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Abstract

:

Nine ski mountaineering (Ski-Mo), ten Nordic-cross country (NCC), and twelve world elite biathlon (Bia) athletes were evaluated for cardiopulmonary exercise test (CPET) performance and pronounced echocardiographic physiological cardiac remodeling as a primary aim of our descriptive preliminary report. In this context, a multicenter retrospective analysis of two-dimensional echocardiographic data including speckle tracking of the left ventricle (LV-GLS) and CPET performance analysis was performed in 31 elite world winter sports athletes, which were obtained during the annual sports medicine examination between 2020 and 2021. The matched data of the elite winter sports athletes (14 women, 17 male athletes, age: 18–32 years) were compared for different CPET and echocardiographic parameters, anthropometric data, and sport-specific training schedules. Significant differences could be revealed for left atrial (LA) remodeling by LA volume index (LAVI, p = 0.0052), LV-GLS (p = 0.0003), and LV mass index (LV Mass index, p = 0.0078) between the participating disciplines. All participating athletes showed excellent performance data in the CPET analyses, whereby significant differences were revealed for highest maximum respiratory minute volume (VE maximum) and the maximum oxygen pulse level across the participating athletes. This study on sport specific physiological demands in elite winter sport athletes provides new evidence that significant differences in CPET and cardiac remodeling of the left heart can be identified based on the individual athlete’s training schedule, frequency, and physique.
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1. Introduction


The three described participating winter sport disciplines, ski-mountaineering (Ski-Mo), Nordic-cross country (NCC), and biathlon (Bia), are known to be very challenging for the individual athlete because they are performed in altitude environmental conditions and involve the whole body and uphill locomotion [1,2,3,4,5,6].



The individual sport performance of these athletes, especially the physiological demands and functional and structural cardiac remodeling have been reported in previous studies focusing on energy cost, training methods, training frequency, and pronounced structural and functional remodeling of the left heart by transthoracic echocardiographic assessment as well as cardiopulmonary exercise testing (CPET) performance data analyses [4,5,6,7,8,9,10,11,12].



Nevertheless, the outdoor sport community in general as well as the leisure winter sport community has been rapidly growing in the last decades and enjoys growing popularity. However, despite its popularity, sport-specific research about these professional athletes, particularly Ski-Mo, is up to now scarce [7,11,12]. As a consequence of the increasing professionalization of Ski-Mo from an unorganized leisure sport to a professional sport discipline, it will be represented as a winter sport discipline for the first time in the Milan-Cortina Olympic winter games in 2026 as stated by the International Olympic Committee with two disciplines (speed and individual) [7,13].



In the last decades, the term “athlete’s heart” has been defined by its individual structural, physiological, and functional sport-specific as well as electrophysiological remodeling based on cardiac imaging, CPET performance analysis, and clinical cardiological evaluation [12,14,15,16,17,18,19,20]. In this context, the sport-specific athlete’s background and training impact have to be taken into consideration for varying cardio-physiological adaption [12,14,16,20,21].



In our descriptive preliminary report on the physiological demands based on CPET performance data analyses as well as echocardiographic data assessment in German elite winter sport professionals, we elucidate for the first time an individual athlete’s sport-specific physiological adaption to the performed winter sport discipline. We are able to present significant physiological performance differences between the three different participating cohorts of athletes and to interpret the results against the individual athlete’s physique, training schedule, and training frequency. The matched data of the three participating cohorts represent the ideal comparison group for sport-specific cardiac remodeling, as their training impact and frequency as well as their sport physiological demands are comparable [12,22]. Our presented study on performance data analyses in elite winter sport athletes might contribute to individualizing athletes’ training schedules and their competition performance in the future and might pave the road to future scientific effort to strengthen the scientific basis of evidence.




2. Materials and Methods


2.1. Study Design


This was a multicenter retrospective data analysis of sport specific cardiac remodeling assessment by two-dimensional echocardiographic analysis focusing on the left heart including speckle tracking analysis and CPET performance data in 31 elite winter sport athletes, which were obtained in 2020 and 2021 during the annual medical sports medicine check-up [12,22]. The matched data of the elite winter sports athletes (14 women, 17 male athletes, age: 18–32 years) were compared for different echocardiographic and CPET performance parameters, athlete’s physique data, and sport-specific training aspects.




2.2. Participating Athletes


Thirty-one young elite winter sport professionals, all active members of the German National Team, participating in world championships as well as World Cups, were examined during the season of 2020/2021. During the severe worldwide COVID-19 pandemic situation, no participating athlete was infected or had to be excluded due to post-COVID-19 infection syndromes.



All participants (14 women, 17 male athletes, age: 18–32 years) were assessed by an individual sports medicine check-up in their supervising sports medicine performance center—the Interdisciplinary Center of Sportsmedicine, Klinikum Bamberg or the Institute for Applied Exercise Science, Leipzig. All participating athletes showed comparable anthropometric data, whereby male athletes weighed 65–81 kg, had a body mass index (BMI) of 18–25 kg/m2, and had a height of 175–186 cm. The participating female athletes weighed 47–69 kg, showed a BMI of 18–23 kg/m2, and had a height of 154–176 cm, as reported before by Zimmermann et al. [12,22]. All participants were professional winter sport athletes with a total amount of 20–25 training hours per week during the season—based on the individual high volume training schedule—and performed up to 10 trainings hours in the season’s recreational time, including functional strength training (ST) units, continuous endurance training (ET) such as running and cycling, and individual training units to improve muscle disbalances, as pictured in Table 1. No participating athlete had to be excluded from our study due to adverse cardiac events or arrhythmias in any individual athlete’s history. Due to the anthropometric variability with Ski-Mo athletes representing the youngest and physically smallest athletes, and variable fewer lifetime training hours and training schedules, across the three participating winter sport athletes an age-matched analysis is not possible.




2.3. Echocardiographic Assessment and CPET Performance Analysis


During the annual sports medicine evaluation in the accompanying performance center, we performed twelve-lead electrocardiograms (ECGs), two-dimensional echocardiographic examination including left ventricle-global longitudinal strain (LV-GLS), and CPET performance analysis in all participating elite winter sport athletes.



The twelve-lead ECG was performed in a lying position with 50 mm/s (CardioSoft V6.73, GE Medical Systems, Munich, Germany and Custo med cardio, Custo med GmbH, Ottobrunn, Germany) to define resting heart rate in beats per minute (bpm) after 5 min. Anthropometric data were additionally evaluated for all athletes, such as body mass index (BMI in kg/m2), body surface area (BSA in m2), and resting blood pressure level (in mmHg) after resting for five minutes in a supine position.



