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Interunit reliability of STATSports APEX global navigation satellite system and 
accelerometer-derived metrics during shuttle run protocols of varied distances 
and change of direction frequency
Laura Dawson a,b, Stuart A. McErlain-Naylorc, Gavin Devereuxa and Marco Beatoa

aSchool of Health and Sports Sciences, University of Suffolk, Ipswich, UK; bFaculty of Sport, Technology and Health Sciences, St Mary’s 
University, Twickenham, UK; cSchool of Sport, Exercise and Health Sciences, Loughborough University, Loughborough, UK

ABSTRACT
This study assessed the interunit reliability of Global Navigation Satellite System (GNSS) and 
accelerometer-derived metrics during high-intensity shuttle run protocols. Thirty-three female 
football players completed three shuttle run protocols (2 × 20 m, 4 × 10 m, and 8 × 5 m). Two 
STATSports Apex Pro units (18 Hz GPS and 10 Hz Augmented GNSS; 100 Hz accelerometer) 
recorded accelerometer-derived (fatigue index [FI] and dynamic stress load [DSL]) and GNSS- 
derived (total distance, acceleration and deceleration counts, maximum speed, speed intensity 
and total metabolic power) metrics. Interunit reliability and agreement were evaluated using 
intraclass correlation coefficients (ICC), and Bland-Altman analysis. GNSS metrics demonstrated 
good to excellent reliability (ICC: 0.845–0.999), whereas accelerometer-derived metrics, FI (ICC: 
0.495) and DSL (ICC: 0.484), showed poor reliability. Percentage bias in accelerometer-derived 
metrics ranged from −1.76% (FI) to −7.72% (DSL), and in GNSS metrics ranged from −0.1% (speed 
intensity) to 5.83% (decelerations), limits of agreement increased in protocols with more direc
tional changes. Overall, the interunit reliability of accelerometer-derived metrics should be con
sidered cautiously, especially in short, high-intensity activity. ICC and Bland-Altman analysis 
confirmed close agreement for the GNSS metrics but highlighted variability in accelerometer- 
derived metrics. Practitioners are advised to avoid interchanging units between athletes and 
sessions to maintain reliability.
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Introduction

Athlete monitoring in team sports is widely recognised and 
typically implemented using Global Navigation Satellite 
System (GNSS) trunk-mounted player tracking systems 
(Armitage et al., 2024; Dawson, McErlain-Naylor, et al.,  
2024; Theodoropoulos et al., 2020). Recent studies have 
highlighted that practitioners believe these systems are 
key to informing load monitoring, training prescription, 
and supporting rehabilitation (Akenhead & Nassis, 2016; 
Dawson, McErlain-Naylor, et al., 2024; West et al., 2019). In 
the last two decades it has been applied in a range of 
sporting disciplines to allow practitioners to objectively 
monitor load and performance in training and competition, 
delivering essential data on player movements, facilitating 
detailed analysis and informing decision-making. 
Consequently, interunit reliability is essential for making 
accurate comparisons both within and between athletes 
and teams over time (Dawson, McErlain-Naylor, et al., 2024; 
Mejuto et al., 2024).

Previous findings have shown that the interunit relia
bility of GNSS units, and similar Global Positioning 
System (GPS) units, can be high, but also will be depen
dent on the model specifications (Beato & de Keijzer,  
2019; Chahal et al., 2022; Dennison et al., 2025; Scott 
et al., 2016). For example, a review of the validity and 
reliability of 1, 5, 10 and 15 Hz GPS units highlighted 1 
and 5 Hz had limitations when reporting distance, while 
10 and 15 Hz were the most valid and reliable between 
units (Scott et al., 2016). The limitations in GPS systems 
have since led to the introduction of GNSS-enabled 
devices, in which the units can simultaneously track 
multiple-satellite systems (e.g., GPS, GLONASS, Galileo, 
and BeiDou) (Beato, Coratella, et al., 2018), offering 
increased capability compared to GPS (Jackson et al.,  
2018). For example, commercially available STATSports 
Apex Pro units have increased to 18 Hz GPS with aug
mented 10 Hz GNSS and a 952 Hz accelerometer. 
Subsequent interunit reliability studies have evaluated 
the 10 Hz model against the 18 Hz, in 400 m jogging, 
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a 128.5 m team sport circuit, a 20 m jog, and a 20 m 
sprint at maximum speed, finding no meaningful differ
ence in total distance and peak speed metrics (Beato, 
Coratella, et al., 2018). Jackson et al. (2018) compared 10  
Hz GPS against 10 Hz GNSS in team sports movements 
and reported GNSS devices to have a lower horizontal 
dilution of precision, suggesting higher accuracy com
pared to GPS of the same frequency, while also finding 
no significant interunit differences for distance and velo
city metrics in the GNSS model.

