47]. HR and SaO2 were continuously monitored in order to verify whether any undesirable tissue hypoxia events occurred during the test. With these precautions, the Yo-Yo AD was also used for CAYA-H with complex clinical conditions, including osteonecrosis, mild restrictive pulmonary disease, reduced cardiac output, myopathies, and neuropathy.



The Yo-Yo AD was a challenge for each CAYA-H, but an easy “exit strategy” or contingency plan was granted to each child and adolescent by letting them know that they could stop whenever they wanted.



A significant amount of time was spent in training the exercise scientists to report every testing and training session performed by each patient, on a daily basis. We considered relevant adverse effects as possible outcomes of interest because we recognize that adverse-effects data are often handled with less rigor than the primary beneficial outcomes of a study [46]. Because only reversible minor adverse effects were noted during this study, we considered PEx as being successfully introduced in a complex clinical setting. When a possible sign or symptom of systemic inefficiency was found (e.g., desaturation during the exhaustive test due to a pre-clinical pulmonary disease), we promptly referred the child to her/his pediatrician.




4.2. A Reliable and Valid Test


We tried to demonstrate that the Yo-Yo AD is a reliable test for CAYA-H, both in terms of test-retest reliability and of internal consistency [44,45]. We did not measure the inter-rater reliability; in fact, all the tests were performed by the same two operators.



The test-retest reliability was not performed in the CTRL because the healthy adolescents and children, as expected, worked at sub-maximal workloads until the end of the test (2040 m). Healthy peers can easily perform the heavy workloads of the original Yo-Yo IRT in order to evaluate their maximal aerobic capacity [37]. In the CTRL, the Yo-Yo AD gave us an indication of the participants’ walking/running ability during sub-maximal workloads, and the same applied to the highest-performing CAYA-H.



According to Currell et al. (2008), there are different ways to attest the validity of performance protocols: (i) logical validity; (ii) criterion validity; and (iii) construct validity [44]. It can be argued that sports performance is a construct. Construct validity refers to the degree in which a protocol measures a hypothetical construct, in this case, performance. It can be measured by comparing two different groups of participants with different abilities. In our case, we compared CTRL healthy children with our CAYA-H and CAYA-H with different clinical characteristics, from medically fragile to normally performant. A test with good construct validity can easily highlight the differences in performance between different groups, as the Yo-Yo AD did.




4.3. Exercise Tolerance, Strength, and Metabolic Pathways


In our study, the 6MWT evaluated the individuals’ physical functioning, but we are inclined to assume that, indirectly, it could also give information about individuals’ ability to produce energy through two different metabolic pathways: the mitochondrial respiration and anaerobic glycolysis. The efficiency of energy production could range from very good to severely compromised. This is new information that we derived from the fact that some participants could perform the test without showing any sign of exhaustion, while others were notably above their respiratory threshold. The same applied for the TUDS, where the efficiency of two other metabolic pathways (phosphocreatine hydrolysis and anaerobic glycolysis) was mainly presumed to have been used to perform exercise lasting a few seconds [37]: the majority of our participants took less than 10 s to perform the exercise, while the most medically fragile children needed more than 25 s. The correlations between 6MWT or TUDS and Yo-Yo AD performances show that CAYA-H have varying degrees of ability to use all the integrated metabolic pathways. For the most medically fragile CAYA-H, the three pathways are inefficient at satisfying the energy requirements of the skeletal muscles, and their final performance is poor.



Our CAYA-H were trained using methods aimed at increasing both skeletal muscle strength and endurance. The relation between the strength of the quadriceps, measured directly on a leg extension machine, and the Yo-Yo AD seems to confirm that neuromuscular performance during endurance exercise also plays an important role in CAYA-H [48]. Strength training carried out in conjunction with endurance training could have had a beneficial effect on the neuromuscular characteristics of the CAYA-H, as already shown both in athletes and in sedentary people [48].