As part of the sports medicine checkup, the echocardiographic functional and morphological assessment was performed using a commercially available echocardiographic system Phillips EPIQ 7 device with an X5-1 Matrix-array transducer (Phillips Healthcare, Eindhoven, The Netherlands), following a standard protocol as described before [12,23]. The acquired images were analyzed and stored digitally; for measurements, sequences of at least three heart beats were stored and analyzed [12]. Our participants were evaluated by two-dimensional echocardiographic analyses performed according to the general recommendations [12,23,24,25]. The systolic LV ejection fraction (LV-EF) was evaluated using biplane Simpson rule, based on the apical two- as well as the apical four-chamber view and using Teichholz method ejection fraction calculation in the parasternal long axis. For both atria and both ventricles, two-dimensional linear dimensions assessment was performed according to the recommendations [23,24,25]. A morphological and functional analysis of the right heart, including an estimation of the right ventricular (RV) systolic function using the TAPSE (tricuspid annular plane systolic excursion) was performed in the apical four-chamber view.



Furthermore, based on the two-dimensional echocardiographic measurements of the left heart, specific calculations for each participating athlete were performed for the following indexes by an individual specific validated method: the left ventricular mass index (LV Mass index) by a validated method [26], the relative wall thickness (RWT) of the left ventricle (LV) based on the formula (2× posterior wall thickness)/left ventricle enddiastolic diameter (LVedd) [26], and the left atrial volume index (LAVI) by a validated method [25].



For functional assessment of the LV, the LV diastolic function was assessed by the pulse-wave Doppler in the apical four-chamber view referring to the peak early filling (E wave) and late diastolic filling (A wave) velocities. To quantify the peak early velocity E’, a tissue Doppler imaging of the lateral mitral anulus in the apical four chamber view was performed [12,23,25].



To reveal the individual athlete’s LV-GLS pattern by two-dimensional strain in the apical views, we performed LV speckle tracking analysis and focused on the LV and did not evaluate the RV and LA strain pattern. Therefore, the Philips QLAB cardiac analysis application “AutoStrain” was used (Phillips Healthcare, Eindhoven, The Netherlands). Each athlete was evaluated for the prevalence of left and right heart valve regurgitation during each individual athlete’s standard echocardiographic assessment.



The CPET performance analyses were conducted in accordance with the recommendations of the American Heart Association (AHA) [27], and as predetermined by the national winter sport discipline association, either on a bicycle or on a treadmill. Therefore, the CPET step-wise protocol started with a workload of 80 Watts increasing the workload per 40 Watts every 3 min or alternatively starting with 100 Watts increasing per 30 Watts every 3 min until volitional exhaustion. Alternatively, the treadmill tests started with a workload of 10 km/h for male and 8 km/h for female athletes for 3 min and then increasing the speed by 1.0 km/h or 1.5 km/h every 3 min, as described in our previous reporting on CPET [22]. All performance data from the CPET, twelve-lead ECG, and blood pressure were recorded continuously. To define individual athletes’ peak performance criteria for CPET analysis, attention was paid to several performance parameters. Primarily, each participant was observed to define individual peri- and post-exercise lactate level with a capillary blood analysis from the earlobe at each workload step, individual anaerobic threshold (4 mmol/L), and their recovery time (maximum 15 mmol/L) [22]. Secondly, several additional peak performance parameters were recognized: a respiratory exchange rate (RER) of 1.15 at peak performance, reaching 85% of the individual maximum predicted heart rate (220 bpm minus age in years), leveling off of the VO2 maximum, and individual assumed exercise time of CPET duration. Each athlete was evaluated for the specific athlete’s exertion level by the Borg RPE scale (Values ≥ 17). In summary, to define an individual athlete’s maximal CPET effort, a minimum of three of the above-mentioned criteria were taken into consideration [22]. Next to the recorded CPET performance data, the oxygen pulse at VT2 (Oxygen pulse VT2) as well as the peak oxygen pulse (Oxygen pulse maximum) were assessed by dividing the derived VO2 by the heart rate at VT2 or the maximum heart rate [28].



To summarize the obtained data from the echocardiographic and CPET evaluation, additional information for each participating athlete about the training schedules and frequency was collected from the responsible national winter sport discipline association. In particular, detailed information about the individual athletes’ training component and frequency was provided to understand the distinctions between our three participating cohorts of world elite winter sports athletes.




2.4. Statistical Analysis


Our data were analyzed with Graph Pad Prism 8.2.1(279) (Graph Pad Software; San Diego, CA, USA). Firstly, all acquired data were assessed for normal distribution by analyzing the data by means of Kolmogorov–Smirnov normality testing. Afterwards, using non-parametric Kruskal–Wallis, we tested our numerical data group comparisons for nine Ski-Mo athletes (5 male, 4 women), ten NCC athletes (6 male, 4 women), and twelve elite Bia athletes (6 male, 6 women). Afterwards, a gender-specific analysis for the interesting echocardiographic and CPET parameters was utilized equally by using non-parametric Kruskal–Wallis testing. p ≤ 0.05 was accepted as statistically significant. Since the manuscript is focusing on a clinical scientific outcome in a small limited number of world elite winter sport professionals, the sample size is not calculated in our preliminary reporting.




2.5. Ethical Consideration


The study protocol (17_21 B) was approved by the local ethics committee of the University of Nurnberg-Erlangen. In general, the study was conducted in conformity with the declaration of Helsinki and Good Clinical Practice [29]. Prior to any trial-related activities and measurements, our participating athletes gave their written informed consent and were informed about the study protocol and the following measurements.





3. Results


3.1. Baseline Characteristics and Anthropometric Data


In our descriptive preliminary report, a total of 31 young professional winter sports athletes, including Ski-Mo, NCC, and Bia athletes, were examined. The matched data of the three different participating cohorts were compared for different anthropometric data, for morphological and functional sport-specific cardiac remodeling by echocardiographic assessment and CPET performance parameters. For the echocardiographic assessment, we examined one more male Ski-Mo athlete, who felt too unwell to perform CPET and was therefore solely analyzed for sport specific echocardiographic remodeling, as presented below. The recorded athletes’ heart rate at baseline (bpm), individual heart rate response at VT2 as well as at maximum effort during CPET, the resting blood pressure level (mmHg), height, weight, BMI, and BSA are represented in Table 2, adapted to Zimmermann et al. [12,22].




3.2. Morphological and Functional Cardiac Remodeling


Evaluating the morphological and functional cardiac remodeling of our participating elite winter sport athletes, we could reveal significant differences between the three different winter sport disciplines (results shown in Table 3).



In the two-dimensional echocardiographic examination, all participating elite winter sport athletes showed a normal to little reduced systolic LV ejection fraction (LV-EF) estimated by the biplane Simpson and Teichholz rule. For all three different winter sport professionals, we calculated the LV Mass Index as an indexed parameter and obtained significantly higher values for this parameter for NCC and Bia athletes compared to Ski-Mo athletes (results shown in Table 3). Additionally, significant higher relative wall thickness (RWT) could be shown in NCC and Bia athletes in comparison to Ski-Mo professionals (results shown in Table 3).



