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Section III - Sports and Physical Activity

Evaluation of an IMU-Based Tracking System
for Monitoring Physical Demands in German Junior Female
and Male National Handball Players: Agreement
with an Established LPS System and Application during Training

by
Christian Saal V*, Joana Brochhagen ?, Florian Wegener !, Martin Kovar 3,
Patrick Luig *, Matthias Wilhelm Hoppe >

Indoor tracking systems of varying technological complexity are commonly used to quantify physical demands
in team-handball. However, there is a lack of research concerning IMU based tracking systems. Therefore, the aim of this
study was to evaluate a recent IMU tracking system in team-handball. The evaluation steps included the examination of
(i) the agreement between an established LPS+IMU and the IMU tracking system, (ii) the correlation structure of
investigated variables, and (iii) differences between training drills using the IMU system. A total of 34 handball players
from the female U18 and male U21 national teams of the German Handball Federation participated. Three training
sessions including seven training drills and one simulated match were recorded using an established LPS+IMU and the
recent IMU tracking system. Results showed that (i) the accumulated player load and time spent in the low speed zone
presented substantial agreements (CCC > 0.95), (ii) the accumulated player load was highly correlated with total distance
and time spent in very low, low, and very high speed zones (r 2 0.61), and (iii) accumulated player loads were highest in
training drills covering the entire court. In German junior female and male national handball players, the recent IMU
tracking system only allowed a valid assessment of variables that were directly assessed by the measurement technology,
i.e., the accumulated player load. However, the player load indicated more the volume than the intensity of training and
matches, which should be considered by coaches and scientists when monitoring physical demands in junior handball
players.
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Introduction adaptation processes aimed at enhancing physical
performance and preventing particularly overuse
injuries in handball, it is essential to quantify the
intensity and volume of key sport-specific

For an evaluation of new technologies in
sports science under externally valid conditions,
knowledge of the respective sport is obligatory
(Linke et al., 2018). In this context, team handball is
a physically and technically-tactically demanding

activities such as running, jumping, throwing,
rapid changes of direction, and physical contacts
during training sessions and matches (Garcia-
Sanchez et al.,, 2023). The quantification should
enable coaches to compare competition and

contact sport (Wagner et al, 2014). It is
characterized by the individual performance of
players (Garcia-Sanchez et al., 2023) and the overall
tactical behavior of the team (Wagner et al., 2014).
To design and optimize training drills and

training demands and to distinguish between
high-intensity phases of training drills based on
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running speed and acceleration. Indoor tracking
systems are suitable for this purpose; although,
they differ in their technological design and thus
also in their provided variables (Garcia-Sanchez et
al.,, 2023; Luteberget et al., 2018b; Torres-Ronda et
al,, 2022).

Local  positioning  systems  (LPSs)
combined with inertial measurement units (IMUs)
are considered the state-of-the-art tracking
technology in team handball (Blauberger et al.,
2021). The technology allows the precise estimation
of the player and the ball position from which
instantaneous speed and acceleration can be
calculated (Blauberger et al., 2021). The integration
of IMU data enables the quantification of
additional metrics, such as the jump count,
impacts, and the player load, which are not
captured by the LPS alone. Moreover, these metrics
can provide valuable insights in team handball by
capturing position-specific events, such as the
number of impacts sustained by pivots (Garcia-
Sanchez et al., 2023). Since the 2019/2020 season,
combined LPS+IMU tracking systems have been
permanently installed in all arenas of the first
Handball division in Germany. Notably, the
LPS+IMU tracking system requires the manual
positioning of reference antennas and system
calibration, which are time-consuming and require
human resources that are often unavailable. This
limitation hinders its practical use for training
applications  (Pino-Ortega et al,  2021).
Alternatively, coaches and scientists can use
recently developed IMU only tracking systems,
which are more practical, have the same sensor
size, and do not require antennas (Luteberget et al.,
2018a). However, IMU tracking systems and their
generated variables have been less frequently
validated (Arlotti et al., 2022). In team handball, the
IMU technology is potentially appropriate to
identify and quantify sport-specific movements
such as throwing (van den Tillaar et al., 2021),
jumping, and running activities (Lentz-Nielsen et
al., 2025). Attempts have also been made to
estimate horizontal acceleration (Alexander et al.,
2016) or instantaneous distance and running speed
(Pillitteri et al., 2021). However, this remains
challenging due to the inherent IMU sensor drift
(Arlotti et al., 2022). Usually, when using IMU
tracking systems, the player load (Dawson et al.,
2024), the number of jumps (Saal et al., 2023), and
also the number of high-intensity events
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(Luteberget et al., 2018c) are used to quantify
physical demands in team handball. Literature
regarding the validity of measuring jumps in
handball using back-worn IMU technology is quite
rare (Javanmardi et al., 2022). In contrast, the
player load and its variations are well studied
(Bredt et al., 2020). For instance, the player load,
which reflects the changes in accelerations of all
axes measured by the IMU, shows moderate to
high correlations with the RPE and the session RPE
(r=04 to 0.8) (Casamichana et al., 2013; Choice et
al., 2023; Helwig et al., 2023; Pedersen et al., 2023),
high correlations with total distance covered (r =
0.7 to 0.9) (Choice et al., 2023; Oliva-Lozano et al.,
2021), increases with the number of collisions, and
includes information on horizontal acceleration
and deceleration (12 =5 to 10%) (Dalen et al., 2016).
Furthermore, the accumulated player load above
2G correlates with high metabolic load distance (r
=0.8) (Garcia-Sanchez et al., 2025).