Some studies have since begun to evaluate the inter
unit reliability of the GNSS-enabled systems. Chahal et al. 
(2022) found overall poor inter-unit reliability for total 
distance (ICC = 0.131, 95%CI = −0.024–0.556) and peak 
speed (ICC = 0.323, 95%CI = 0.101–0.736) in 45 m 
straight-line sprints using Catapult S5 OptimEye. The 
inter-unit reliability of STATSports Apex Pro and 
Catapult Vector S7 GNSS metrics have also been 
assessed by towing them on a sprint sled during a 40- 
minute team sport movement protocol, twice a week for 
4-weeks (Crang et al., 2022). This study found trivial to 
small differences between different manufacturers’ mea
surement of total distance; however, there were notice
able differences in velocity, moderate- and high-speed 
running distances, and acceleration and deceleration 
metrics with small to very large effect sizes. This was 
attributed in part to the differing processing between 
manufacturers. Brosnan et al. (2022) also compared 
GPSports EVO 10 Hz, GPSports HPU 5 Hz, and Catapult 
S5 10 Hz GPS units finding decreased interunit reliability 
in 5 Hz models, and good to poor agreement in accelera
tion indices (mean difference 2.21–32.74%). These stu
dies commented that most metrics should not be 
compared between manufacturers, particularly regard
ing acceleration indices. Therefore, some current factors 
affecting measurement consistency include manufac
turer specifications (Beato & de Keijzer, 2019; Chahal 
et al., 2022; Thornton et al., 2019), Global Positioning 
System (GPS) vs. GNSS usage, i.e. increased satellite avail
ability (Jackson et al., 2018), and data collection fre
quency (Beato, Coratella, et al., 2018; Scott et al., 2016). 
This highlights the need to evaluate individual manufac
turer and model specifications for GNSS player tracking 
systems and the accelerometer-derived metrics (Beato, 
Devereux, et al., 2018; Brosnan et al., 2022; Thornton 
et al., 2019).

While GNSS has been repeatedly evaluated across all 
major manufacturers (Luteberget & Gilgien, 2020), the 
research into accelerometer metrics is predominantly 
limited to Catapult devices and the PlayerLoadTM metric 
(Dawson, Beato, et al., 2024). Accelerometer-derived 
metrics are proposed to reflect biomechanical load inde
pendently of translational movement, unlike distance 

and speed metrics, which primarily measure linear 
movement, accelerometer-derived potentially offer 
a method for quantifying load during the high- 
magnitude accelerations, decelerations, and impacts 
that are integral to the physical demands of sports 
(Delaney et al., 2018). Rapid changes in velocity and 
direction can place mechanical load upon the body, 
and by monitoring the accumulation of such loads, coa
ches can better assess the true intensity of an athlete’s 
exertion, helping to optimise training, prevent overtrain
ing, and reduce injury risk (Colby et al., 2014; Fessi et al.,  
2018). Metrics derived from the accumulation of accel
erations, such as Catapult’s PlayerLoadTM and 
STATSports’ Dynamic Stress Load (DSL) are offered with 
the aim of providing a more comprehensive reflection of 
the intensity of whole-body loading. Previous research 
regarding the implementation of accelerometers for 
load monitoring have highlighted that the technology 
requires standardisation (Dawson, McErlain-Naylor, et al.,  
2024). Currently, standardisation across all technology 
manufacturers may be unrealistic due to differences in 
filtering, processing, and proprietary algorithms, and 
outputs should be applied with caution due to extra
neous harness movement, noise associated with the 
typical trunk-mounted location of the unit, and type of 
activity being monitored (Dawson, Beato, et al., 2024; 
Edwards et al., 2019; McLean et al., 2018). However, if the 
accelerometer metric outputs can be evaluated and 
quantified, the understanding and application of these 
metrics could be improved. Previous evaluations of 
PlayerLoadTM intraunit test–retest reliability range from 
poor to good coefficients of variation and low to very high 
correlation (Boyd et al., 2011; Clubb et al., 2022; Dawson, 
Beato, et al., 2024). Interunit reliability of RealTrack WIMU 
Pro resultant accelerations and Catapult PlayerLoadTM 

have also reported good CV% in static, hydraulic shaker, 
and sport-specific tests (Boyd et al., 2011; Gómez- 
Carmona et al., 2020). However, a study focussed on 
the interunit reliability of STATSports metrics in a YoYo 
intermittent test and highlighted a potential issue 
regarding accelerometer-derived ‘DSL’ (Beato et al.,  
2023). This was the only accelerometer-derived metric 
assessed in this study, reporting an intraclass correlation 
coefficient of 0.681 (0.510–0.801) interpreted as 
questionable.