Analyzing the morphological structure of the left atrial remodeling, significant differences could be revealed across our three participating athletes. The LAVI (mL/m2), as an indexed parameter, was significantly enlarged in NCC and Bia athletes compared to Ski-Mo professionals (Figure 1). This was also true for the sex-related sub-analyses. In detail, male and female Ski-Mo athletes showed the smallest values (results shown in Table 3).



Focusing the left ventricular remodeling, especially the eccentric remodeling of the LV, such as interventricular septal wall diameter (IVSd), the left ventricular posterior wall diameter (LVPWd), and the RWT, we could elucidate significant differences across our participating athletes. The NCC and Bia athletes in general as well as in the gender-specific analyses showed significantly thicker LV wall diameter than Ski-Mo athletes. No significant structural anatomic differences between our athletes could be proven for LVedd, for the end-diastolic volume (LV EDVedd), the right heart dimensions as right atrial end-systolic diameter (RA endsyst), and right ventricular end-diastolic size (RV edd) as well as the TAPSE of RV.



Focusing on the functional cardiac remodeling, i.e., diastolic function and speckle tracking analysis in our elite winter sport athletes, we were able to prove significant differences for the E/A ratio as criteria for LV diastolic function, but no significant differences in the gender sub-analysis (results shown in Table 3). The speckle tracking analysis with the main emphasis on the LV-GLS in our athletes revealed significant differences with regards to the background of the sport specific discipline in our small cohort. The LV-GLS in male athletes with Ski-Mo athletes had the lowest values (p = 0.0003, Figure 2 and results shown in Table 3).




3.3. Sport-Specific Physiological Performance by Laboratory CPET Analyses


Next to the presented anthropometric data and echocardiographic assessment, our professional winter sport athletes were compared for CPET performance parameters, whereby all participating athletes showed excellent performance data as presented in Table 4 (adapted from Zimmermann et al., 2022 [22]). Updated Olympic-medal-level performance benchmark data were used as reference [30].



Analyzing the sport specific aerobic capacity in our participating athletes, the highest maximum respiratory minute volume (VE maximum) was elucidated for Bia athletes, who showed significantly higher values in comparison to Ski-Mo athletes (results presented in Table 4).



No significant differences could be revealed for the maximum ventilatory oxygen uptake (VO2 maximum) nor for the indexed ventilatory oxygen uptake (VO2) at the maximum performance level (VO2/kg maximum) across the three participating winter sport professionals.



Analyzing the Oxygen pulse maximum as presented in Table 4, NCC and Bia athletes showed significantly higher performance values than our participating Ski-Mo athletes (Figure 3).



Focusing on the gender-specific CPET performance data analyses, the female Bia athletes were able to assume the highest peak oxygen pulse (Oxygen pulse maximum) performance parameters across the three winter sport groups (p = 0.0190).



Additionally, in our male winter sport professionals, the highest maximum respiratory minute volume (VE maximum, p = 0.0087), the highest maximum ventilatory oxygen uptake (VO2 maximum, p = 0.0087, Figure 4), and the best peak oxygen pulse (Oxygen pulse maximum, p = 0.0260) were highlighted for the male Bia athletes in comparison to the other two participating sport disciplines (results shown in Table 4).





4. Discussion


In the present descriptive preliminary report, morphological and functional cardiac remodeling as well as sport specific CPET performance parameters in German world elite winter sport athletes were investigated and compared with each other for the first time. The investigated winter sports in this study are known for their high energy demands, involve the whole body, and are often performed at altitude [3,4,5,9,10]. Environmental conditions as well as exceptionally high aerobic turnover, an excellent anaerobic power, and different race speed qualities have to be taken into consideration as variable parameters influencing individual athletes’ performance [8,15,22,31,32,33,34].



In this context, repeated intensity fluctuations and physiological adaptions have been reported before in cross-country skiing [33]. These results emphasize the impact of the high endurance demand in our analyzed winter sports on sport-specific echocardiographic remodeling as well as physiological response assumed by CPET parameters.



The impact of two-dimensional echocardiography on morphological and functional cardiac remodeling of the athlete’s heart has been studied and described before. Morphological features, especially left heart remodeling with enlarged heart structures in male athletes in general are the main findings [35].



Classifying our observed descriptive findings in this context, several influencing factors have to be taken into consideration. The training schedule and frequency show inter- group differences. These differences, especially the individual training strategies, focusing on ET or ST components, might slightly and rather likely in long-term perspective contribute to individualized variable sports specific adaptions. Analyzing the baseline morphological and functional echocardiographic remodeling across our three participating elite winter sport disciplines, we could reveal significant differences in the NCC and Bia sports in comparison to Ski-Mo athletes. The Ski-Mo athletes, representing the youngest and physically smallest athletes, with less lifetime training hours and the highest amount of endurance training (ET) during training schedule [4,12], revealed significantly lower values for LV mass index for Ski-Mo compared to NCC and Bia athletes. In athletes focusing on ST, higher LV wall thickness can be observed [12,36]. In our study, we elucidated LA remodeling especially in NCC and Bia athletes by the analyzed indexed parameter—LAVI. Significantly higher values were observed for the NCC and Bia athletes compared to Ski-Mo athletes with less life time training hours. Nevertheless, in elite endurance athletes, LA remodeling has been reported as a typical characteristic and might contribute to a transient balanced cardiomyopathy with the further risk of developing an atrial cardiomyopathy [37]. In the end, these descriptive echocardiographic findings do not translate to an increased VO2/kg maximum as the reference parameter for peak performance in our NCC and Bia athletes. Nevertheless, we could elucidate significantly higher oxygen pulse maximum levels in Bia and NCC athletes, which might be suggestive for enhanced peak performance. This enhanced peak performance—displayed by higher oxygen pulse maximum levels—might be assumed by varying morphological and functional cardiac remodeling across our three groups. Regarding this parameter, it has to be stated clearly that several parameters and circumstances might influence this parameter next to the analyzed baseline echocardiographic parameters at rest. Interindividual exercise-dependent blood pressure increase, variable hemoglobin levels, mild right–left atrial shunt, mild intrapulmonary shunting with oxygenation mismatch, or variable dynamic stroke volume determined by alternating volume preload conditions, transient balanced sport specific atrial remodeling, or variable autonomous vagal regulation in athletes are previously known influencing factors [38,39]. These mentioned influencing factors have to be taken additionally into consideration judging the athlete’s peak performance. Our athletes’ performance assessment based on resting echocardiographic assessment and CPET performance analysis has to be interpreted with caution and displays only partly relevant influencing parameters for athletes’ race performance. Transient balanced sport-specific atrial remodeling might contribute to an improved exercise capacity and cardiac output during exercise in athletes revealed by positive correlations between VO2 maximum and LA passive emptying fraction [40] as well as mild association between peak cardiac performance output and resting left heart cardiac parameters [41].



