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Abstract

:

Monitoring physical activity, e.g., training load and energy expenditure (EE), is important to optimize the training process in various sports. Especially in team handball, where there is little information about EE in training and competition. The objective of the study was to compare EE in team handball derived from a respiratory gas exchange analysis (spiroergometry) and a local position measurement (LPM) system. Eleven participants completed a validated, team handball game-based performance test and wore a portable spiroergometry system (K5 Cosmed) and an LPM transponder (Catapult ClearSky T6). EE was determined via indirect calorimetry for spiroergometry data and via the metabolic power model for EE for LPM data. EE estimated via the metabolic power model was −66 to −63 ± 12% lower than via indirect calorimetry (p < 0.001, pη2 = 0.97). No correlation was found for the overall test (r = 0.32, p = 0.34), nor for every single heat (r ≤ 0.44, 0.18 ≤ p ≤ 0.99). Therefore, regression analyses predicting spiroergometry data based on LPM data were not feasible. In line with previous studies, the metabolic power model for EE in team handball (including short-distance movements, great accelerations, and non-locomotive actions) is not suitable.
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1. Introduction


Monitoring physical activity, e.g., training load and energy expenditure (EE), is important to optimize the training process in various sports [1,2,3]. Knowledge about EE allows for adaptations of training sessions and structures according to sport-specific demands in training and competition. To our best knowledge, EE is mainly used for monitoring cyclical movements (running, cycling, XC skiing) because these movements are easily imitable under laboratory conditions. For example, EE has been obtained via indirect calorimetry (EESpiro), often considered as the gold standard for the calculation of EE, to compare the effects of different shoe materials during running [4]. EESpiro analyses has also been applied in cycling to assess the metabolism on an energy and exergy basis [5]. In sports that are based on acyclic movements (e.g., team sports), the assessment of EE is controversially discussed, and spiroergometry is often unfeasible in competition and/or training [6]. Studies on EE in team sports collected respiratory data based on movements that may be common in general but not appropriately reflect the sport-specific demands [7,8]. Due to this deficit, the metabolic power model of EE determined by local position measuring (LPM) data was developed [9]. The strength of this method is its applicability in competition because EE (EELPM) can be determined via an LPM system, and no spiroergometry system is necessary to estimate EE. The calculation of EELPM is based on the translation of tilt angles between the ground and the center of mass during accelerated flat running to incline angles during constant uphill running, for which EE is known [10]. Spiroergometry and LPM data were collected simultaneously in soccer [11,12] and rugby [13] to compare the two methods of EE determination in team sports. An underestimation of EELPM compared to EESpiro was found when performing sport-specific movements [11,12,13]. One explanation is that LPM usually measures only horizontal position data, which do not reflect EE for specific movements like collisions, jumps, passes, and shots; thus, the demand for such actions is not considered properly in LPM data [12,13].



Team sports like team handball are very complex and characterized by multiple sport-specific movements like accelerations, decelerations, change of directions, jumps, passes, throws, and tackles in offense and defense [14,15,16,17]. A systematic comparison of EELPM and EESpiro determination in team handball should therefore include these specific movements in the test protocol [18]. We expected a systematic underestimation of EELPM also in team handball, as shown previously [11,12,13]. However, this supposed underestimation of EELPM does not exclude a possible significant correlation between both methods in EE if the difference is systematic. It represents a remarkable chance to advance the application of EE in team sports and was never investigated in previous studies. A systematic correlation between EELPM and EESpiro would enable the development of a regression model to predict valid EESpiro (the gold standard method) based on LPM data. Consequently, EE could be determined accurately without limitation in training and competition. The game-based performance test (GBPT), was specifically developed and validated for team handball, including the team handball specific movements, durations, and intensities, as well as physiological and perceptional effects measured during competition [19]. Therefore, the GBPT reflects the EE demands in team handball and, in contrast to team handball training or competition, allows for spiroergometry measurement. Consequently, the GBPT is suitable to determine valid EE in team handball and to compare EELPM and EESpiro.