4.4. Patterns of Efficiency


Three possible patterns of HR response were found in the CAYA-H. The highest-performing CAYA-H were able to perform better during the Yo-Yo AD test, while keeping their HR response lower. This could suggest better muscle tolerance/quality (i.e., better mitochondrial respiration, etc.). In athletes, the levels of muscle phosphocreatine are higher, and the concentration of lactates is low at the end of the Yo-Yo IR1 [37]. Although the Yo-Yo AD test was adapted to allow all the participants to perform it, some CAYA-H presented a mild-to-severe inefficiency in their oxidative metabolism pathways [4]. In case of severe atrophy, the stores of muscle glycogen can be very low, and the rate of glycolysis can be more pronounced than when the aerobic component is still efficient [8]. For these CAYA-H, the test can be comparable to the Yo-Yo IR2 of Bangsbo et al., where the efficiency of a healthy cardiopulmonary system is deeply strained. Our fragile CAYA-H performed the 6MWT as an exhaustion test, as already noted by Geiger et al. [42].



The area under the ROC curve emphasized how the Yo-Yo AD can identify the most fragile CAYA-H (who could not pass the cut-off distance of 740 m) and the highest-performing (who did not perform less than 1420 m). The ROC curve was built considering the average distance reached at T1 as the normal value to be achieved compared to that at T0, so the Yo-Yo AD could evaluate the effect of the PEx. The fact that the 95% confidence interval did not include 0.5 (representative of the diagnostic indifference threshold) is indicative of good power discrimination by the test, regarding the possibility of execution, both in performing patients and in fragile patients.




4.5. Effect of PEx


The Yo-Yo AD showed that PEx brought CAYA-H performance closer to that of CTRL, although there was a significant difference between the groups. However, at T1, a group of a few CAYA-H showed poor cardiopulmonary efficiency and did not consistently improve their performance, despite the PEx. The multiple complications experienced by these patients are the likely explanations. At baseline, the clinical conditions of some of the CAYA-H prevented their execution of the Yo-Yo AD. After 11 weeks of PEx, the test was carried out, but the cardiopulmonary efficiency of these participants was still characteristic of fragility. Other CAYA-H were diagnosed with relapse or pulmonary and/or urinary infections during their PEx and shifted towards a more intensive drug treatment, which led to long-lasting bed rest. These CAYA-H typically shifted from good cardiopulmonary efficiency towards inefficiency and fragility.



In order to perform PEx, we had to face the cultural prejudice of family and health-care professionals. A multidisciplinary team was needed in order to face any consequences of PEx, such as the risk of falling, as well as to support parental motivation and counteract any fears related to the participants’ fragile clinical conditions. The more frequent reasons raised by parents for avoiding the training sessions were: “exercise in CAYA-H is not a priority”; “CAYA-H are medically fragile children, not athletes”; “CAYA-H can’t withstand stairs”; “CAYA-H can’t train outdoors”; “my child is tired, she/he can’t exercise today”; “when on oxygen you can’t train CAYA-H”. Once the multidisciplinary team consulted with parents, many fears were faced, and training was finally considered as an opportunity to physically and psychologically benefit each child.




4.6. Role of Sex and Age in Performance


According to Bangsbo’s study [37], post-pubertal males performed better when compared to females. This was not the case in CAYA-H, who showed a similar performance: cancer treatment and muscle disuse seemed to inhibit the effect of testosterone on skeletal muscle strength, limiting the effect of male sex during the Yo-Yo AD. Overall, the male CAYA-H may have had a higher degree of fragility than the females, which was not so problematic whenwhen they performed exercises that required intermittent phases of activity. After 11 weeks of PEx, there were no differences related to sex, but in this case, there was also a limit imposed by the plateau effect of the test itself.



In line with Bangsbo’s findings [37], for our CAYA-H, age also influenced performance because the teens performed better than the younger boys and girls. The lack of difference between the performance of the two groups at T1 may be attributable, again, to the plateau effect of the test.




4.7. Limitation of the Study


The limitations of this study were the lack of possible criteria for the randomization of the participants in the intervention and control groups. We are aware of the fact that a randomized control trial would have provided the highest evidence level for this experimental intervention. We considered having a CTRL group of CAYA, but upon a careful evaluation, the use of two truly homogenous groups appeared to be impossible. We accept that our study has a lower ranking in the hierarchy of evidence as losing the power of randomization causes the study to be more susceptible to bias and confounding.



In regard to the inter-rater reliability, we plan to evaluate, in a further study, the consistency of measurements performed by different operators, with various degrees of experience, in running performance tests in children with cancer.