Analyzing the controversially discussed topic of functional LV remodeling by E/A and E/E′ ratio observation, our data in world elite winter sport professionals revealed comparable results in elite athletes with previous research [16,35]. Various factors influencing diastolic function have been reported before, such as low resting heart rate, increased vagal tone, and improved hemodynamic filling of the LV in athletes [16]. Highlighting the impact of LV-GLS analysis in winter sport professionals, we revealed slightly reduced values in Ski-Mo compared to NCC and Bia athletes. By using LV-GLS observation, the distinction between inherited or acquired cardiomyopathies and pronounced physiological cardiac remodeling can be improved. Whereas the normal LV-GLS strain range is estimated to be between −18% and, −25%, strain analysis in general can detect functional abnormalities and early changes in cardiac mechanics long before structural damages can be revealed [12,42,43,44].



Our findings have to be interpreted carefully and are limited due to several influencing circumstances. On the one hand, the impact of various athletes’ anthropometric data, different training schedule, and frequency, and on the other hand the data acquirement in the preseason preparation time as well as an interobserver variability might have contributed to the observed differences [12]. Nevertheless, our descriptive results might emphasize the impact of pronounced specific training-induced cardiac remodeling in athletes. While the clinical atrial cardiomyopathy is difficult to objectify, an increased risk for future degeneration to a pathological entity within the lifetime of a sports career might be assumed [12].



We evaluated the sport-specific physiological performance of professional winter sport athletes with laboratory CPET analyses as predictors of performance. Thus, we were able to elucidate different “adaption patterns” related to the impact of sport discipline and training schedule. First of all, Ski-Mo athletes are known for their enhanced aerobic capacity due to repeated intensity fluctuations, high intensity sprints, uphill locomotion, and high aerobic energy turnover [4,7,13,22,45]. Our data indicate similar findings with a comparable VO2 maximum but a lower VE maximum and a lower cardiac output, determined by a lower Oxygen pulse maximum. Our findings are supported by previous data, which revealed a positive correlation between increasing age and maximum oxygen uptake and anaerobic threshold in German Nordic combined athletes [46]. An improved development of VO2 maximum in relation to athlete’s age and training conditions, i.e., training volume and lifetime training hours, was also noted in NCC athletes [47].



Summarizing the obtained results from our descriptive reporting study, we were able to detect valuable parameters for significant sport specific cardiopulmonary adaption in participating winter sport athletes. Although it might be difficult to derive reliable conclusions in this small sample size of world elite winter sport professionals, the reported CPET performance data and sport specific cardiac remodeling in the physically stronger NCC and Bia athletes might contribute to an enhanced peak performance of these two established winter sport disciplines. On the one hand, the participating athletes did not differ significantly with regard to the indexed ventilatory oxygen uptake at the maximum performance level (VO2/kg maximum), but additionally analyzing the oxygen pulse maximum, NCC and Bia athletes showed significantly higher peak performance values than our participating Ski-Mo athletes. Carefully interpreting these obtained descriptive findings, we might assume the described physiological adaption as well as sport specific echocardiographic remodeling, displayed by higher LV Mass index, larger left atrial remodeling as measured by LAVI, and higher values for the LV-GLS in NCC and Bia athletes. These obtained data and their drawn logical conclusion remain, in the end, speculative, limited by the small sample size of world elite winter sport professionals. Regarding the sport-specific left heart remodeling in interaction with the above-described individual athlete’s physiological adaption, an enhanced cardiac and physiological performance in NCC and Bia athletes—especially at maximum effort—might be assumed. These obtained findings will have to be confirmed in larger study populations and long-term follow-up observation in cooperation with the supervising national team staff and might contribute to individual sport-specific training planning in these elite winter sport professionals in the future.



Our study has several limitations as mentioned above in the discussion. Firstly, the number of participating elite winter sport athletes is relatively small as we enrolled only high-level athletes from the German national teams competing at World Cups and world-class events. Secondly, the echocardiographic assessment and CPET performance data of the participating athletes were assessed in a multicenter study design, implying a certain interobserver variability with respect to data acquirement. Thirdly, our performance measurements were acquired in the preseason preparation time in summer in a multicenter design with respect to a deviation in individual training schedules resulting in inter-group heart volume and training intensity variability. Furthermore, the anthropometric variability due to Ski-Mo athletes representing the youngest and physically smallest athlete category with fewer lifetime training hours might contribute to an interindividual variability evaluating sport specific cardiac remodeling and physiological adaption in these athletes. Additionally, the mixture of young and experienced NCC and Bia athletes entails an intra-cohort variability and contributes to a certain standard deviation in our cardiac and CPET measurements. Last, we focused on speckle tracking of LV-GLS and not on the circumferential LV strain analysis. We performed no specific strain analysis in the RV and LA, which has to be stated as an important limitation of this study. Taking these circumstances into consideration, we agree that our paper should be likely regarded as an interesting descriptive preliminary reporting for sport-specific remodeling in elite German winter sport athletes. Future research might focus on larger athlete sample sizes to specify the presented descriptive findings with statistical adjustment for anthropometric baseline characteristic, athlete’s age, lifetime training hours adjustment, or detailed training schedule adjustment.




5. Conclusions


This descriptive reporting provides new evidence that in different German world elite winter sport professionals, significant differences in morphological and functional remodeling of the left heart as well as for CPET parameters can be demonstrated, against the background of athlete’s anthropometric data, athlete’s physique, and training components and frequency.



Our results have to be handled with care due to the mentioned limitations and might serve as a preliminary report. Therefore, our results analysis—in general as well as in the gender-specific subgroup analyses—can identify physiological differences in morphological and functional sport specific cardiac remodeling. This was revealed in the speckle tracking analysis, focusing the LV-GLS, LV mass index parameters, and LA remodeling as measured by LAVI. On the other hand, sport-specific individual differences in the CPET performance can be elucidated for our three participating cohorts, especially due to the maximum performance parameters, such as VE maximum and Oxygen pulse maximum.



These obtained differences between the three participating groups might define a pronounced athlete’s individual structural and functional sport specific cardio-physiological adaption. Nevertheless, when interpreting an athlete’s heart by echocardiographic assessment and individual CPET performance data analysis, the impact of the athlete’s physique, training schedule, and frequency have to be taken into consideration. From this aspect, our descriptive reporting might pave the road to future studies with greater number of participating athletes and long-term follow-up to verify the impact on sport-specific athletes’ heart adaption and to further strengthen the scientific evidence base.