In addition to the systematic bias due to sport-specific movements, the EE during rest (no change of position) represents another systematic error between EELPM and EESpiro due to the different considerations of internal or organic processes. It was suggested to subtract the resting energy expenditure (REE) [20] from the gross EESpiro; the alleged [21] lack of this subtraction in a previous study [12] was already criticized [22]. However, as the EELPM considers only locomotion data, the subtraction of EE in standing position in a pre-activated rest might be appropriate for a comparison between EELPM and EESpiro. Such EE in a pre-activated, motionless rest may be affected by the excess post-exercise oxygen consumption (EPOC) [23]. Thus, in addition to uncertainties about the precision of EPOC determination and the uncertainty of whether to subtract it or not [24], the use of such EE in a pre-activated, motionless rest is unclear. Consequently, the EE in a pre-activated, motionless rest in team handball should be determined separately to demonstrate if a subtraction of EE (REE or pre-activated, motionless EE) from the gross EESpiro is necessary to determine the EELPM accurately. To our best knowledge, neither the EE in team handball in competition-like conditions nor the comparison of EELPM and EESpiro in team handball have been investigated.



Therefore, the objectives of the study were (1) to analyze the difference between EESpiro and EELPM in the team handball GBPT, (2) to investigate the correlation between EESpiro and EELPM, (3) to develop a regression model that predicts EESpiro based on EELPM, and (4) to compare REE with EE during a pre-activated motionless rest in team handball. We hypothesized that (1) EESpiro would be higher compared to EELPM, (2) that EESpiro and EELPM show a systematic correlation, (3) which allows for developing a regression model to predict EESpiro based on EELPM and (4) that REE underestimates the relevant EE, whereas EE in a pre-activated, motionless rest will be overestimated.




2. Materials and Methods


2.1. Participants


Eleven male (n = 6) and female (n = 5) experienced team handball players (mean ± SD for age: 25 ± 8 years; body height: 1.75 ± 0.09 m; body mass: 76.7 ± 9.4 kg; eight right and three left-handed players) from the first (n = 3), second (n = 4), and third (n = 4) Norwegian Handball League participated in the present study. G*Power 3.1 (Heinrich Heine University, Düsseldorf, Germany) analyses showed that the current sample size resulted in 80% likelihood to detect large effects at p < 0.05. All participants were healthy, in good physical condition, and reported no injuries during the time of study implementation. The local ethics committee approved the study in accordance with the Declaration of Helsinki. All participants agreed and signed informed consent.




2.2. Study Design


Two different measuring systems (spiroergometry and LPM) collected data simultaneously to compare the calculation of EESpiro and EELPM in the team handball GBPT (testing protocol). Before starting the GBPT, all participants were familiarized with the testing procedure by the test administrator (theoretical familiarization). To optimize test efficiency, four players were involved at the same time, where one performed the test, two were used as passing partners during the test, and the fourth was warming up for the following test. The warm-up consisted of a 20 min general and specific warm-up, similar to that used in competition. After the warm-up the measuring equipment was attached to the athlete, all systems were calibrated and started simultaneously. After a countdown of two minutes, the athlete performed a specific warm-up heat in the GBPT (practical familiarization) including only submaximal movements of the test.




2.3. Game-Based Performance Test


The GBPT consists of eight heats including defense, defense to offense, offense, offense to defense, and active breaks (see Figure 1). During defensive actions, the athletes had to tackle padded roll mats, one central at 6 m, two at the left and right backcourt positions at 9 m, which created a triangle (starting central, tackling twice left side, one time right side for right-handed players, and vice versa for left-handed players).



In offense, the athletes had to catch and pass the ball during sprinting between the 9 m line and 12 m, where they had to touch 0.5 × 0.5 m touching fields on the floor (starting at 12 m, finishing at the 9 m line, twice right side, one time left side for right-handed players, and vice versa for left-handed players). In five out of eight heats, players had to finish the offense action with a jump shot, throwing as fast as possible to the lower-left corner of the goal after maximal take-off from the left foot (for right-handed players, and vice versa for left-handed players). In heat 3 and 6, the players had to sprint from defense to offense, finishing with a jump shot (fast break), while in heat 4 and 6 they had to sprint from offense to defense (running back). Players were instructed to jump and throw as high and as fast as possible and to sprint and move as fast as possible in both defense and offense. The number of activity changes, changes in direction, shots, passes, and tackles were selected from studies that analyzed matches in elite male and female team handball [15,16,17,25,26,27]. All distances during these actions were standardized by markers on the court or the positions of the padded roll mats (see Figure 1). Breaks (15 s between two defense or offense actions, 20 s between defense and offense and vice versa, and 20 + 40s between the single heats) were controlled by the Multi-Timer-Ultimate software (Multi-Timer-Ultimate 3.1, Wallroth, Berlin, Germany). These specific actions were selected to simulate the specific physical performance in team handball competition. A detailed description of the game-based performance test and the determination of validity and test-retest reliability was reported in separate studies [19,28].