5. Conclusions


Yo-Yo AD was shown to be a valid tool to evaluate and follow up individuals’ capacity to perform repeated, intense exercise and to examine changes in the performance of CAYA-H attending a precision-based exercise program during cancer treatment. All the CAYA-H, including the most medically fragile, could safely perform the Yo-Yo AD during their hospitalization. After 11 weeks of precision exercise training, the majority of the CAYA-H could resume regular physical activity, including running at high speed and sprinting. This is a preliminary transition toward their return to sports once they are back to their communities, after the intensive phases of cancer treatment.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/cancers14051187/s1. Table S1: Yo-Yo AD extended protocols, step by step.





Author Contributions


W.Z., A.B. (Adriana Balduzzi), F.L.: acquisition and analysis of data. E.V., E.C., T.M., G.R.: data interpretation. W.Z., E.V., E.C., T.M., G.R., A.F., M.M., C.E., P.V., A.B. (Andrea Biondi), M.J., A.B. (Adriana Balduzzi), F.L.: drafting the work and revising it critically for important intellectual content. W.Z., E.V., E.C., T.M., G.R., A.F., M.M., C.E., P.V., A.B. (Andrea Biondi), M.J., A.B. (Adriana Balduzzi), F.L.: manuscript writing and final approval. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the parents’ charity association, “Comitato Maria Letizia Verga”, “Fondazione Camerani and Pintaldi”, and “Rolex Foundation” through private funds.




Institutional Review Board Statement


The study was approved by the University of Milano Bicocca ethics committee (protocol code 284 and the 3 April 2017).




Informed Consent Statement


Informed consent was obtained from all participants involved in the study and underaged children provided their assent.




Data Availability Statement


The data presented in this study are available on reasonable request from the corresponding author. The data are not publicly available due to sensitive information regarding the clinical status of underage patients.




Acknowledgments


We would like to thank Caterina Lanfranconi, as a native speaker, for letting our manuscript sparkle.




Conflicts of Interest


The authors declare that there is no conflict of interest.




References


	



Lanfranconi, F.; Zardo, W.; Moriggi, T.; Villa, E.; Radaelli, G.; Radaelli, S.; Paoletti, F.; Bottes, E.; Miraglia, T.; Pollastri, L.; et al. Precision-based exercise as a new therapeutic option for children and adolescents with haematological malignancies. Sci. Rep. 2020, 10, 12892. [Google Scholar] [CrossRef] [PubMed]

	



Morales, J.S.; Santana-Sosa, E.; Santos-Lozano, A.; Baño-Rodrigo, A.; Valenzuela, P.L.; Rincón-Castanedo, C.; Fernández-Moreno, D.; Vicent, M.G.; Pérez-Somarriba, M.; Fiuza-Luces, C.; et al. In hospital exercise benefits in childhood cancer: A prospective cohort study. Scand. J. Med. Sci. Sports 2020, 30, 126–134. [Google Scholar] [CrossRef] [PubMed]

	



Stössel, S.; Neu, M.A.; Wingerter, A.; Bloch, W.; Zimmer, P.; Paret, C.; Malki, K.E.; Baumann, F.T.; Russo, A.; Henninger, N.; et al. Benefits of Exercise Training for Children and Adolescents Undergoing Cancer Treatment: Results from the Randomized Controlled MUCKI Trial. Front. Pediatr. 2020, 8, 243. [Google Scholar] [CrossRef] [PubMed]

	



Lanfranconi, F.; Pollastri, L.; Ferri, A.; Fraschini, D.; Masera, G.; Miserocchi, G. Near infrared spectroscopy (NIRS) as a new non-invasive tool to detect oxidative skeletal muscle impairment in children survived to acute lymphoblastic leukaemia. PLoS ONE 2014, 9, e99282. [Google Scholar] [CrossRef]

	



Ness, K.K.; Kaste, S.C.; Zhu, L.; Pui, C.; Jeha, S.; Nathan, P.C.; Inaba, H.; Wasilewski-Masker, K.; Shah, D.; Wells, R.J.; et al. Skeletal, neuromuscular and fitness impairments among children with newly diagnosed acute lymphoblastic leukemia. Leuk. Lymphoma 2015, 56, 1004–1011. [Google Scholar] [CrossRef]

	