Author Contributions


Data curation, P.Z., L.Z. and J.W.; formal analysis, P.Z. and L.Z.; investigation, P.Z., J.W. and V.S.; methodology, P.Z. and I.S.; project administration, P.Z. and J.W.; supervision, P.Z., I.S. and J.W.; writing—original draft, P.Z. and J.W.; writing—review and editing, V.S., L.Z., M.L.E., O.M. and I.S. All authors have read and agreed to the published version of the manuscript.




Funding


We acknowledge financial support from the Open Access Publication Fund of Charité–Universitätsmedizin Berlin and the German Research Foundation (DFG).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Ethics Committee of the University of Nurnberg-Erlangen (study protocol 17_21 B).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Individual anonymized data supporting the analyses of this study contained in this manuscript will be made available upon reasonable written request from researchers whose proposed use of data for a specific purpose has been approved.




Acknowledgments


We want to thank the participants who were examined in both sport medicine performance centers, i.e., Institute for Applied Training Science, Leipzig and Interdisciplinary Center of Sportsmedicine, Klinikum Bamberg.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Armstrong, R.B.; Laughlin, M.H.; Rome, L.; Taylor, C.R. Metabolism of rats running up and down an incline. J. Appl. Physiol. 1983, 55, 518–521. [Google Scholar] [CrossRef] [PubMed]

	



Balducci, P.; Clémençon, M.; Morel, B.; Quiniou, G.; Saboul, D.; Hautier, C.A. Comparison of Level and Graded Treadmill Tests to Evaluate Endurance Mountain Runners. J. Sports Sci. Med. 2016, 15, 239–246. [Google Scholar] [PubMed]

	



Buskirk, E.R.; Kollias, J.; Akers, R.F.; Prokop, E.K.; Reategui, E.P. Maximal performance at altitude and on return from altitude in conditioned runners. J. Appl. Physiol. 1976, 23, 259–266. [Google Scholar] [CrossRef] [PubMed]

	



Duc, S.; Cassirame, J.; Durand, F. Physiology of Ski Mountaineering Racing. Int. J. Sports Med. 2011, 32, 856–863. [Google Scholar] [CrossRef]

	



Menz, V.; Niedermeier, M.; Stehle, R.; Mugele, H.; Faulhaber, M. Assessment of Maximal Aerobic Capacity in Ski Mountaineering: A Laboratory-Based Study. Int. J. Environ. Res. Public Health 2021, 18, 7002. [Google Scholar] [CrossRef]

	



Tosi, P.; Leonardi, A.; Schena, F. The energy cost of ski mountaineering: Effects of speed and ankle loading. J. Sport Med. Phys. Fit 2009, 49, 25–29. [Google Scholar]

	



Bortolan, L.; Savoldelli, A.; Pellegrini, B.; Modena, R.; Sacchi, M.; Holmberg, H.-C.; Supej, M. Ski Mountaineering: Perspectives on a Novel Sport to Be Introduced at the 2026 Winter Olympic Games. Front. Physiol. 2021, 12, 737249. [Google Scholar] [CrossRef]

	



Hoffman, M.D. Physiological comparisons of cross-country skiing techniques. Med. Sci. Sports Exerc. 1992, 24, 1023–1032. [Google Scholar] [CrossRef]

	



Jonsson Kårström, M.; McGawley, K.; Laaksonen, M.S. Physiological Responses to Rifle Carriage During Roller-Skiing in Elite Biathletes. Front. Physiol. 2019, 10, 1519. [Google Scholar] [CrossRef]

	



Laaksonen, M.S.; Andersson, E.; Jonsson Kårström, M.; Lindblom, H.; McGawley, K. Laboratory-Based Factors Predicting Skiing Performance in Female and Male Biathletes. Front. Sports Act. Living 2020, 2, 99. [Google Scholar] [CrossRef]

	



Schöffl, V.; Pöppelmeier, O.; Emmler, J.; Schöffl, I.; Küpper, T.; Lutter, C. Ski Mountaineering–Evaluation of a Sports Specific Performance Diagnosis. Sportverletz. Sportschaden 2018, 32, 233–242. [Google Scholar] [CrossRef]

	



Zimmermann, P.; Moser, O.; Eckstein, M.L.; Wüstenfeld, J.; Schöffl, V.; Zimmermann, L.; Braun, M.; Schöffl, I. Athlete’s Heart in Elite Biathlon, Nordic Cross—Country and Ski-Mountaineering Athletes: Cardiac Adaptions Determined Using Echocardiographic Data. J. Cardiovasc. Dev. Dis. 2021, 9, 8. [Google Scholar] [CrossRef]

	



Schöffl, V.R.; Bösl, T.; Lutter, C. Ski mountaineering: Sports medical considerations for this new Olympic sport. Br. J. Sports Med. 2022, 56, 2–3. [Google Scholar] [CrossRef]

	



Galanti, G.; Stefani, L.; Mascherini, G.; di Tante, V.; Toncelli, L. Left ventricular remodeling and the athlete’s heart, irrespective of quality load training. Cardiovasc. Ultrasound 2016, 14, 46. [Google Scholar] [CrossRef]

	



Larsson, P.; Olofsson, P.; Jakobsson, E.; Burlin, L.; Henriksson-Larsén, K. Physiological predictors of performance in cross-country skiing from treadmill tests in male and female subjects. Scand. J. Med. Sci. Sports 2002, 12, 347–353. [Google Scholar] [CrossRef]

	



Major Zs Csajági, E.; Kneffel Zs Kováts, T.; Szauder, I.; Sidó, Z.; Pavlik, G. Comparison of left and right ventricular adaptation in endurance-trained male athletes. Acta Physiol. Hung. 2015, 102, 23–33. [Google Scholar] [CrossRef]

	



Pavlik, G.; Major Zs Varga-Pintér, B.; Jeserich, M.; Kneffel, Z.S. The athlete’s heart Part I (Review). Acta Physiol. Hung. 2010, 97, 337–353. [Google Scholar] [CrossRef]

	



Schöffl, I.; Wüstenfeld, J.; Jones, G.; Dittrich, S.; Lutter, C.; Schöffl, V. Athlete’s Heart in Elite Sport Climbers: Cardiac Adaptations Determined Using ECG and Echocardiography Data. Wilderness Environ. Med. 2020, 31, 418–425. [Google Scholar] [CrossRef]

	



Stefani, L.; Toncelli, L.; Gianassi, M.; Manetti, P.; di Tante, V.; Vono, M.R.C.; Moretti, A.; Cappelli, B.; Pedrizzetti, G.; Galanti, G. Two-dimensional tracking and TDI are consistent methods for evaluating myocardial longitudinal peak strain in left and right ventricle basal segments in athletes. Cardiovasc. Ultrasound 2007, 5, 7. [Google Scholar] [CrossRef]