Current IMU tracking systems offer
comparable variables (e.g., time spent in speed
zones) to LPS+IMU tracking systems. However,
they are rarely used in team handball, for example
to compare different training exercises. In one
study, semi-professional female handball players
wore IMU sensors during different drills. It was
found that a higher player load and a greater
number of high-intensity events (acceleration and
change of direction events > 2.5 m/s) occurred
during 3 vs. 3 compared to 6 vs. 6 drills (Luteberget
et al.,, 2018c). Knowledge of the load during these
drills could assist coaches in planning training
sessions with appropriate intensity and volume.
However, it can be noted that there is a lack of
evaluation studies; particularly, in relation to the
speed and acceleration-related variables provided
by IMU tracking systems (Arlotti et al., 2022) under
externally valid conditions.

Therefore, the aim of this study was to
evaluate a recent IMU tracking system for
measuring total distance, the accumulated player
load, the number of high-intensity accelerations,
time spent in speed zones, and the number of
jumps in German junior national handball players.
The evaluation steps included the examination of
(i) the agreement between an established LPS+IMU
and the IMU tracking system, (ii) the correlation
structure of investigated variables, and (iii)
differences between training drills using the IMU
tracking system. Considering the literature body
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provided, we hypothesized that the agreement
between metrics measured by an IMU and an
LPS+IMU  tracking  system  would  be
heterogeneous.

Methods

Participants

A total of 34 handball players from the
female U18 (n=19; age: 17 + 0.7 years, body height:
175 +9 cm, body mass: 69 + 10 kg) and male U21 (n
= 15; age: 20 + 0.4 years, body height: 190 + 4 cm,
body mass: 92 +9 kg) national teams of the German
Handball Federation (DHB) participated in the
study. According to McKay et al. (2022), players
were classified as elite/international athletes (tier
4). Players were nominated on 02 June 2022 by the
respective national coaches of the DHB and
recruited for the study between 22 and 29 June
2022. Legal guardians were informed by the DHB
as part of the nomination process and gave their
written consent for athletes to participate in the
study and performance diagnostics. All players
were informed of the study aim, the procedures,
and provided written informed consent on the day
of the study. Furthermore, all players had to be free
of acute musculoskeletal injuries and infections.
This study was conducted following the principles
of the Declaration of Helsinki, and approved by the
local Ethics Committee of the Leipzig University,
Leipzig, Germany (protocol code:
2022.06.09_eb_159; approval date: 21 June 2022).

Experimental Approach

In total, data from three training sessions
(U18 female: two sessions in June 2022 and U21
male: one session in January 2023) were collected.
All sessions were conducted in an indoor sports
hall with a standard handball court. Two training
sessions consisted of seven different training drills
and a standardized warm-up for both teams and
were performed in the morning. An additional
training session included a simulated match (2 x
30 min) for the U18 female team in the afternoon.
The standardized warm-up was conducted
according to the DHB guidelines (MAPS, 2024) by
a national coach at the beginning of all training
sessions. All seven training drills had a match-
based character with a 6-0 defense system and
were conducted over eight minutes with two
minutes of passive recovery in between to allow
comparisons without time normalization. The
training drills were part of the

routine training practice (Dechechi et al., 2023) and
varied in court size, the area played, the number of
teams, the number of players per team, and the
number of assisting players. The three training
sessions were recorded using an established
LPS+IMU (Kinexon Perform LPS) and a recent
IMU (Kinexon Perform IMU) tracking system. For
both systems, sensors were placed between the
shoulder blades of the players in a thigh-fitting
elastic shirt from the manufacturer. The LPS+IMU
sensor was placed above the IMU sensor with the
aim of minimizing the lever arm, which allowed
simultaneous data recording and comparisons.

LPS and IMU Tracking Systems

The LPS+IMU tracking system (Kinexon
Perform LPS, Version 4) collected 2D positional
and 3D IMU (accelerometer, gyroscope, and
magnetometer) data at 20 and 100 Hz, respectively.
To briefly explain the measurement principle: 12
antennas were positioned around the playing field
connected to one base station. A sensor (30 x 40 x
7mm, 15g) worn by athletes transmitted time
signals via radio technology to the antennas and
via a wide local area network to the base station.
The used technology had been described in detail
elsewhere (Hoppe et al.,, 2018; Manchado et al.,
2020) and shown acceptable validity and reliability
for distance covered, speed, and acceleration
(Blauberger et al., 2021).

The IMU tracking system (Kinexon
Perform IMU, 100 Hz, Version 4) collected 3D IMU
(accelerometer, gyroscope, and magnetometer)
data only, which were locally processed using
proprietary algorithms by the manufacturer
software to estimate distance covered along with
time spent in particular speed zones (Kinexon,
n.d.). The method to calculate the accumulated
player load had been described in detail elsewhere
(Saal et al., 2023).

Training Drills

Figure 1 shows the seven training drills.
Briefly, in the first drill (2 vs. 2+2), two attacking
players, including a pivot, played against two
defending players on the half court (20 x 20 m) in
the small central area (7.60 and 6.45 m from the 6-
m and the 9-m line to sidelines, respectively). The
attacking team had two assisting players, serving
as pass receivers and passers only. In the second (4
vs. 3+2) and the third training drill (4 vs. 4+2), four
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attacking players, including a pivot played, against
three or four defending players, respectively, on
the half court in the large central area (4.00 and
1.80 m from the 6-m and the 9-m line to sidelines,
respectively). In both training drills, the attacking
team had two assisting players. In the fourth (4 vs.
3 vs. 3) and the fifth training drill (4 vs. 4 vs. 4), four
attacking players, including a pivot, played against
three or four defending players, respectively, on
the full court (40 x 40 m) in the large central area.
Both training drills were played with three teams,
whereby after the end of an attack, the defending
team was the new attacking team and played
against the waiting defending team on the other
courtside. The former attacking team stayed on the
same courtside and acted as a new waiting
defending team. In terms of the 4 vs. 3 vs. 3 drill,
pivots only played in the attacking team and were
otherwise off the court behind the sideline. In the
sixth (6 vs. 5) and the seventh training drill (6 vs.
6), six attacking players played against five or six
defending players, respectively, on the half court.