2.4. Testing Methods


During the GBPT, two systems were used to calculate EE [kJ/kg/min] for the entire test as well as for every single heat. For comparability with previously published reference values, EE was additionally presented as kJ/min.



Oxygen uptake (VO2) was measured via a portable respiratory gas exchange analysis system in breath-by-breath mode (K5, Cosmed, Rome, Italy) [29,30]. EESpiro was calculated using the VO2 and the respiratory quotient following the standards of indirect calorimetry [31]. REE was adopted from existing literature [32] and normalized on individual body mass. For consideration of EE in a pre-activated, motionless state, EE was determined during breaks of 40 s between all heats, in which the participants were standing still and waiting for starting the next heat. Only those breaks were used, where the total distance obtained via LPM was less than 10 m within the 40 s.



LPM system (Catapult ClearSky, Catapult Sports, Melbourne, Australia) tracked the position during the GBPT [33,34]. A transponder (Catapult ClearSkyT6, firmware ver. 5.6), worn in a supplied harness on the upper back, transmitted data to a base station at 10 Hz sample frequency. Horizontal positions, velocity, and acceleration were calculated via the manufacturer’s computer software (Catapult OpenField ver. 1.17.2). Subsequently, the metabolic power model provided by di Prampero et al. [9] was applied to estimate EELPM based on acceleration data. For this method, acceleration and deceleration during flat running are translated into equivalent slopes during constant uphill and downhill running. For the latter, EE at various inclines is known so EE can be estimated based on incline [10]. This allows for the estimation of EE based on equivalent slopes, thus acceleration. Detailed descriptions of this method were provided in previous publications [9,35,36].




2.5. Statistical Analysis


All statistical analyses were performed using SPSS ver. 18.0 (SPSS Inc., Chicago, IL, USA) with significance set at p < 0.05 for all tests. Means ± standard deviations across participants were calculated for descriptive statistics. Normal distribution affirmed via Shapiro-Wilk test was found for all used variables. Dependent-samples t-tests assessed differences in EE between the two different measuring systems. Effect size (pη2) was used to estimate the magnitude of differences as follows: small (pη2 ≥ 0.01), medium (pη2 ≥ 0.06), and large (pη2 ≥ 0.14) [37]. Pearson correlation coefficients (r) were calculated and interpreted as: low (r < 0.5), moderate (0.5 ≤ r ≤ 0.8), and high (r > 0.8) [37]. Regression models were developed to predict EESpiro based on EELPM. The same analyses were conducted for every single heat.





3. Results


EESpiro and EELPM are presented in Table 1. For the entire test duration, a highly significant difference between EESpiro and EELPM was found (t(10) = 19.94, p < 0.001, pη2 = 0.98). However, a significant correlation could not be determined (r = 0.32, p = 0.34) (Figure 2A). All single heats differed between EESpiro and EELPM (15.86 ≤ t(10) ≤ 19.35, p < 0.001, pη2 = 0.97), and no heat showed a significant correlation between the systems (0.18 ≤ p ≤ 1, r ≤ 0.44) (Table 2). As an example, heat #6 (r = 0.26, p = 0.46), the most intense heat of the GBPT, is shown in Figure 2B. Mean EESpiro and EELPM during single heats are presented in Table 3. A visual comparison of both systems’ data sets during the entire test duration is displayed in Figure 3. Individual values of REE as well as of pre-activated motionless EE in relation to gross EE are presented in Table 1. Subtracting REE from gross EESpiro did not affect the results of difference analysis (t(10) = 18.71, p < 0.001, pη2 = 0.97) and correlation (r = 0.32, p = 0.33). The high values of the pre-activated motionless EE (see Table 1) are not suitable for subtraction from EESpiro because of their magnitude (86.5 ± 7.8% of the gross EE across all participants, 100% of the gross EE for one participant). They were not used for further analyses.