For applied practitioners, there is increasing reliance 
on GNSS and accelerometer-derived metrics when mon
itoring athlete load, particularly during the high- 
intensity, intermittent activity that often reflects both 
training and match play. Mara et al. (2017) found 
81–84% of high-speed runs (3.4–5.3 m·s−1) are per
formed over distances less than 10 m in female profes
sional football, 79% of which were repeated efforts (i.e., 2 
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or more efforts within 20 seconds). Additionally, Dalen 
et al. (2021) identified a significant decrease in relative 
high speed ( < 5.5 m·s−1) running distance in small-sided 
games compared to match play, suggesting short shut
tle distances would be reflective of small-sided games 
that are a commonly used training tool (Sarmento et al.,  
2018). These studies support the importance of asses
sing this technology over short-distance shuttle runs. 
Previous research has highlighted limitations in GNSS 
accuracy and between-unit agreement when measuring 
short-distance sprint efforts, particularly those under 15 
metres (Beato & de Keijzer, 2019). However, the interunit 
reliability of these accelerometer-based metrics remains 
underexplored, especially in scenarios involving fre
quent changes of direction. Therefore, the current 
study was designed to assess the interunit reliability of 
both GNSS and accelerometer-derived metrics over 
short shuttle distances with multiple changes of direc
tion to assess movement patterns that closely reflect 
some of the physical demands observed in competitive 
team sport environments.

Given the importance of manufacturer-specific test
ing for GNSS metrics, and relative lack of evidence for 
accelerometer-derived metrics generally, and specifically 
for devices other than Catapult and the PlayerLoadTM 

metric, this study aims to assess the interunit reliability 
of GNSS and accelerometer-derived metrics from 
STATSports Apex Pro GNSS units during shuttle run 
efforts over 20 m, 10 m, and 5 m distances.

Methodology

Participants

Thirty-three female football players (age 25.3 ± 4.9 years; 
height 1.654 ± 0.081 m; body mass 67.8 ± 7.9 kg) partici
pated in this study. Participant inclusion required the 

absence of serious musculoskeletal injury in the 6 
months preceding testing. The study protocol received 
ethical approval from the University of Suffolk Research 
Ethics Committee (RETH20/074). Written informed con
sent and physical activity readiness questionnaire were 
obtained from all participants prior to testing. Sample 
size was calculated a priori using G*Power (version 
3.1.9.6). To detect a 0.52 effect size with 80% power, at 
a significance level of α = 0.05, for reliability comparison 
between two devices, a minimum sample of 32 partici
pants was required. This is aligned with previous 
research evaluating interunit reliability via ICC (Bujang 
& Baharum, 2017).

Experimental procedure

The GNSS (STATSports Apex Pro, v4.24) units (18 Hz GPS 
and 10 Hz Augmented GNSS with 100 Hz tri-axial accel
erometers) provided information on GNSS and acceler
ometer-derived metrics. All units were turned on 
10 minutes before the protocol began, to ensure all 
units were of working condition and to ensure connec
tion to satellites prior to data collection (Fessi et al.,  
2018). Two units were placed in two separate 
STATSports vests and aligned horizontally on each parti
cipant’s back between the scapula separate from each 
other (Figure 1), to allow exposure of the GNSS units for 
satellite connectivity as well as comfort for the partici
pants (Beato & de Keijzer, 2019). Horizontal dilution of 
precision for all units was 0.4, and the mean number of 
connected satellites across all units was 19.7 ± 1.2.