Statistical Analysis

Statistics were done using R 4.3.0 and
included three following steps of analysis: (i) the
agreement between the LPS+IMU and the IMU
tracking system, (ii) correlation structure of the
investigated variables using LPS+IMU data, and
(iii) differences among the seven training drills
using the IMU tracking system. To investigate the
agreement of both tracking technologies, the
following variables were considered: (i) total
distance covered, (ii) time spent in different speed
zones (very low: < 4km/h, low: 4 to < 10 km/h,
medium: 10 to <16 km/h, high: 16 to <22 km/h, and
very high: > 22 km/h), (iii) the accumulated player
load, (iv) the number of high-intensity
accelerations (accumulated player load > 3.6 m/s?
for 21 s), and (v) the number of performed jumps.
These variables were chosen, because they were
provided by both systems and represented
common speed- and  acceleration-related
characteristics used in team sports such as
handball (Garcia-Sanchez et al., 2023). A detailed
description of the variables can be found elsewhere
(Saal et al., 2023). The statistical agreement of the
two tracking systems was quantified using the
Lin's concordance coefficient (CCC), which
combines both precision and accuracy and
provides a comprehensive assessment of the
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agreement (Lin, 1989). Additionally, confidence
intervals (95% Cls) for the paired mean differences
and Cohen’s d were provided. Cohen’s d for paired
means was interpreted as follows: Idl < 0.2
“negligible”, d| <0.5 “small”, |d| <0.8 “medium”,
and otherwise “large” (Cohen, 1988). Paired values
were independently analyzed for the groups: the
warm-up, training drills, and the simulated match.
Outliers were defined as relative errors outside the
lower (< 0.05) and the upper bound (> 0.95) of the
sample probabilities. The CCC values were
interpreted as follows: perfect (= 0.99), substantial
(0.95 to 0.99), moderate (0.90 to 0.95), and low (<
0.90) (McBride, 2005). To explore the correlation
structure of the investigated variables, LPS+IMU
data of the three sessions were used. Moreover, we
included two variables, i.e.,, the number of
accelerations and the number of decelerations,
which were not available in the IMU tracking
system, to obtain additional information on
training intensity. The Spearman’s rank correlation
coefficient was calculated using the median at the
subject level. Correlation coefficients were
interpreted as follows: very small (< 0.1), small (0.1
to 0.3), moderate (0.3 to 0.5), and large (> 0.5)
(Cohen, 1988). Subsequently, rows and columns of
the correlation matrix were clustered (Ward’'s
method, hierarchical cluster) based on the
similarity of their values (Kolde, 2019). The best
number of clusters was determined by the
silhouette method. Based on steps (i) and (ii),
variables were chosen for analysis in terms of (iii)
the aim, in which differences among the different
training drills were examined using the IMU
tracking system only. Data from assisting players
in the training drills were excluded. To test the
differences among the seven training drills, three
linear mixed models with athletes as random
effects were fitted and compared. Then, 95% Cls
for all regressions models were computed using a
bootstrap approximation.

Results
Agreement of Both Tracking Systems

Table 1 summarizes the agreement
between the LPS+IMU and IMU tracking systems
during the warm-up, training drills, and the
simulated match. There were no statistically
significant differences for total distance (p =0.10, 4
=(.05), time spent in the high (p =0.06, d =0.12) and
the very high speed zone (p = 0.13, d = 0.03), the
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accumulated player load (p = 0.21, 4 = -0.03), and
the number of high-intensity accelerations (p =0.13,
d = 0.05). The CCC ranged from 0.23 to 0.96. A
substantial agreement was found for time spent in
the low-speed zone (CCC = 096) and the
accumulated player load (CCC =0.95). A moderate
agreement was observed for total distance covered
(CCC = 0.93) and the number of high-intensity
accelerations (CCC = 0.92), while a low agreement
was found for time spent in very low (CCC =0.82),
medium (CCC = 0.82), high (CCC =0.72), and very
high speed zones (CCC = 0.71), as well as the
number of jumps (CCC = 0.23).

Correlation Structure of Investigated Variables

Figure 2 shows the ordered correlation
matrix based on a cluster analysis using data from
the LPS+IMU tracking system. Determining the
best number of clusters resulted in a two-cluster
solution. The variables were grouped based on
similarity in their correlations, using hierarchical
clustering with the Ward’s method (Kolde, 2019).
The first cluster consisted of the accumulated
player load, total distance, and time spent in very
low, low, and very high speed zones, whereas the
second cluster included the number of
accelerations, time spent in medium and high
speed zones, the number of jumps, high-intensity
accelerations, and decelerations.

The following results were based on two
IMU generated variables with high CCC values,
namely the accumulated player load (CCC = 0.95)
and the number of high-intensity accelerations
(CCC=0.92). The accumulated player load showed
high correlations with total distance covered (r =
0.83) and time spent in low (r = 0.70), very low (r =
0.75), and very high (r = 0.61) speed zones within
the first cluster. However, despite its high CCC, the
number of high-intensity accelerations exhibited
only low correlations (r < 0.29) with the number of
accelerations and decelerations, time spent in
medium and high speed zones, and the number of
jumps within the second cluster.

Differences among Training Drills

Based on the CCC outcomes, as an
estimation for the agreement and also due to the
results from the correlation structure, revealing
that the number of high-intensity accelerations
showed small, non-significant relationships with
the other LPS+IMU variables (r < 0.32), only the
accumulated player load of the IMU tracking

system was used to compare the different training
drills. Table 2 shows the descriptive statistics of the
accumulated player load depending on the
different training drills.