4. Discussion


The first objective of the study was to analyze differences between EESpiro and EELPM during the team handball GBPT. As hypothesized, EESpiro was greater compared to EELPM during the entire test and all single heats. One explanation is that the metabolic power method [9] estimates EE for locomotion only on horizontal acceleration and not correctly for non-locomotive actions (e.g., passes, throws) and other movements (e.g., tackles, jumps) [13].



The second objective was to analyze the correlation between EESpiro and EELPM. Correlation results for the entire test and all single heats were not significant (0.18 ≤ p ≤ 0.99), with small correlation coefficients (r ≤ 0.44). As previously explained, we suggest that a relatively large part (e.g., passes, throws, tackles, and jumps) of the total EE was undetected by the LPM system (shown by the difference between EESpiro and EELPM) and that this undetected EE in the EELPM was not systematic. This was similar in all heats and therefore independent of inter-heat variations in movements and intensities.



The third objective was to develop a regression model that predicts EESpiro based on EELPM. This regression model may have the potential to use the more practicable LPM system and the metabolic power model for EE [9] instead of the impractical spiroergometry (the gold standard). The results have shown that the regression analyses were not feasible.



The fourth objective was to investigate the REE compared with the EE during a pre-activated motionless rest for the estimation of net EESpiro. REE was very small (6.8 ± 0.6% of the gross EESpiro) and the subtraction of REE did not affect the statistical results (difference and correlation analyses for the entire test and all single heats). We suggest that REE affects the underestimation of EELPM in comparison with EESpiro only to a limited degree. For an accurate comparison of EELPM and EESpiro, EE during a pre-activated, motionless rest would be the more meaningful factor than REE, because the metabolic power method cannot estimate the increased EE for the internal processes in a pre-activated state. However, it seemed that the EE in the pre-activated, motionless rest were affected by EPOC after warm-up, because the EE exceeded common values during standing. A total of 86.5 ± 7.8% of the gross EESpiro across participants hardly represent valid EE for the pre-activated, motionless rest, and were therefore not subtracted for further analyses. The effect of additional EE during a pre-activated, motionless rest and potential EPOC after warm-up was also seen in an increased EESpiro at the beginning of the GBPT (Figure 3).



To compare the results in EE in the current study with previous studies during the various tasks at different intensity levels [32], the EE results were also presented as kJ/min (see Table 1). Intensity levels were classified as very light (12–20 kJ/min), light (20–28 kJ/min), moderate (28–36 kJ/min), exhausting (36–52 kJ/min), and very exhausting (>52 kJ/min) [32]. According to this classification, the EESpiro during the GBPT was defined as ‘very exhausting’. This is in line with previous results on perceived exhaustion after performing the GBPT (8.6 ± 0.8 on a scale of 1–10, 10 being total exhaustion) [19]. Another study corroborated the exhausting nature of the GBPT by a blood lactate concentration of 9.9 ± 1.5 mmol/L for female and 8.7 ± 1.6 mmol/L for male elite team-handball players [38]. The agreement in the intensity level of the current EESpiro with these previous findings supports the accuracy of the current EESpiro. In contrast, the current EELPM (20.46 ± 3.26 kJ/min) was around the threshold between ‘very light’ and ‘light’, which is comparable with walking. This discrepancy with the simultaneously determined EESpiro, reported blood lactate levels [38], and perceived exhaustion [19] demonstrated that the EELPM underestimated the EE dramatically. It is highly unlikely that the intensity level during the GBPT, a validated test that reflects the physical demands in team handball competition, performed by experienced athletes, is comparable with EE in walking. It should be considered that the intensity level refers to time-normalized EE and that the GBPT includes breaks (i.e., periods where EELPM equals 0 kJ, affecting the time-normalized EE) whereas the intensity classification refers to walking without breaks. This may explain the comparability between EE per minute during the GBPT and walking. Expecting that the EELPM were estimated accurately in walking and running, the findings underline the great energetic contribution of team handball-specific actions (e.g., passing) and vertical displacements (e.g., jumps) to the total EE in team handball.