All participants performed a standardised warm-up 
prior to beginning the protocol. This consisted of static 
and dynamic stretches and was the typical warm-up led 
by coaches prior to a standard training session. 
Distances of 20 m, 10 m and 5 m were measured via 
a trundle wheel and set up using cones as markers 

Figure 1. STATSports Apex Pro GNSS unit alignment in harnesses on the upper-back for assessment of interunit reliability.
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(Figure 2). Participants were required to run 2 × 20 m, 
4 × 10 m and 8 × 5 m from a standing still position to the 
required cone marker. Participants completed 5 sets of 
each shuttle run protocol (covering a total 200 m per 
protocol), with 30 s rest between sets and 2 min rest 
between protocols. The protocols were completed in 
a randomised order for each participant. Each shuttle 
distance was demonstrated to familiarise participants 
with the protocols and number of turns. Participants 
were instructed to ensure their whole body passed the 
cone before changing direction so that the GNSS unit 
was covering the required distance, and to remain still 
after completing a set, to limit any additional distance 
covered. All data were collected outdoors on a grass 
football pitch in an open area and in good meteoritical 
conditions, to reduce the risk of satellite disruption 
(Beato & de Keijzer, 2019).

Data analysis

STATSports metrics were processed using manufacturer 
proprietary software Sonra (Version 2.0, STATSports, 
Northern Ireland), the protocols for each participant 
were cropped into ‘drills’ using satellite time recorded 
at the start and end of each set, then nine performance 
metrics were exported from each drill. GNSS-derived 
metrics were total distance (m), acceleration and decel
eration counts (number of events that exceed ±3 m·s−2), 
maximum speed (m·s−1; peak speed recorded), speed 
intensity (AU; manufacturer propriety value based on 
convexly weighted sum of instantaneous speed multi
plied by the time between successive speed values i.e. 
0.1 s), and total metabolic power (W; estimated meta
bolic power based on the equation of diPrampero et al. 
(2005); ‘estimated energy cost per metre multiplied by 

speed’). Accelerometer-derived metrics were DSL (AU; 
the weighted sum of acceleration events ≥2 g; Beato & 
Drust, 2021; Dawson, Beato, et al., 2024) and Fatigue 
Index (FI) (AU; FIi  = DSLi/Speedi

k, where ‘k’ is 
a weighting factor; Beato & Drust, 2021). A summary of 
the means and standard deviations for these variables in 
each protocol is presented in Table 3 (supplementary).

Statistical analysis

Interunit reliability for each metric was assessed using 
intraclass correlation coefficient (1,1) (ICC) for each indi
vidual protocol and for all protocols combined, inter
preted as 1 > 0.9 = excellent; 0.9 > 0.75 = good; 0.75 >  
0.5 = moderate; 0.5 ≥ poor (Koo & Li, 2016). One-way 
ANOVAs with post-hoc Bonferroni comparison were 
used to assess the effect of shuttle run protocol on the 
metrics reported. Bland-Altman analysis was conducted 
to assess the agreement between the devices for each 
metric. For each metric, the bias, standard deviation (SD) 
of the differences, and 95% confidence intervals (CI) for 
both the bias and LoA were calculated and the plots 
were constructed to visually inspect the bias (mean 
difference) and the 95% limits of agreement (LoA). The 
analysis was conducted separately for three repeated 
shuttle run protocols (2 × 20 m, 4 × 10 m, and 8 × 5 m) 
to assess the device agreement under different testing 
conditions. The bias and LoA values have also been 
reported as a percentage of the mean for each metric, 
providing context where values are higher for some 
metrics than others (Giavarina, 2015). When compared 
between protocols, metrics that resulted in a minimal 
bias ( < 5% of mean) and narrow LoA ( < 10% of mean) 
were considered to show good agreement, while metrics 
with greater bias or wider LoA were interpreted as less 

Figure 2. 2 x 20 m, 4 x 10 m and 8 x 5 m repeated sprint change of direction (CoD) protocols (matched for 40 m per set).
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consistent between devices. Data were analysed using 
SPSS Statistics, (version 29, IBM Corp., NY, USA), and the 
significance was set at p < 0.05.

Results

Across all protocols, the GNSS metrics demonstrated 
good to excellent interunit reliability (ICC between 0.845 
and 0.999) (Table 1). Accelerometer-derived metrics 
Fatigue Index (ICC: 0.495) and DSL (ICC: 0.484) showed 
poor interunit reliability overall and in each protocol, 
with the 95% CI ranging from poor to moderate (Table 1).