Figure 3 shows characteristics of the IMU
tracking system based the accumulated player load
depending on different training drills and both
teams. Table 3 shows the summary output of the
linear mixed models according to the accumulated
player load. Adding the team significantly
improved the fit of the model 3 compared to model
2 (xx(1) = 495, p = 0.02). The model's intercept,
corresponding to type = 6 vs. 6 and team = U18
female, was at 3 = 36.6 a.u. Training drills on the
full court (types 4 vs. 3 vs. 3 and 4 vs. 4 vs. 4)
induced a significantly higher accumulated player
load with an estimated effect of 25.9 and 24.9 a.u.
This corresponded to an estimated load of 62.5 a.u.
(36.6 + 25.9) for the 4 vs. 3 vs. 3 condition in the
reference group (U18 female). Minor effects were
found for team differences with larger values for
the U21 male team by 8.3 a.u. and higher values in
2vs. 242 of 8.7 a.u. compared to the reference level.
Other formats (e.g., 4 vs. 3+2, 4 vs. 442, 6 vs. 5)
showed no significant differences from the
baseline.

Discussion

The aim of this study was to evaluate a
recent IMU tracking system for measuring total
distance, the accumulated player load, the number
of high-intensity accelerations, time spent in
particular speed zones, and the number of jumps
in German junior national handball players. The
evaluation steps included the examination of (i) the
agreement between an established LPS+IMU and
the IMU tracking system, (ii) the correlation
structure of investigated variables, and (iii)
differences among training drills using the IMU
tracking system.

Our main findings showed (i) substantial
agreements (CCC: 095 to 0.99) between the
established LPS+IMU and the recent IMU tracking
system for time spent in the low speed zone and
the accumulated player load, (ii) large correlations
of the accumulated player load with total distance
covered (r = 0.83) and time spent in very low (r =
0.75), low (r=0.70), and very high speed zones (r =
0.61), and (iii) the highest accumulated player load
in full court training drills (p < 0.001).

Articles published in the Journal of Human Kinetics are licensed under an open access Creative Commons CC BY 4.0

license.



X IMU tracking vs LPS in handball players

Table 1. Agreement of the LPS+IMU and IMU tracking systems for monitoring physical demands during the
warm-up, training drills, and the simulated match.

. IMU LPS+IMU 95% Clmean o
Variable n Obs. M+ SD M £ SD [4 d derence CCC  95% Clecc
Total distance covered (m) 18 148 744 +715 709 + 689 0.10 0.05 -7.6t077.2 0.93 0.90 to 0.95

Time spent in the very low (<4

13 109 671 + 480 572 £ 375 <0.001 0.21 51.7 to 145.3 0.82 0.75 to 0.86
km/h) speed zone (s)

Time spent in the low (4 to

13 109 211+176 198 +171 <0.01 0.07 43to21.2 0.96 0.95 to 0.98
<10 km/h) speed zone (s) © °

Time spent in the medium (10

1 1+ 2+ 01 -013 -197to-1. 82 0750087
t0 <16 ken/h) speed zone (& 399 51+69 62 + 83 0.0 0.13 97t0-1.8 0.82 075t00.8
Time spent in the high (16to . o 16+37 11+22 006 012  -02t091 072  0.64t00.79
<22 km/h) speed zone (s)

Time spentin the very high 13 89 09+48 04+2.1 0.13 003 -01t010 071  0.69t00.73
(222 km/h) speed zone (s)

z:cs;lmulated player load 18 148 93+82 96 + 82 021  -003 -70tol5 095 093t00.96
Number of high intensity 18 141  123+163 11.6+139 0.13 005 -02to18 092  0.89t00.94
accelerations

Number of jumps 18 132 38+33 78495 <0001 -05 -55t0-25 023 0.14t0031

Note: n = number of subjects; Obs = number of observations; M = arithmetic mean; SD = standard deviation; p=p
value; d = Cohen’s d; 95% Clmean differences = confidence interval related to the estimator; CCC = Lin’s concordance
coefficient; a.u. = arbitrary units; Variables without units are counts

Table 2. Mean and standard deviation of the accumulated player load measured with the IMU tracking
system depending on the different training drills by the team.

Training drills Accumulated player load (a.u.)
M+ SD

U18 female U21 male
2 vs. 242 45.8+12.6 52.7+10.8
4 vs. 3+2 322+10.3 50.4+11.2
4 vs. 4+2 44.6+8.1 41.3+16.3
4vs.3vs. 3 599+13.4 732+17.6
4vs.4vs. 4 50.8+15.8 79.3+17.6
6vs.5 453+9.9 38.3+13.0
6vs. 6 39.1+16.7 41.1+18.3

Note: M = arithmetic mean; SD = standard deviation; a.u. = arbitrary units
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Table 3. Summary of three linear mixed models to predict the accumulated player load with the type of
training drills and the team. Model 1 serves as a null model. Model 3 differs from model 2 by including

the team.

Accumulated player load

Model 1 Model 2 Model 3
Value ~1 + (11type) Value ~ type + (1| Name) Value ~ type + team + (1| Name)

Effect Estimate 95% CI Estimate 95% CI Estimate 95% CI
Fixed Effects (type)
Intercept 50.5 43.3t058.3 41.1 35.5to 46.4 36.6*** 29.9to 434
2vs.2+2 8.8 23to154 8.7% 1.7 to 16.1
4vs. 3+2 1.8 -5.1t08.9 1.7 -49t08.3
4vs. 4+2 0.9 -5.7t07.9 0.8 -5.6t07.6
4vs.3vs.3 25.8 19.7 to 32.7 25.9%** 19.7 t0 32.8
4vs.4vs. 4 249 18.7 to 31.1 24.9%** 18.4t0 31.6
6vs.5 -0.7 ~7.3t05.8 -0.7 —-6.8t05.3
U21 male 8.3* 15t015.1
Random Effect
Residual 242.6 153.5 153.2
Type 104.4
Name 83.0 66.8
AIC 1564.5 1516.7 1513.7
BIC 1574.2 1545.6 1545.9
R?(cond./marg.) 0.3/0.0 0.57/0.34 0.57/0.39

Note: type = training drills (group level); Name = player id (subject level); value = accumulated player load;

Significance codes: “***' < 0.001, **" < 0.01, ' < 0.05
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Figure 1. The seven training drills with different numbers of players and sizes of the court.