	



Szauder, I.; Kovács, A.; Pavlik, G. Comparison of left ventricular mechanics in runners versus bodybuilders using speckle tracking echocardiography. Cardiovasc. Ultrasound 2015, 13, 7. [Google Scholar] [CrossRef]

	



Zimmermann, P.; Moser, O.; Edelmann, F.; Schöffl, V.; Eckstein, M.L.; Braun, M. Electrical and Structural Adaption of Athlete’s Heart and the Impact on Training and Recovery Management in Professional Basketball Players: A Retrospective Observational Study. Front. Physiol. 2022, 13, 142. [Google Scholar] [CrossRef]

	



Zimmermann, P.; Wüstenfeld, J.; Zimmermann, L.; Schöffl, V.; Schöffl, I. Physiological Aspects of World Elite Competitive German Winter Sport Athletes. Int. J. Environ. Res. Public Health 2022, 19, 5620. [Google Scholar] [CrossRef]

	



Evangelista, A.; Flachskampf, F.; Lancellotti, P.; Badano, L.; Aguilar, R.; Monaghan, M.; Zamorano, J.; Nihoyannopoulos, P. European Association of Echocardiography recommendations for standardization of performance, digital storage and reporting of echocardiographic studies. Eur. J. Echocardiogr. 2008, 9, 438–448. [Google Scholar] [CrossRef]

	



Hagendorff, A.; Fehske, W.; Flachskampf, F.A.; Helfen, A.; Kreidel, F.; Kruck, S.; la Rosée, K.; Tiemann, K.; Voigt, J.-U.; von Bardeleben, R.S.; et al. Manual zur Indikation und Durchführung der Echokardiographie–Update 2020 der Deutschen Gesellschaft für Kardiologie. Kardiologe 2020, 14, 396–431. [Google Scholar] [CrossRef]

	



Lang, R.; Bierig, M.; Devereux, R.; Flachskampf, F.; Foster, E.; Pellikka, P.; Picard, M.; Roman, M.; Seward, J.; Shanewise, J. Recommendations for chamber quantification. Eur. J. Echocardiogr. 2006, 7, 79–108. [Google Scholar] [CrossRef]

	



Hashem, M.-S.; Kalashyan, H.; Choy, J.; Chiew, S.K.; Shawki, A.-H.; Dawood, A.H.; Becher, H. Left Ventricular Relative Wall Thickness Versus Left Ventricular Mass Index in Non-Cardioembolic Stroke Patients. Medicine 2015, 94, e872. [Google Scholar] [CrossRef]

	



Fletcher, G.F.; Balady, G.J.; Amsterdam, E.A.; Chaitman, B.; Eckel, R.; Fleg, J.; Froelicher, V.F.; Leon, A.S.; Piña, I.L.; Rodney, R.; et al. Exercise Standards for Testing and Training. Circulation 2001, 104, 1694–1740. [Google Scholar] [CrossRef]

	



Mezzani, A. Cardiopulmonary Exercise Testing: Basics of Methodology and Measurements. Ann. Am. Thorac. Soc. 2017, 14, S3–S11. [Google Scholar] [CrossRef]

	



Harriss, D.J.; MacSween, A.; Atkinson, G. Ethical Standards in Sport and Exercise Science Research: 2020 Update. Int. J. Sports Med. 2019, 40, 813–817. [Google Scholar] [CrossRef]

	



Tønnessen, E.; Haugen, T.A.; Hem, E.; Leirstein, S.; Seiler, S. Maximal aerobic capacity in the winter-Olympics endurance disciplines: Olympic-medal benchmarks for the time period 1990–2013. Int. J. Sports Physiol. Perform. 2015, 10, 835–839. [Google Scholar] [CrossRef]

	



Hébert-Losier, K.; Zinner, C.; Platt, S.; Stöggl, T.; Holmberg, H.-C. Factors that Influence the Performance of Elite Sprint Cross-Country Skiers. Sports Med. 2017, 47, 319–342. [Google Scholar] [CrossRef] [PubMed]

	



Hoffman, M.D.; Clifford, P.S. Physiological aspects of competitive cross-country skiing. J. Sports Sci. 1992, 10, 3–27. [Google Scholar] [CrossRef] [PubMed]

	



Losnegard, T. Energy system contribution during competitive cross-country skiing. Eur. J. Appl. Physiol. 2019, 119, 1675–1690. [Google Scholar] [CrossRef] [PubMed]

	



Talsnes, R.K.; Solli, G.S.; Kocbach, J.; Torvik, P.-Ø.; Sandbakk, Ø. Laboratory- and field-based performance-predictions in cross-country skiing and roller-skiing. PLoS ONE 2021, 16, e0256662. [Google Scholar] [CrossRef] [PubMed]

	



Utomi, V.; Oxborough, D.; Whyte, G.P.; Somauroo, J.; Sharma, S.; Shave, R.; Atkinson, G.; George, K. Systematic review and meta-analysis of training mode, imaging modality and body size influences on the morphology and function of the male athlete’s heart. Heart 2013, 99, 1727–1733. [Google Scholar] [CrossRef] [PubMed]

	



Fagard, R. Athlete’s heart. Heart 2003, 89, 1455–1461. [Google Scholar] [CrossRef]

	



Iskandar, A.; Mujtaba, M.T.; Thompson, P.D. Left Atrium Size in Elite Athletes. JACC Cardiovasc. Imaging 2015, 8, 753–762. [Google Scholar] [CrossRef]

	



Wonisch, M.; Fruwald, F.M.; Hofmann, P.; Hödl, R.; Klein, W.; Kraxner, W.; Maier, R.; Pokan, R.; Smekal, G.; Watzinger, N. Spiroergometrie in der Kardiologie–Grundlagen der Physiologie und Terminologie. J. Kardiol.-Austrian J. Cardiol. 2003, 10, 383–390. [Google Scholar]

	



Mujika, I.; Padilla, S.; Pyne, D.; Busso, T. Physiological changes associated with the pre-event taper in athletes. Sports Med. 2004, 34, 891–927. [Google Scholar] [CrossRef]

	



Kasikcioglu, E.; Oflaz, H.; Akhan, H.; Kayserilioglu, A.; Umman, B.; Bugra, Z.; Erzengin, F. Left Atrial Geometric and Functional Remodeling in Athletes. Int. J. Sports Med. 2006, 27, 267–271. [Google Scholar] [CrossRef]

	



Klasnja, A.V.; Jakovljevic, D.G.; Barak, O.F.; Popadic Gacesa, J.Z.; Lukac, D.D.; Grujic, N.G. Cardiac power output and its response to exercise in athletes and non-athletes. Clin. Physiol. Funct. Imaging 2013, 33, 201–205. [Google Scholar] [CrossRef]