Deisenroth, A.; Söntgerath, R.; Schuster, A.J.; Von Busch, C.; Huber, G.; Eckert, K.; Kulozik, A.; Wiskemann, J. Muscle strength and quality of life in patients with childhood cancer at early phase of primary treatment. Pediatr. Hematol. Oncol. 2016, 33, 393–407. [Google Scholar] [CrossRef]

	



Haupt, R.; Essiaf, S.; Dellacasa, C.; Ronckers, C.M.; Caruso, S.; Sugden, E.; Zadravec Zaletel, L.; Muraca, M.; Morsellino, V.; Kienesberger, A.; et al. The ‘Survivorship Passport’ for childhood cancer survivors. Eur. J. Cancer 2018, 102, 69–81. [Google Scholar] [CrossRef]

	



Elnaggar, R.K. Within 5-year off-chemotherapy: How the cardio-respiratory response to exercise is related to energy expenditure, fatigue, and adiposity in children with acute lymphoblastic leukaemia? Eur. J. Cancer Care 2021, 1, e13418. [Google Scholar] [CrossRef]

	



Mody, R.; Li, S.; Dover, D.C.; Salan, S.; Leisenring, W.; Oeffinger, K.C.; Yasui, Y.; Robison, L.L.; Neglia, J.P. Twenty-five-year follow-up among survivors of childhood acute lymphoblastic leukemia: A report from the Childhood Cancer Survivor Study. Blood 2008, 111, 5515–5523. [Google Scholar] [CrossRef]

	



Hudson, M.M.; Ness, K.K.; Gurney, J.G.; Mulrooney, D.A.; Chemaitilly, W.; Krull, K.R.; Green, D.M.; Armstrong, G.T.; Nottage, K.A.; Jones, K.E.; et al. Clinical Ascertainment of Health Outcomes among Adults Treated for Childhood Cancer: A Report from the St. Jude Lifetime Cohort Study. JAMA 2013, 309, 2371–2381. [Google Scholar] [CrossRef]

	



Cox, C.L.; Rai, S.; Rosenthal, D.; Phipps, S.; Hudson, M. Subclinical late cardiac toxicity in childhood cancer survivors: Impact on self-reported health. Cancer 2008, 112, 1835–1844. [Google Scholar] [CrossRef] [PubMed]

	



Jenney, M.E.; Faragher, E.B.; Jones, P.H.; Woodcock, A. Lung function and exercise capacity in survivors of childhood leukaemia. Med. Pediatr. Oncol. 1995, 24, 222–230. [Google Scholar] [CrossRef] [PubMed]

	



Bossi, G.; Cerveri, I.; Volpini, E.; Corsico, A.; Baio, A.; Corbella, F.; Klersy, C.; Arico, M. Long-term pulmonary sequelae after treatment of childhood Hodgkin’s disease. Ann. Oncol. 1997, 8 (Suppl. S1), 19–24. [Google Scholar] [CrossRef] [PubMed]

	



Nysom, K.; Holm, K.; Hertz, H.; Hesse, B. Risk factors for reduced pulmonary function after malignant lymphoma in childhood. Med. Pediatr. Oncol. 1998, 30, 240–248. [Google Scholar] [CrossRef]

	



Oguz, A.; Tayfun, T.; Citak, E.C.; Ceyda, K.; Turkan, T.; Oznur, B.; Huseyin, B. Long-term pulmonary function in survivors of childhood Hodgkin disease and non-Hodgkin lymphoma. Pediatr. Blood Cancer 2007, 49, 699–703. [Google Scholar] [CrossRef]

	



Tseng-Tien, H.; Hudson, M.M.; Stokes, D.C.; Krasin, M.J.; Spunt, S.L.; Ness, K.K. Pulmonary Outcomes in Survivors of Childhood Cancer A Systematic Review. Chest 2011, 140, 881–901. [Google Scholar] [CrossRef]

	



Akyay, A.; Olcay, L.; Sezer, N.; Sonmez, C.A. Muscle strength, motor performance, cardiac and muscle biomarkers in detection of muscle side effects during and after acute lymphoblastic leukemia treatment in children. J. Pediatr. Hematol. Oncol. 2014, 36, 594–598. [Google Scholar] [CrossRef]

	