To exclude another potential challenge, the authors point out that the valid range of acceleration values in the metabolic power model [9] for EELPM estimation is limited to approximately ±4.42 m/s2. Exceeding this range of ±4.42 m/s2 could lead to estimation errors [22]. However, in the present study, the accelerations and decelerations exceeded the valid range only in 0.03 ± 0.06% of the total test duration. For all participants in the present study the maximum in deceleration was −4.84 m/s2 and in acceleration 5.01 m/s2. Therefore, we conclude that the acceleration range in the calculation of EELPM was no limitation.



The differences between EESpiro and EELPM are in agreement with previous studies in team sports [11,12,13]. In the present study, we found a smaller EE of −66 ± 12% in EELPM compared with gross EESpiro and −63 ± 12% compared with net EESpiro (after subtraction of REE). Similarly, EELPM was −54 ± 9% smaller in soccer using a comparable test design of a soccer-specific circuit test [12]. In test designs with reduced specificity (incremental treadmill running), the underestimation of EELPM compared to EESpiro was much smaller (−13 to −16%) [8]. Another aspect is the involvement of the ball because it was found that EESpiro increased by 9% when involving a ball, whereas EELPM increased only by 1% [7]. We suggest that the difference between EELPM and EESpiro increases with more specificity; consequently, the sport-specific actions play a major role in the estimation of EE in team sports.



Physical collisions were another explanation for the difference between EELPM and EESpiro in collision-based activities in rugby [13]. It was found that EELPM was reduced by −45 ± 17% due to physical collisions [13]. However, physical collisions cannot be the only explanation for the systematic underestimation in EELPM, because in soccer similar results were found, although the study has included no physical collisions [8,12]. Different results in EELPM compared with EESpiro were also found between game sport-specific movement patterns (−44%), fast running (4.8%), moderate running (7.8%), and walking (43%) [11]. EELPM was underestimated in sport-specific movements and overestimated in non-specific locomotion. It seems that slower locomotion increased the overestimation of EELPM. However, regarding the overestimation of EELPM for walking, the EELPM calculation model was adapted for running [36].



Potential sources of errors can be summarized as vertical movements like jumps, which cannot be identified in horizontal position data, typical game sports actions like shots [12], ball control during running [7], and collisions [13]. Additional errors must be expected as they were documented also in a shuttle-run test without any of the aforementioned actions [8].



Therefore, limitations of the study included a variety of potential sources of errors in the LPM system, which have been outlined and discussed in previous sections. These were challenges observed in the current as well as previous studies in calculating the EE via position-measuring systems. Another limitation is that a comparison within the sample (e.g., sex) was not feasible due to the small sample size. However, a strength and practical implication of the study is that the results of the current study can help to advance the metabolic power model for EE, which has a huge potential because of its applicability in team sport competition as well as to prevent incorrect application of the method. In the present study, we have not found a valid regression model to predict EESpiro by EELPM, to improve the accuracy of EELPM. However, future studies are warranted to successfully develop more complex models by identifying and integrating the most relevant error factors (e.g., occurrence of sports-specific actions).




5. Conclusions


The estimation of EELPM via player position data has the potential to overcome practical limitations of the gold standard method to determine EE (indirect calorimetry) and can be applied in team sports training and competition for all players simultaneously. However, reduced accuracy, especially with increasing sports-specific movements, is the key weakness in determining EELPM. EELPM was greatly underestimated during the team handball GBPT in comparison with valid EESpiro. Because of poor correlation, regression models could not be developed to predict the more accurate EESpiro based on the more practical EELPM. At the current stage, the accuracy of EELPM is not sufficient to determine the EE in team handball. In settings where spiroergometry is feasible (e.g., laboratory or testing) this seems to be the preferred method for energy estimations. In other settings, where this is not feasible (e.g., in competition) the approach via LPM may be alternatively used but should be interpreted with caution. These findings are relevant for future application and interpretation of EELPM in team handball and may encourage further development of measurement and estimation methods.
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Figure 1. Schematic diagram of the team handball specific game-based performance test (GBPT) including measuring and testing equipment [19]. 
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Figure 2. Correlation coefficient(r) and significance (p) between energy expenditure via spiroergometry (EESpiro) and via local position measurement system (EELPM) for the entire test (A) and heat #6 as an example for the most intensive heat (B). 
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Figure 3. Energy expenditure via spiroergometry (EESpiro) and via local position measurement (EELPM) of the entire game-based performance test (GBPT) of one participant (P01). 
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Table 1. Energy expenditure (EE) via spiroergometry (EESpiro) and local position measurement (EELPM) during the entire GBPT.
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Participants