	



Mandraffino, G.; Imbalzano, E.; lo Gullo, A.; Zito, C.; Morace, C.; Cinquegrani, M.; Savarino, F.; Oreto, L.; Giuffrida, C.; Carerj, S.; et al. Abnormal left ventricular global strain during exercise-test in young healthy smokers. Sci. Rep. 2020, 10, 5700. [Google Scholar] [CrossRef]

	



Pagourelias, E.D.; Mirea, O.; Duchenne, J.; van Cleemput, J.; Delforge, M.; Bogaert, J.; Kuznetsova, T.; Voigt, J.-U. Echo Parameters for Differential Diagnosis in Cardiac Amyloidosis. Circ. Cardiovasc. Imaging 2017, 10, e005588. [Google Scholar] [CrossRef]

	



Yang, C.G.; Ma, C.S.; Fan, L.; Su, B.; Wang, Y.X.; Jiang, G.D.; Zhou, B.Y. The value of left ventricular longitudinal strain in the diagnosis and differential diagnosis of myocardial amyloidosis. Zhonghua Yi Xue Za Zhi 2020, 100, 3431–3436. [Google Scholar]

	



Cassirame, J.; Tordi, N.; Fabre, N.; Duc, S.; Durand, F.; Mourot, L. Heart rate variability to assess ventilatory threshold in ski-mountaineering. Eur. J. Sport Sci. 2015, 15, 615–622. [Google Scholar] [CrossRef]

	



Schupfner, R.; Pecher, S.; Pfeifer, E.; Stumpf, C. Physiological factors which influence the performance potential of athletes: Analysis of sports medicine performance testing in Nordic combined. Physician Sportsmed. 2021, 49, 106–115. [Google Scholar] [CrossRef]

	



Rusko, H.K. Development of aerobic power in relation to age and training in cross-country skiers. Med. Sci. Sports Exerc. 1992, 24, 1040–1047. [Google Scholar] [CrossRef]








[image: Jcdd 09 00235 g001 550] 





Figure 1. Analysis of the left atrial volume index (LAVI)—significant different results defined by the athletic sporting discipline in world elite winter sport professionals (p = 0.0052), modified from Zimmermann et al. 2021 [12]. 
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Figure 2. Analysis of the left ventricular global longitudinal strain (GLS) in world elite winter sport professionals (p = 0.0052), modified from Zimmermann et al., 2021 [12]. 
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Figure 3. Analysis of maximum oxygen pulse in world elite winter sport professionals (p = 0.0033, p = 0.0231), modified from Zimmermann et al., 2022 [22]. 
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Figure 4. Analysis of maximum ventilatory oxygen uptake (VO2 maximum) in male world elite winter sport professionals (p = 0.0087). 
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Table 1. Baseline training schedule in winter sport professionals.
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Athlete

	
Average Years of Training

	
Pre-Season

	
In-Season




	
10 Training Hours per Week

	
20–25 Training Hours per Week




	
Endurance

	
Strength

	
Movement Specific/Flexibility

	
Endurance

	
Strength

	
Movement Specific/Flexibility






	
Ski-Mo

	
5 ± 3

	
90%

	
5%

	
5%

	
90%

	
7%

	
3%




	
NCC

	
15 ± 5.3

	
84%

	
10%

	
6%

	
89%

	
8%

	
3%




	
Bia

	
14 ± 4.5

	
76%

	
11%

	
13%

	
87%

	
9%

	
4%








Abbreviations: Ski-Mo, Ski-mountaineering; NCC, Nordic Cross-Country; Bia, Biathletes.
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Table 2. Baseline winter sport professional characteristics.
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Ski-Mo n = 9

	
NCC n = 10

	
Biathletes n = 12




	

	
Male

	
Female

	
Male

	
Female

	
Male

	
Female




	

	
n = 5

	
n = 4

	
n = 6

	
n = 4

	
n = 6

	
n = 6






	
Age (y)

	
21.4 ± 1.8

	
20.8 ± 2.4

	
26.3 ± 4.1

	
25.5 ± 0.5

	
27.3 ± 3.6

	
29.0 ± 3.2




	
Height (cm)

	
178.0 ± 3.9

	
163.5 ± 8.8

	
181.3 ± 4.7

	
171.2 ± 5.8

	
180.9 ± 5.1

	
172.8 ± 3.7




	
Weight (kg)

	
66.5 ± 0.8

	
53.2 ± 6.5

	
72.0 ± 3.0

	
63.4 ± 5.9

	
77.1 ± 3.7

	
62.5 ± 4.1




	
Resting blood pressure

	
118 ± 5.4

	
100 ± 8.2

	
125 ± 8.3

	
105 ± 7.2

	
117 ± 7.6

	
108 ± 6.2




	
systolic/diastolic (mmHg)

	
78 ± 4.0

	
72 ± 1.5

	
78 ± 2.9

	
71 ± 3.8

	
77 ± 2.2

	
70 ± 3.3




	
Resting heart rate (bpm)

	
41 ± 4.6

	
44 ± 4.5

	
42 ± 3.6

	
46 ± 5.1

	
41 ± 4.2

	
45 ± 5.1




	
Heart rate VT2 (bpm)

	
133 ± 22

	
132.3 ± 1.9

	
136.3 ± 11.6

	
128.3 ± 9.1

	
148.5 ± 20.9

	
134.5 ± 8.1




	
Maximum heart rate (bpm)

	
185.6 ± 6.3

	
171.8 ± 2.5

	
183 ± 14.3

	
173.8 ± 4.0

	
179.5 ± 10.3

	
181.0 ± 12.9




	
BMI (body mass index in kg/m2)

	
19.9 ± 1.4

	
19.8 ± 0.4

	
22.0 ± 1.1

	
22.0 ± 1.1

	
23.6 ± 0.9

	
20.9 ± 1.0




	
BSA (body surface area in m2)

	
1.70 ± 0.06

	
1.61 ± 0.12

	
1.88 ± 0.04

	
1.81 ± 0.07

	
1.92 ± 0.04

	
1.77 ± 0.05








Data are presented as mean with standard deviation Abbreviations: y, years; cm, centimeter; kg, kilogram; bpm, beats per minute; m2, square meter
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Table 3. Echocardiographic Measurements in elite winter sport athletes, adapted from Zimmermann et al., 2021 [12].
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Ski-Mo (I) n = 10

	
NCC (II) n = 10

	
Biathletes (III) n = 12

	
p-Value




	
Male Female

	
Male Female

	
Male Female




	
n = 6

	
n = 4

	
n = 6

	
n = 4

	
n = 6

	
n = 6






	
LV edd (mm)