Harila-Saari, A.H.; Huuskonen, U.E.; Tolonen, U.; Vainionpaa, L.K.; Lanning, B.M. Motor nervous pathway function is impaired after treatment of childhood acute lymphoblastic leukemia: A study with motor evoked potentials. Med. Pediatr. Oncol. 2001, 36, 345–351. [Google Scholar] [CrossRef]

	



Kaste, S.C.; Jones-Walace, D.; Rose, S.R.; Boyett, J.M.; Lustig, R.H.; Rivera, G.K.; Pui, C.H.; Hudson, M.M. Bone mineral decrements in survivors of childhood acute lymphoblastic leukemia: Frequency of occurrence and risk factors for their development. Leukemia 2001, 15, 728–734. [Google Scholar] [CrossRef]

	



Mostoufi-Moab, S.; Ward, L.M. Skeletal Morbidity in Children and Adolescents During and Following Cancer Therapy. Horm. Res. Paediatr. 2019, 91, 137–151. [Google Scholar] [CrossRef]

	



Niinimäki, R.A.; Harila-Saari, A.H.; Jartti, A.E.; Seuri, R.M.; Riikonen, P.V.; Paakko, E.L.; Mottonen, M.I.; Lanning, M. High body mass index increases the risk for osteonecrosis in children with acute lymphoblastic leukemia. J. Clin. Oncol. 2007, 25, 1498–1504. [Google Scholar] [CrossRef] [PubMed]

	



Marchese, V.G.; Connolly, B.H.; Able, C.; Booten, A.R.; Bowen, P.; Porter, B.M.; Rai, S.N.; Hancock, M.L.; Pui, C.H.; Howard, S.; et al. Relationships among severity of osteonecrosis, pain, range of motion, and functional mobility in children, adolescent, and young adults with acute lymphoblastic leukemia. Phys. Ther. 2008, 88, 341–350. [Google Scholar] [CrossRef] [PubMed]

	



Mattano, L.A., Jr.; Devidas, M.; Nachman, J.B.; Sather, H.; Hunger, S.; Steinherz, P.; Gaynon, P.; Seibel, N.; Children’s Oncology Group. Effect of alternate-week versus continuous dexamethasone scheduling on the risk of osteonecrosis in paediatric patients with acute lymphoblastic leukaemia: Results from the CCG-1961 randomised cohort trial. Lancet Oncol. 2012, 13, 906–915. [Google Scholar] [CrossRef]

	



Girard, P.; Auquier, P.; Barlogis, V.; Contet, A.; Poiree, M.; Demeocq, F.; Berbis, J.; Herrmann, I.; Villes, V.; Sirvent, N.; et al. Symptomatic osteonecrosis in childhood leukaemia survivors: Prevalence, risk factors and impact of quality of life in adulthood. Haematologica 2013, 98, 1089–1097. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. WHO Global Disability Action Plan 2014–2021: Better Health for All People with Disability; WHO: Geneva, Switzerland, 2015. [Google Scholar]

	



Chamorro-Viña, C.; Ruiz, J.R.; Santana-Sosa, E.; González Vicent, M.; Madero, L.; Pérez, M.; Fleck, S.J.; Pérez, A.; Ramírez, M.; Lucía, A. Exercise during hematopoietic stem cell transplant hospitalization in children. Med. Sci. Sports Exerc. 2010, 42, 1045–1053. [Google Scholar] [CrossRef]

	



Perondi, M.B.; Gualano, B.; Artioli, G.G. Effects of a combined aerobic and strength training program in youth patients with acute lymphoblastic leukemia. J. Sports Sci. Med. 2012, 11, 387–392. [Google Scholar]

	



Kabak, V.Y.; Duger, T.; Cetinkaya, D.U. Investigation of the Effects of an Exercise Program on Physical Functions and Activities of Daily Life in Pediatric Hematopoietic Stem Cell Transplantation. Pediatr. Blood Cancer 2016, 63, 1643–1648. [Google Scholar] [CrossRef]

	



Fairman, C.; Zourdos, M.; Helms, E.; Focht, B. A scientific Rationale to improve resistance training prescription in Exercise Oncology. Sports Med. 2017, 47, 1457–1465. [Google Scholar] [CrossRef]

	