Journal of Human Kinetics, volume xxx, XXXXXXXXX http://www.johk.pl




by Christian Saal et al. X
I .
B oo [05 ] e 026 048 043 036 022 0.4 Accumulated player load Cluster
' [ e 063 038 0.66 059 051 023 024 Total distance covered 0 M Cruster |
B e o 056 036 049 061 049 032 0.2 | Time spent in the low (4 to < 10 km/h) speed zone | ™ Cluster 2
B 057 049 0.50 0.19 0.14 041 0.18 009 N Time spent in the very low (< 4 km/h) speed zone
B os 063 056 os0 [N v 025 055 0.14 031 0.6 Time spent in the very high (= 22 km/h) speed zone 0.6
026 038 036 0.19 07 I o+ 059 027 038 Number of accelerations 04
048 066 049 0.14 025 042 [ o5 036 029 050 Time spent in the medium (10 to < 16 km/h) speed zone :
043 059 061 041 055 059 osc N o> 023 028 Time spent in the high (16 to < 22 km/h) speed zone 02
036 051 049 0.18 014 | oA 036 037 024 0037 Number of jumps :
022 023 032 0.09 031 027 029 023 02« [ 02¢  Number of high intensity accelerations
0.14 024 0.2 0.16 038 050 003 024 [ Numbcer of decclerations ' 0
;2 z B
s 3 3 3 3
3 =3 =3 > z
g e g g g g
B g < < e <
& g B = = o
) g & 3 g g
2 g B = g
2 2 g_ z E} 3
g s g 2 ]
z g g 3 g
= 2. =
g z Ed z
<
E
3

Quoz paads (y/wy  >) Mo K124 oy uy Juads dun, I

ouoz poads (y/wy (] > 01 %) Moj oYy up Juads ouny, = ¢

ouoz paods (y/wy gz 2) ySiy L4 oy ur juads owny,

2uoz paads (y/wy 9| > 01 ()]) wpaw ayy up wads duny, o o«
auoz paeds (y/wy gz > 01 9[) ySuy ay ur uads duur, § B

Figure 2. Ordered correlation structure based on two clusters for the investigated variables from the
LPS+IMU tracking system. The heatmap color gradient reflects correlation strengths between variables,
ranging from -0.17 (blue) to 1.0 (red). The white color corresponds to the midpoint of this range,

approximately 0.4, rather than zero.
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Figure 3. Characteristics of the IMU tracking system based on the accumulated player load depending on
different training drills and both teams.
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Regarding the first main finding,
substantial agreements of the established
LPS+IMU and the recent IMU tracking system
were only found in two variables: time spent in the
low speed zone and the accumulated player load
(Table 1). Earlier studies had shown that IMU
tracking systems tended to overestimate average
speed and acceleration during high speed running
compared to timing gates (Alexander et al., 2016)
and differed in estimating average speed against a
video based reference system with a CCC value of
0.80 (Pillitteri et al., 2021), which supports our
findings (Table 1). A possible explanation could be
the IMU drift, which is a known issue caused by
the integration of sensor noise and bias over time,
resulting in the progressive accumulation of errors
in the position and orientation estimates (Arlotti et
al., 2022). The accumulated player load showed a
high level of agreement, as expected, since this
metric was generated by the IMUs in both systems.
The high level of agreement in the time spent in
low-speed zones also seemed reasonable,
considering the nature of the IMU drift: noise tends
to increase with higher and abrupt changes in
acceleration, making errors more likely during
rapid movement changes. However, in our study,
the observed non-significant bias in time spent in
the very high speed zone should be interpreted
with caution. In our dataset, only 8 out of 96
observations reached the threshold of > 22 km/h.
Hence, in 81 observations, both systems recorded
zero seconds, which might explain the non-
significant paired mean differences, requiring
more research to be clarified. Considering the
findings collectively, only the accumulated player
load and time spent in the low-speed zone can
currently be regarded as valid variables derived
from the IMU tracking system.

The second main finding was that the
accumulated player load showed strong
correlations with total distance and time spent in
different speed zones at the limits (very low, low,
and very high), forming the first cluster with them
(Figure 2). Other studies had also reported a large
correlation between the player load and total
distance covered (Casamichana et al., 2013; Choice
et al., 2023; Garcia-Sanchez et al.,, 2025; Oliva-
Lozano et al., 2021) as well as low speed activities
and high speed running (Gabbett, 2015), which
supports our results. The cluster can be explained
by the fact that acceleration decreases with
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increasing running speed (Sonderegger et al.,
2016), whereby the highest acceleration occurs in
medium to high running speed of ~7 to 14 km/h
(Morin et al., 2021). Thus, due to the mathematical
foundation of the player load (i.e., the summation
of all rates of change in acceleration), the
accumulated player load may be a preferred
variable for monitoring running activities with low
accelerations during training. Furthermore, the
accumulated player load seems to be suitable to
estimate the overall subjective perception, but it
does not help determine “fine-structured loading”
(Helwig et al., 2023). In contrast, variables from an
IMU tracking system, such as the number of high-
intensity accelerations, should be interpreted with
caution due to their weak correlation with
acceleration and deceleration counts obtained from
the established LPS+IMU tracking system (Figure
2). Overall, these points suggest that the
accumulated player load only reflects running
activities with comparatively low proportions of
high accelerations. Further studies are required to
clarify the biomechanical and physiological
meaning of the player load.