	
50.83 ± 4.22

	
45.25 ± 5.96

	
55.50 ± 3.83

	
50.75 ± 3.50

	
55.50 ± 5.24

	
49.50 ± 1.52

	
ns




	
48.6 ± 5.48

	
53.6 ± 4.27

	
52.5 ± 4.83




	
LV Mass Index (g/m)

	
97.2 ± 25.2

	
76.3 ± 26.7

	
130.7 ± 16.5

	
106 ± 16.4

	
133.5 ± 20.6

	
102.3 ± 14.8

	
0.0078 *




	
−88.8 ± 26.6 *

	
120.8 ± 20.1 *

	
117.9 ± 23.6 *

	




	
Relative wall Thickness RWT

	
0.38 ± 0.03

	
0.34 ± 0.06

	
0.40 ± 0.04

	
0.41 ± 0.04

	
0.40 ± 0.04

	
0.42 ± 0.04

	
Ski-Mo vs. NCC

0.0230 *

Ski-Mo vs. Bia

0.0230 *




	
0.37 ± 0.05

	
0.41 ± 0.03

	
0.41 ± 0.04




	
IVSd (mm)

	
8.67 ± 1.97

	
8.25 ± 2.50

	
11.00 ± 0.63

	
10.50 ± 0.58

	
10.83 ± 0.98

	
9.67 ± 1.37

	
Ski-Mo vs. NC C

0.0266 *

Ski-Mo vs. Bia

0.0337 *




	
8.5 ± 2.07

	
10.4 ± 1.17

	
10.3 ± 1.29




	
LVPWs (mm)

	
3.97 ± 11.03

	
7.75 ± 1.50

	
11.17 ± 0.41

	
10.50 ± 0.58

	
12.33 ± 2.07

	
10.17 ± 1.17

	
Ski-Mo vs. NC C

0.0161 *

Ski-Mo vs. Bia

0.0030 *




	
8.9 ± 1.52

	
10.9 ± 0.57

	
11.3 ± 1.96




	
E/A

	
2.18 ± 0.58

	
1.98 ± 0.17

	
2.48 ± 0.26

	
2.40 ± 0.77

	
1.97 ± 0.52

	
1.75 ± 0.40

	
NCC vs. Bia

0.0166 *




	
2.1 ± 0.45

	
2.5 ± 0.49

	
19 ± 0.46




	
E/E’

	
6.75 ± 1.71

	
7 ± 1.79

	
6.80 ± 0.86

	
6.13 ± 1.22

	
7 ± 0.86

	
6.37 ± 1.04

	
ns




	
6.9 ± 1.66

	
6.4 ± 1.09

	
6.7 ± 0.97




	
LAVI (mL/m2)

	
51.83 ± 12.1

	
46.25 ± 11.1

	
150 ± 84.58

	
89.3 ± 45.7

	
117.5 ± 37.7

	
72.8 ± 19.6

	
0.0052 *




	
49.6 ± 11.4

	
125.7 ± 75.2

	
95.2 ± 36.9




	
RA (cm2)

	
19.17 ± 3.87

	
16.75 ± 2.87

	
24.83 ± 3.73

	
18.28 ± 4.72

	
20.78 ± 3.64

	
15.50 ± 2.40

	
ns




	
18.2 ± 3.55

	
22.2 ± 5.16

	
18.1 ± 4.03




	
GLS

	
−18.26 ± 2.21

	
−18.83 ± 2.93

	
21.21 ± 1.99

	
−23.25 ± 3.23

	
22.62 ± 1.26

	
22.34 ± 1.42

	
0.0003 *




	
−18.5 ± 2.38

	
−22.0 ± 2.61

	
−22.5 ± 1.29








Data are presented as mean with standard deviation. p value *, statisticallly significant (p < 0.05). Abbreviations: LV edd, left ventricle enddiastolic size; LV, left ventricular; IVSd, interventricular septal wall thickness at diastole; LVPWd, left ventricular posterior wall thickness at diastole; E/A and E/E, parameters for diastolic function of the left ventrile; LAVI, left atrial volume index; RA, right atrum; GLS, global longitudinal strain; ns, non-significant.













[image: Table] 





Table 4. Cardiopulmonary Exercise Testing (CPET) performance parameters in elite Winter Sport professionals, adapted from Zimmermann et al., 2022 [22].
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Ski-Mo (I)

	
NCC (II)

	
Biathletes (II)

	
p-Value Male

	
p-Value Female

	
Overall p-Value




	
Male

	
Female

	
Male

	
Female

	
Male

	
Female






	
VE maximum (L)

	
134.9 ± 24.6

	
109.2 ± 20.6

	
166.2 ± 28.4

	
118 2 ± 23.8

	
175.8 ± 11.7

	
125.4 ± 9.1

	
Ski-Mo vs. Bia

0.0087 *

	
ns

	
Ski-Mo vs. Bia

0.0409 *




	
123.5 ± 25.4

	
147.0 ± 3 5.4

	
150.6 ± 28.1




	
VO2 maximum (mL)

	
3964.8 ± 1367.8

	
3021.3 ± 515.1

	
4620.8 ± 603.8

	
3315. 3 ± 576.0

	
4935.2 ± 525.1

	
3555. 7 ± 274.7

	
Ski-Mo vs. Bia

0.0087 *

	
Ski-Mo vs. Bia

0.0381 *

	
ns




	
3545.4 ± 643.7

	
4098.6 ± 876.2

	
4245. 4 ± 823.8




	
VO2/kg maximum (mL/kg)

	
65.0 ± 7.9

	
57.4 ± 4.5

	
64.5 ± 7.1

	
52.7 ± 4.9

	
64.6 ± 4.4

	
57.4 ± 2.3

	
ns

	
ns

	
ns




	
61.6 ± 7.5

	
59.7 ± 8.6

	
61.0 ± 5.0




	
Oxygen pulse maximum (mL/min)

	
20.8 ± 30

	
15.6 ± 31

	
26.9 ± 4.2

	
19.4 ± 31

	
27.8 ± 3.2

	
22. 8 ± 5.4

	
Ski-Mo vs. NCC

0.0303 *

Ski-Mo vs. Bia

0.0260 *

	
Ski-Mo vs. Bia

0.0190 *

	
Ski-Mo vs. NCC

0.0231 *

Ski-Mo vs. Bia

0.0033 *




	
18.5 ± 4.0

	
23.9 ± 5.3

	
25. 3 ± 4.9








Data are presented as mean with standard deviation. p value *, statistically significant (p < 0.05). VO/kg, ventilatory oxygen uptake per kilogram; L liter; mL, milli-liter; min, minute; ns, not significant. Abbreviations: CPET, cardiopulmonary exercise testing; Ski-Mo, Ski-mountaineering; NCC, Nordic Cross-Country; VE, respiratory minute volume; VO, ventilatory oxygen uptake.
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