Scott, J.M.; Nilsen, T.S.; Gupta, D.; Jones, L.W. Exercise Therapy and Cardiovascular Toxicity in Cancer. Circulation 2018, 137, 1176–1191. [Google Scholar] [CrossRef]

	



Stuart, G.; Forsythe, L. Exercise prescription in young children with congenital heart disease: Time for a change in culture. Open Heart 2021, 8, e001669. [Google Scholar] [CrossRef]

	



Sasso, J.P.; Eves, N.D.; Christensen, J.F.; Graeme, J.K.; Scott, J.; Lee, W. A framework for prescription in exercise-oncology research. J. Cachexia Sarcopenia Muscle 2015, 6, 115–124. [Google Scholar] [CrossRef] [PubMed]

	



Ross, W.L.; Le, A.; Zheng, D.J.; Mitchell, H.R.; Rotatori, J.; Li, F.; Ness, K.K.; Kadan-Lottick, N.S. Physical activity barriers, preferences, and beliefs in childhood cancer patients. Support. Care Cancer 2018, 26, 2177–2184. [Google Scholar] [CrossRef] [PubMed]

	



San Juan, A.F.; Chamorro-Viña, C.; Maté-Muñoz, J.L.; Fernández del Vale, M.; Cardona, C.; Hernández, M.; Madero, L.; Pérez, M.; Ramírez, M.; Lucia, A. Functional capacity of children with leukemia. Int. J. Sports Med. 2008, 29, 163–167. [Google Scholar] [CrossRef] [PubMed]

	



San Juan, A.F.; Fleck, S.J.; Chamorro-Vina, C.; Maté-Muñoz, J.L.; Moral, S.; Pérez, M.; Cardona, C.; Del Valle, M.F.; Hernández, M.; Ramírez, M.; et al. Effects of an intrahospital exercise program intervention for children with leukemia. Med. Sci. Sports Exerc. 2007, 39, 13–21. [Google Scholar] [CrossRef]

	



Davis, N.L.; Tolfrey, K.; Jenney, M.; Elson, R.; Stewart, C.; Moss, A.D.; Cornish, J.M.; Stevens, M.; Crowne, E.C. Combined resistance and aerobic exercise intervention improves fitness, insulin resistance and quality of life in survivors of childhood haemopoietic stem cell transplantation with total body irradiation. Pediatr. Blood Cancer 2020, 67, e28687. [Google Scholar] [CrossRef]

	



Bangsbo, J.; Iaia, M.; Krustrup, P. The Intermittent Recovery Test a Useful Tool for Evaluation of Physical Performance in Intermittent Sports. Sports Med. 2008, 38, 37–51. [Google Scholar] [CrossRef] [PubMed]

	



Haupt, R.; Spinetta, J.J.; Ban, I.; Barr, R.; Beck, J.D.; Byrne, J.; Calaminus, G.; Coenen, E.; Chesler, M.; D’Angio, J.G.; et al. Long term survivors of childhood cancer: Cure and care. The Erice statement. Eur. J. Cancer 2007, 43, 1778–1780. [Google Scholar] [CrossRef]

	



Kazak, A.E.; Hocking, M.C.; Ittenbach, R.F.; Meadows, A.T.; Hobbie, W.; DeRosa, W.B.; Leahey, A.; Kersun, L.; Reilly, A.A. Revision of the Intensity of Treatment Rating Scale: Classifying the Intensity of Pediatric Cancer Treatment. Pediatr. Blood Cancer 2012, 59, 96–99. [Google Scholar] [CrossRef]

	



Prahm, K.P.; Witting, N.; Vissing, J. Decreased variability of the 6-min walk test by heart rate correction in patients with neuromuscular disease. PLoS ONE 2014, 9, e114273. [Google Scholar] [CrossRef]

	



Zaino, C.A.; Marchese, V.G.; Westcoot, S.L. Timed up and down stairs test: Preliminary reliability and validity of a new measure of functional mobility. Pediatr. Phys. Ther. 2004, 16, 90–98. [Google Scholar] [CrossRef]

	



Geiger, R.; Strasak, A.; Treml, B.; Gasser, K.; Kleinsasser, A.; Fischer, V.; Geiger, H.; Loeckinger, J.I. Six-minut walking test in children and adolescents. J. Pediatr. 2007, 150, 395–399.e2. [Google Scholar] [CrossRef] [PubMed]