Regarding the third main finding, we
found significantly higher accumulated player
loads in training drills, when covering the entire
court (Figure 3). The results are partly in line with
previous studies where it has been reported that
the total distance covered increased with
increasing court sizes, while handball specific
activities such as the number of team actions,
passes, jumps, and change of directions did not
increase (Dechechi et al., 2023). Also, the total
distance, the player load, and high-intensity events
increased with a decreasing number of players as
it occurred in 3 vs. 3 or 2 vs. 2 training drills
(Corvino et al., 2014; Luteberget et al., 2018c),
indicating the high-intensity nature of small-sided
games. However, in our study, the significant
differences between 6 vs. 6 and 2 vs. 2+2 on the half
court drills can be considered negligible due to the
small effects indicated by the confidence interval
(1.7 to 16.1) of the estimate of 8.7 a.u. (Table 3). An
estimated accumulated player load of 70.8 a.u. over
8 min for the 4 vs. 3 vs. 3 condition in male U21
players appears realistic when compared to
approximately 250 a.u. accumulated during a 60-
min match in the German men’s Bundesliga (Saal
et al., 2023). These estimates can serve as a basis for
prescribing  training volume. Thus, and
considering our previous main finding, the
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accumulated player load does not seem to be
suitable for measuring the intensity of training
drills in junior national team handball, which
needs to be evaluated by further studies taking
established intensity measures into account.
Although our study enhances the
understanding of a recent IMU tracking system
and its application in German junior national
handball players, some limitations should be
noted. First, our results regarding the agreement
are not based on interchangeable repeated
measures, which could have an influence on the
estimators. To overcome this problem, an adapted
concordance correlation coefficient for repeated
measures might be useful (Carrasco et al., 2013).
However, we used the original CCC (Lin, 1989)
due to the convergence warnings, when
calculating the CCC for repeated measures.
Second, we tested the IMU tracking system under
field conditions as we monitored training sessions.
A standardized laboratory-based approach may
provide further insights into the validity of the
IMU tracking system, paving the way for
additional validation studies. With regard to the
elite sample, generalizability cannot be assumed,
but the values could serve as a guide or a
benchmark. A larger sample would also allow for
a distinction to be made among the playing
positions, which was not possible here. Third, due
to the continuously ongoing technological process,
all tracking systems are regularly optimized and
updated by the manufacturer. In this context, we

evaluated both systems without adding the latest
software updates and hardware, which were
available at the time of submission. However, we
are confident that our results reflect the status quo
of the systems during the mentioned time period
of the data collection, meaning that further studies
to evaluate the technological development of the
tracking systems investigated in this study are
needed.

Conclusions

In German junior female and male national
handball players, the recent IMU tracking system
provides reliable measurements only for directly
assessed variables, such as the accumulated player
load. However, while the accumulated player load
strongly correlates with total distance covered and
time spent in low-speed zones, it primarily reflects
running activities with relatively few high
accelerations. Consequently, the accumulated
player load alone is insufficient for assessing the
frequency and magnitude of accelerations and
decelerations, which are crucial for optimizing
handball training due to the rapid changes in speed
and direction that frequently occur in team
handball. Coaches and sports scientists should take
this limitation into account when using IMU-
derived metrics to monitor physical demands in
junior national handball players. Future research
should focus on the validation of IMU generated
high-intensity measures.

Author Contributions: Conceptualization: J.B., P.L. and M.W.H.; methodology: C.S., P.L. and M.W.H.; formal
analysis: C.S.; investigation: C.S., ].B.,, M.K. and P.L.; data curation: C.S.; writing—original draft preparation:
C.S.; writing—review & editing: C.S., ].B., EW.,, MK, P.L. and M.W.H.; visualization: C.S.; supervision:
M.W.H.; project administration: C.S. and M.W.H.; funding acquisition: P.L. and M.W.H. All authors have read
and agreed to the published version of the manuscript.

ORCID iD:

Christian Saal: https://orcid.org/ 0000-0002-7740-2150

Joana Brochhagen: https://orcid.org/ 0000-0002-0992-6112
Florian Wegener: https://orcid.org/ 0000-0003-2233-6202

Martin Kovar: https://orcid.org/ 0000-0002-6470-3237

Patrick Luig: https://orcid.org/ 0000-0003-3250-0002

Matthias Wilhelm Hoppe: https://orcid.org/ 0000-0002-1887-9450

Journal of Human Kinetics, volume xxx, XXXXXXxXx http://www.johk.pl




X IMU tracking vs LPS in handball players

Funding Information: This research was funded by Bundesinstitut fiir Sportwissenschaft, grant number
072042/22; funded by the Open Access Publishing Fund of the Leipzig University supported by the German
Research Foundation within the program Open Access Publication Funding.

Institutional Review Board Statement: This study was conducted following the principles of the Declaration
of Helsinki, and approved by the Ethics Committee of the Leipzig University, Leipzig, Germany (protocol
code: 2022.06.09_eb_159; approval date: 21 June 2022).

Informed Consent: Informed consent was obtained from all participants included in the study.
Conflicts of Interest: The authors declare no conflict of interest.

Acknowledgements: We would like to thank Christin Ambaum, Hannah Klode, Phillip Grofle, and Jakob
Schachtner for their dedicated support during data collection. We also thank Karolin Hoffmann for the
technical assistance. We are grateful to the athletes and the coaches of the German National Handball team for
their commitment and willingness to participate.

Received: 12 November 2024
Accepted: 19 January 2026

References

Alexander, J. P., Hopkinson, T. L., Wundersitz, D. W., Serpell, B. G., Mara, J. K., & Ball, N. B. (2016). Validity
of a Wearable Accelerometer Device to Measure Average Acceleration Values During High-Speed
Running.  Journal of  Strength & Conditioning  Research, 30(11), 3007-3013.
https://doi.org/10.1519/JSC.0000000000001396

Arlotti, J. S, Carroll, W. O, Afifi, Y., Talegaonkar, P., Albuquerque, L., Burch, R. F. V., Ball, ]. E., Chander, H.,
& Petway, A. (2022). Benefits of IMU-based Wearables in Sports Medicine: Narrative Review.
International Journal of Kinesiology & Sports Science, 10(1), 36-43.
https://doi.org/https://doi.org/10.7575/aiac.ijkss.v.10n.1p.36