	

	

	
P01

	
P02

	
P03

	
P04

	
P05

	
P06

	
P07

	
P08

	
P09

	
P10

	
P11






	
EESpiro

	

	

	

	

	

	

	

	

	

	

	

	




	

	
[kJ/kg/min]

	
0.86

	
0.83

	
0.74

	
0.82

	
0.85

	
0.69

	
0.74

	
0.77

	
0.92

	
0.61

	
0.72




	

	
[kJ/min]

	
60.18

	
60.30

	
52.28

	
64.93

	
65.59

	
55.89

	
51.72

	
54.01

	
63.32

	
59.72

	
64.00




	

	
[kcal/min]

	
14.38

	
14.41

	
12.50

	
15.52

	
15.68

	
13.36

	
12.36

	
12.91

	
15.31

	
14.27

	
15.30




	
Resting EE

	

	

	

	

	

	

	

	

	

	

	

	




	

	
[kJ/kg/min]

	
0.06

	
0.06

	
0.06

	
0.05

	
0.05

	
0.05

	
0.06

	
0.06

	
0.06

	
0.04

	
0.05




	
Pre-activated, motionless, resting EE

	

	

	

	

	

	

	

	

	

	

	




	

	
[kJ/kg/min]

	
0.71

	
0.69

	
0.60

	
0.77

	
0.81

	
0.69

	
0.64

	
0.72

	
0.72

	
0.47

	
0.58




	
EESpiro subtracted by resting EE

	

	

	

	

	

	

	

	

	

	

	




	

	
[kJ/kg/min]

	
0.81

	
0.78

	
0.69

	
0.77

	
0.80

	
0.64

	
0.68

	
0.72

	
0.87

	
0.57

	
0.67




	

	
[kJ/min]

	
56.18

	
56.30

	
48.28

	
60.93

	
61.59

	
51.89

	
47.72

	
50.01

	
59.32

	
55.72

	
60.00




	

	
[kcal/min]

	
13.43

	
13.46

	
11.54

	
14.56

	
14.72

	
12.40

	
11.41

	
11.95

	
14.18

	
13.32

	
14.34




	
EELPM

	

	

	

	

	

	

	

	

	

	

	

	




	

	
[kJ/kg/min]

	
0.26

	
0.31

	
0.26

	
0.25

	
0.24

	
0.20

	
0.27

	
0.27

	
0.30

	
0.27

	
0.30




	

	
[kJ/min]

	
18.30

	
22.32

	
18.51

	
20.01

	
18.58

	
16.39

	
18.60

	
18.87

	
20.89

	
26.21

	
26.36




	

	
[kcal/min]

	
4.37

	
5.33

	
4.42

	
4.78

	
4.44

	
3.92

	
4.45

	
4.51

	
4.99

	
6.26

	
6.30
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Table 2. Pearson correlation coefficients (r) and significance level (p) between energy expenditure via spiroergometry and via local position measurement system for the entire test and every single heat (H1–H8).
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Entire Test

	
H1

	
H2

	
H3

	
H4

	
H5

	
H6

	
H7

	
H8






	
r

	

	
0.32

	
0

	
0.26

	
0.33

	
0.44

	
0.15

	
0.26

	
0.16

	
0.25




	
p

	

	
0.34

	
1

	
0.43

	
0.33

	
0.18

	
0.69

	
0.46

	
0.66

	
0.49
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Table 3. Mean (±standard deviation) energy expenditure [kJ/kg/min] via spiroergometry (EESpiro) and via local position measurement (EELPM) of all participants for each heat (H1–H8).
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	H1
	H2
	H3
	H4
	H5
	H6
	H7
	H8





	EESpiro
	0.79 ± 0.09
	0.89 ± 0.12
	0.90 ± 0.12
	0.89 ± 0.11
	0.81 ± 0.11
	0.90 ± 0.12
	0.82 ± 0.11
	0.80 ± 0.09



	EELPM
	0.25 ± 0.03
	0.28 ± 0.03
	0.33 ± 0.04
	0.32 ± 0.05
	0.28 ± 0.04
	0.33 ± 0.03
	0.28 ± 0.03
	0.30 ± 0.05
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