	



Fiuza-Luces, C.; Padilla, J.R.; Soares-Miranda, L.; Santana-Sosa, E.; Quiroga, J.V.; Santos-Lozano, A.; Pareja-Galeano, H.; Sanchis-Gomar, F.; Lorenzo-González, R.; Verde, Z.; et al. Exercise Intervention in Pediatric Patients with Solid Tumors: The Physical Activity in Pediatric Cancer Trial. Med. Sci. Sports Exerc. 2017, 49, 223–230. [Google Scholar] [CrossRef] [PubMed]

	



Currell, K.; Jeukendrup, A.E. Validity, Reliability and Sensitivity of Measures of Sporting Performance. Sports Med. 2008, 38, 297–316. [Google Scholar] [CrossRef]

	



D’Arrigo, G.; Provenzano, F.; Torino, C.; Zaccali, C.; Tripepi, G. Diagnostic tests and ROC curve analysis. G. Ital. Nefrol. 2011, 28, 642–647. [Google Scholar] [PubMed]

	



Jones, L.W. Precision Oncology Framework for Investigation of Exercise as Treatment for Cancer. J. Clin. Oncol. 2015, 33, 4134–4137. [Google Scholar] [CrossRef]

	



Thompson, P.D.; Baggish, A.L.; Franklin, B.; Jaworski, C.; Riebe, D. American College of Sports Medicine Expert Consensus Statement to Update Recommendations for Screening, Staffing, and Emergency Policies to Prevent Cardiovascular Events at Health Fitness Facilities. Curr. Sports Med. Rep. 2020, 19, 223–231. [Google Scholar] [CrossRef]

	



Taipale, R.S.; Mikkola, J.; Vesterinen, V.; Nummela, A.; Häkkinen, K. Neuromuscolar adaptations during combined strength and endurance training in endurance runners: Maximal versus explosive strength training or a mix of both. Eur. J. Appl. Physiol. 2013, 113, 325–335. [Google Scholar] [CrossRef]








[image: Cancers 14 01187 g001 550] 





Figure 1. Schematic representation of the Yo-Yo AD test execution. One exercise scientist monitored the safety and correct execution of the test. The vital parameters, such as heart rate and oxygen saturation, were recorded during the test. An acoustic sound signaled the start of the shuttles and recovery phases. 
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Figure 2. Children, adolescents, and young adults with hematological malignancies (CAYA-H) flow chart, from eligibility to precision exercise training program (PEx) participation. The flow shows the Yo-Yo AD test evaluations considered as data presented in our manuscript. 
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Figure 3. (A). Test-retest reliability of distances performed during the intermittent recovery Yo-Yo adapted test (Yo-Yo AD) of a sub-group of children, adolescents, and young adults with hematological malignancies. Almost all CTRL (93%) reached the plateau of the Yo-Yo AD, i.e., the maximum distance (2040 m in 28 min). CAYA-H did not reach the plateau at T0 and T1 in 84% and 66% of cases, respectively. (B). Sensitivity of the Yo-Yo AD measures, assessed by the receiver operating curve (ROC). A cut-off performance for medically fragile CAYA-H was settled at 740 m (sensitivity: 36.99%; specificity: 82.47%) and for high-performing CAYA-H at 1420 m (sensitivity: 82.61%; specificity: 43.30%.). 
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Figure 4. Violin plots showing the distribution of the children, adolescents, and young adults with hematological malignancies (CAYA-H) according to the total distance performed during a Yo-Yo AD. A significant difference was observed between the average scores obtained at the two different time points (T0, basal value vs. T1, after 11 weeks of precision based exercise program). The statistical significance between CAYA-H (dotted line, matched-paired test) and groups of healthy pairs (CTRL) is represented (continuous lines, ANOVA). 
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Figure 5. (A,B). Individual and averaged correlation between time and heart rate (HR) during the Yo-Yo AD execution at the basal evaluation (T0) and after 11 weeks of precision-based exercise program (T1). HR is expressed as a percentage of maximal heart rate calculated during the test session. Three patterns identified by different slopes represent satisfactory (triangles, dotted line), intermediate (squares, dashed line), and poor performances (circles, continuous line). See text for further explanation. 
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Table 1. Precision exercise training protocols according to the clinical phenotyping of children, adolescents, and young adults with cancer (see also Table 2 for the characteristics considered to identify the intensity of cancer treatment). Type, frequency, pattern, and progression are common to all protocols. The intensity, time, and volume of exercise is different for most intensive, very intensive, and moderately intensive cancer treatment.
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Type