Blauberger, P., Marzilger, R., & Lames, M. (2021). Validation of Player and Ball Tracking with a Local
Positioning System. Sensors, 21(4), 1465. https://doi.org/10.3390/s21041465

Bredt, S., Chagas, M. H., Peixoto, G. H., Menzel, H. J., & de Andrade, A. G. P. (2020). Understanding Player
Load: Meanings and Limitations. Journal of Human Kinetics, 71, 5-9. https://doi.org/10.2478/hukin-2019-
0072

Carrasco, J. L., Phillips, B. R., Puig-Martinez, J., King, T. S., & Chinchilli, V. M. (2013). Estimation of the
concordance correlation coefficient for repeated measures using SAS and R. Computer Methods and
Programs in Biomedicine, 109(3), 293-304. https://doi.org/10.1016/j.cmpb.2012.09.002

Casamichana, D., Castellano, J., Calleja-Gonzalez, J., San Roman, J., & Castagna, C. (2013). Relationship
between indicators of training load in soccer players. Journal of Strength & Conditioning Research, 27(2),
369-374. https://doi.org/10.1519/JSC.0b013e3182548af1

Choice, E. E., Tufano, J. J., Jagger, K. L., & Cochrane-Snyman, K. C. (2023). Match-Play External Load and
Internal Load in NCAA Division Il Women's Soccer. Journal of Strength & Conditioning Research, 37(12),
633-639. https://doi.org/10.1519/]SC.0000000000004578

Cohen, J. (1988). Statistical Power Analysis for the Behavioral Sciences. Routledge.

Corvino, M., Tessitore, A., Minganti, C., & Sibila, M. (2014). Effect of Court Dimensions on Players' External
and Internal Load during Small-Sided Handball Games. Journal of Sports Science and Medicine, 13(2),
297-303. https://www.ncbi.nlm.nih.gov/pubmed/24790482

Dalen, T., Ingebrigtsen, J., Ettema, G., Hjelde, G. H., & Wisloff, U. (2016). Player Load, Acceleration, and
Deceleration During Forty-Five Competitive Matches of Elite Soccer. Journal of Strength & Conditioning
Research, 30(2), 351-359. https://doi.org/10.1519/JSC.0000000000001063

Journal of Human Kinetics, volume xxx, XXXXXXxXx http://www.johk.pl




by Christian Saal et al. X

Dawson, L., Beato, M., Devereux, G., & McErlain-Naylor, S. A. (2024). A Review of the Validity and Reliability
of Accelerometer-Based Metrics From Upper Back-Mounted GNSS Player Tracking Systems for
Athlete Training Load Monitoring. Journal of Strength & Conditioning Research, 38(8), e459-e474.
https://doi.org/10.1519/JSC.0000000000004835

Dechechi, C., Aquino, R., Monezes, R., & Puggina, E. F. (2023). Effects of small-sided games on technical-
tactical actions and physical performance in handball: a systematic review. Human Movement, 24(3),
17-30. https://doi.org/https://doi.org/10.5114/hm.2023.120499

Gabbett, T ]. (2015). Relationship Between Accelerometer Load, Collisions, and Repeated High-Intensity Effort
Activity in Rugby League Players. Journal of Strength & Conditioning Research, 29(12), 3424-3431.
https://doi.org/https://doi.org/10.1519/JSC.0000000000001017

Garcia-Sanchez, C., Navarro, R. M., Karcher, C., & de la Rubia, A. (2023). Physical Demands during Official
Competitions in Elite Handball: A Systematic Review. International Journal of Environmental Research
and Public Health, 20(4), 2-30. https://doi.org/10.3390/ijerph20043353

Garcia-Sanchez, C., Nieto-Acevedo, R., Martinez-Rubio, C., Marquina, M., Navarro, R. M., & de la Rubia, A.
(2025). Association between LPS data and accelerometer-based metrics: breaking antennas
dependency for external load monitoring in women’s handball. International Journal of Performance
Analysis in Sport, 1-15. https://doi.org/10.1080/24748668.2025.2513208

Helwig, J., Diels, J., R6ll, M., Mahler, H., Gollhofer, A., Roecker, K., & Willwacher, S. (2023). Relationships
between External, Wearable Sensor-Based, and Internal Parameters: A Systematic Review. Sensors,
23(2), 827. https://doi.org/10.3390/s23020827

Hoppe, M. W., Baumgart, C., Polglaze, T., & Freiwald, ]. (2018). Validity and reliability of GPS and LPS for
measuring distances covered and sprint mechanical properties in team sports. PLoS One, 13(2),
€0192708. https://doi.org/10.1371/journal.pone.0192708

Javanmardi, S., Baumgart, C., Hoppe, M. W., & Freiwald, ]. (2022). Sprunghéhenerfassung mittels des Kinexon
Tracking-Systems -- eine Pilotstudie. In J. Krug & M. W. Hoppe (Eds.), Leipziger Sportwissenschaftliche
Beitrige (Vol. 1, pp. 44-56). Lehmanns Media.

Kinexon. (n.d.). Kinexon Perform IMU. Kinexon Retrieved 26 September 2024 from https://kinexon-
sports.com/products/perform-imu/

Kolde, R. (2019). pheatmap: Pretty Heatmaps. https://CRAN.R-project.org/package=pheatmap

Lentz-Nielsen, N., Hart, B., & Samani, A. (2025). Prediction of movement in handball with the use of inertial
measurement units and machine learning. Sports Biomechanics, 24(5), 1236-1249.
https://doi.org/10.1080/14763141.2023.2224279

Lin, L. I. (1989). A concordance correlation coefficient to evaluate reproducibility. Biometrics, 45(1), 255-268.
https://www.ncbi.nlm.nih.gov/pubmed/2720055

Linke, D., Link, D., & Lames, M. (2018). Validation of electronic performance and tracking systems EPTS under
field conditions. PLoS One, 13(7), €0199519. https://doi.org/10.1371/journal.pone.0199519

Luteberget, L. S., Holme, B. R., & Spencer, M. (2018a). Reliability of Wearable Inertial Measurement Units to
Measure Physical Activity in Team Handball. International Journal of Sports Physiology and Performance,
13(4), 467-473. https://doi.org/10.1123/ijspp.2017-0036

Luteberget, L. S., Spencer, M., & Gilgien, M. (2018b). Validity of the Catapult ClearSky T6 Local Positioning
System for Team Sports Specific Drills, in Indoor Conditions. Frontiers in Physiology, 9, 115.
https://doi.org/10.3389/fphys.2018.00115

Luteberget, L. S., Trollerud, H. P., & Spencer, M. (2018c). Physical demands of game-based training drills in
women's team handball. Journal of Sports Sciences, 36(5), 592-598.
https://doi.org/10.1080/02640414.2017.1325964

Manchado, C., Tortosa Martinez, J., Pueo, B., Cortell Tormo, J. M., Vila, H., Ferragut, C., Sanchez Sanchez, F.,
Busquier, S., Amat, S., & Chirosa Rios, L. J. (2020). High-Performance Handball Player's Time-Motion
Analysis by Playing Positions. International Journal of Environmental Research and Public Health, 17(18),
6768. https://doi.org/10.3390/ijerph17186768

Articles published in the Journal of Human Kinetics are licensed under an open access Creative Commons CC BY 4.0
license.



X IMU tracking vs LPS in handball players

MAPS. (2024). MAPS — das DHB-Aufwirmprogramm. Allgemeine Erwirmung fiir ein Hallentraining. Deutscher
Handball Bund e.V. Retrieved 02 April 2024 from https://www.dhb.de//?proxy=redaktion/DHB-live-
/Seitenbaum/03_Trainer/Medien-fuer-Trainer/RTK-MAPS-

Poster/DHB_Poster MAPS_Allgemein.pdf

McBride, G. B. (2005). A Proposal for Strength-of-Agreement Criteria for Lin's Concordance Correlation
Coefficient. NIWA Client Report, 45, 307-310.

McKay, A. K. A,, Stellingwerff, T., Smith, E. S., Martin, D. T., Mujika, 1., Goosey-Tolfrey, V. L., Sheppard, J., &
Burke, L. M. (2022). Defining Training and Performance Caliber: A Participant Classification
Framework. International Journal of Sports Physiology and Performance, 17(2), 317-331.
https://doi.org/10.1123/ijspp.2021-0451

Morin, J. B., Le Mat, Y., Osgnach, C., Barnabo, A., Pilati, A., Samozino, P., & di Prampero, P. E. (2021).
Individual acceleration-speed profile in-situ: A proof of concept in professional football players.
Journal of Biomechanics, 123, 110524. https://doi.org/10.1016/j.jbiomech.2021.110524

Oliva-Lozano, ]., Conte, D., Fortes, V., & Muyor, ]J. (2021). Exploring the Use of Player Load in Elite Soccer
Players. Sports Health, 15(1), 61-66. https://doi.org/https://doi.org/10.1177/19417381211065768

Pedersen, A., Randers, M. B., Luteberget, L. S., & Moller, M. (2023). Validity of Session Rating of Perceived
Exertion for Measuring Training Load in Youth Team Handball Players. Journal of Strength &
Conditioning Research, 37(1), 174-180. https://doi.org/10.1519/JSC.0000000000004202

Pillitteri, G., Thomas, E., Battaglia, G., Navarra, G. A., Scardina, A., Gammino, V., Ricchiari, D., & Bellafiore,
M. (2021). Validity and Reliability of an Inertial Sensor Device for Specific Running Patterns in Soccer.
Sensors, 21(21), 7255. https://doi.org/10.3390/s21217255

Pino-Ortega, J., Oliva-Lozano, J., Gantois, P., Nakamura, F. Y., & Rico-Gonzalez, M. (2021). Comparison of the
validity and reliability of local positioning systems against other tracking technologies in team sport:
A systematic review. Proceedings of the Institution of Mechanical Engineers, Part P: Journal of Sports
Engineering and Technology, 236(2), 73-82. https://doi.org/https://doi.org/10.1177/1754337120988236

Saal, C., Baumgart, C., Wegener, F., Ackermann, N., Solter, F., & Hoppe, M. W. (2023). Physical match demands
of four LIQUI-MOLY Handball-Bundesliga teams from 2019-2022: effects of season, team, match
outcome, playing position, and halftime. Frontiers in Sports and Active Living, 5, 1183881.
https://doi.org/10.3389/fspor.2023.1183881

Sonderegger, K., Tschopp, M., & Taube, W. (2016). The Challenge of Evaluating the Intensity of Short Actions
in Soccer: A New Methodological Approach Using Percentage Acceleration. PLoS Omne, 11(11),
€0166534. https://doi.org/10.1371/journal.pone.0166534

Torres-Ronda, L., Beanland, E., Whitehead, S., Sweeting, A., & Clubb, ]. (2022). Tracking Systems in Team
Sports: A Narrative Review of Applications of the Data and Sport Specific Analysis. Sports Medicine-
Open, 8(1), 15. https://doi.org/10.1186/s40798-022-00408-z

van den Tillaar, R., Bhandurge, S., & Stewart, T. (2021). Can Machine Learning with IMUs Be Used to Detect
Different Throws and Estimate Ball Velocity in Team Handball? Sensors, 21(7), 2288.
https://doi.org/10.3390/521072288

Wagner, H., Finkenzeller, T., Wurth, S., & von Duvillard, S. P. (2014). Individual and team performance in
team-handball: a review. Journal of Sports Science and Medicine, 13(4), 808-816.
https://www.ncbi.nlm.nih.gov/pubmed/25435773

Journal of Human Kinetics, volume xxx, XXXXXXxXx http://www.johk.pl