	
Cardiorespiratory

	
Resistance

	
Neuromotor

	
Flexibility






	
Elaborated meaning

	
Regular, purposeful exercise that involves major muscle groups and is continuous and rhythmic in nature (e.g., walking on an elastic trampoline)

	
Major muscle groups with a variety of exercise equipment and/or body weight (e.g., leg extension machine). Different muscle groups are used every day

	
Exercise involving balance, agility, coordination, and gait, proprioceptive training, and multifaceted activities (e.g., balance on proprioceptive surfaces)

	
A series of flexibility exercises for each of the major muscle-tendon units




	
Frequency

	
≥3 day × week−1

	
≥3 day × week−1

	
≥3 day × week−1

	
≥3 day × week−1




	
Pattern

	
One continuous session of supervised exercise per day with active recoveries for each 2 min of activity

	
Rest intervals of 1 min between each set of repetitions

	
/

	
At the end of each training session. One repetition




	
Progression

	
Increased exercise volume each 4 weeks

	
Increased exercise volume each 4 weeks

	
/

	
/




	
Most intensive treatment, exercise training protocol




	
Intensity

	
Light–moderate, 40–60% of HRR

	
Light, 40–50% of the 1 RM

	
Indeterminable

	
Stretch to the point of feeling tightness or slight discomfort




	
Time

	
30 min × week−1

	
30 min × week−1

	
15 min × week−1

	
15 min × week−1




	
Volume/repetitions

	
≥120 MET min × week−1

	
8–12 repetitions, 2–3 sets

	
/

	
30 s




	
Very intensive treatment, exercise training protocol




	
Intensity

	
Moderate–vigorous, 60–80% of HRR

	
Moderate–hard, 60–70% of the 1 RM

	
Indeterminable

	
Stretch to the point of feeling tightness or slight discomfort




	
Time

	
60 min × week−1

	
60 min × week−1

	
30 min × week−1

	
30 min × week−1




	
Volume/repetitions

	
≥240 MET min × week−1

	
8–12 repetitions, 3–4 sets

	
/

	
30 s




	
Moderately intensive treatment, exercise training protocol




	
Intensity

	
Vigorous, 70–90% of HRR

	
Hard, 70–80% of the 1 RM

	
Indeterminable

	
Stretch to the point of feeling tightness or slight discomfort




	
Time

	
60–70 min × week−1

	
60–70 min × week−1

	
30–35 min × week−1

	
30–35 min × week−1




	
Volume/repetitions

	
≥240 MET min × week−1

	
8–12 repetitions, 3–4 sets

	
/

	
30 s








HRR: Heart-rate reserve (HR at rest and maximum measured during an exhaustion test); MET: metabolic equivalent; 1 RM: one-repetition maximum.
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Table 3. Correlations between Yo-Yo AD and other performances: 6-min walking test (6MWT), Timed Up and Down Stairs (TUDS), quadriceps strength (leg extension).






Table 3. Correlations between Yo-Yo AD and other performances: 6-min walking test (6MWT), Timed Up and Down Stairs (TUDS), quadriceps strength (leg extension).





	
6MWT vs. Yo-Yo AD




	

	
T0

	
T1




	
Equation

	
Y = 4.046 × X − 1.147

	
Y = 4.583 × X − 1.278




	
p value

	
<0.001

	
<0.001




	
R square

	
0.420

	
0.554




	
TUDS vs. Yo-Yo AD




	

	
T0

	
T1




	
Equation

	
Y = −162.8 × X + 2.210

	
Y = −249.5 × X + 2.970




	
p value

	
<0.001

	
<0.001




	
R square

	
0.215

	
0.377




	
LEG EXTENSION vs. Yo-Yo AD




	

	
T0

	
T1




	
Equation

	
Y = 18.31 × X + 381.3

	
Y = 22.86 × X + 367.8




	
p value

	
<0.001

	
<0.001




	
R square

	
0.417

	
0.335
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