Bland-Altman analyses (Figure 3a, 3b; Table 2) 
reported minimal bias ( < 0.2%) for total distance 
(−0.34 m [2 × 20 m] to 0.12 m [8 × 5 m]), with LoA broad
ening slightly in the 8 × 5 m protocol (LoA [percentage 
of mean]: −5.99 m [−3.3%] to 6.24 m [3.5%]) compared to 
2 × 20 m (LoA: −3.78 m [−1.8%] to 3.09 m [1.5%]). 
Maximum speed was also measured with high reliability 
across all protocols, with bias near zero ( < 0.6%) and 
consistently narrow LoA (e.g., −0.20 [−3.7%] to 0.17  
m·s− 1 [3.1%] in 2 × 20 m). Similarly, the total metabolic 
power and speed intensity exhibited close agreement 
between units across all protocols, with LoA > 5%.

In contrast, accelerations and decelerations count 
bias was between 1.4% and 5.8% of the mean for all 
except decelerations in the 2 × 20 m protocol (−0.9%). 
The LoA are considerably wider than other GNSS-derived 
metrics, e.g.,, in the 8 × 5 m protocol (accelerations LoA: 
−8.80 [−66.8%] to 8.32 [63.1%], decelerations LoA: −9.48 
[−67.4%] to 7.84 [55.7%]). It should also be highlighted 
that while overall ICCs were good for these metrics, the 
95% CI ranged from moderate to good (Table 1).

Both accelerometer-derived metrics followed 
a similar pattern to each other; fatigue index bias was 

between −1.8% for the 2 × 20 m protocol to −6.4% for 
the 8 × 5 m protocol, and DSL bias was −3.1% for the 4 ×  
10 m protocol to −7.7% for the 8 × 5 m protocol, both 
also with very high LoA. Fatigue index LoA ranged from 
146% to 168% away from the mean for each protocol, 
while similarly, the DSL LoA ranged from 157% to 180% 
of the mean, indicating reduced reliability for acceler
ometer-derived metrics during frequent directional 
changes compared to GNSS metrics across all protocols 
(Figure 3a, 3b; Table 2).

Discussion

The aim of this study was to assess the interunit relia
bility of GNSS and accelerometer-derived metrics from 
STATSports Apex Pro units across three repeated shuttle 
run protocols that increased in change of direction fre
quency (2 × 20 m, 4 × 10 m, and 8 × 5 m). Although pre
vious research has largely focused on the validity and 
reliability of GNSS-based kinematic metrics such as total 
distance and speed in linear, continuous activity, few 
studies have examined how well these systems perform 
under shuttle run conditions of varied distances and 
movement patterns. Even fewer have investigated the 
reliability of accelerometer-derived metrics between 
units. ICC and Bland-Altman analysis confirmed close 
agreement for the GNSS metrics but highlighted varia
bility in accelerometer-derived metrics. GNSS metrics 
demonstrated good to excellent reliability (ICC: 
0.845–0.999 and minimal bias from − 0.1% (speed inten
sity) to 0.56% (maximum speed), except for accelerations 
and decelerations counts, which exhibited 0.93–5.83% 
bias. Whereas accelerometer-derived metrics showed 
poor reliability (ICC: 0.484–0.495), and percentage bias 
ranging from − 1.76% (FI) to − 7.72% (DSL). Overall, 

Table 1. Intraclass correlation coefficients with 95% confidence intervals [95%CI] for interunit reliability of 
STATSports Apex metrics across 3 shuttle run protocols and all protocols combined.

Intraclass Correlation Coefficient 
[95% CI]

Metrics All protocols 2 ×20 m 4 ×10 m 8 ×5 m

Speed intensity 0.998 
[0.996–0.998]

0.997 
[0.993–0.998]

0.994 
[0.987–0.997]

0.994 
[0.988–0.997]

Total distance 0.996 
[0.994–0.997]

0.997 
[0.994–0.999]

0.995 
[0.990–0.997]

0.994 
[0.987–0.997]

Total metabolic power 0.994 
[0.991–0.996]

0.996 
[0.993–0.998]

0.991 
[0.982–0.996]

0.991 
[0.982–0.996]

Maximum speed 0.993 
[0.989–0.995]

0.978 
[0.955–0.989]

0.941 
[0.884–0.970]

0.971 
[0.942–0.986]

Decelerations 0.917 
[0.878–0.944]

0.866 
[0.744–0.932]

0.861 
[0.737–0.929]

0.889 
[0.787–0.943]

Accelerations 0.845 
[0.777–0.893]

0.692 
[0.457–0.837]

0.865 
[0.744–0.931]

0.789 
[0.615–0.890]

Fatigue index 0.495 
[0.329–0.631]

0.393 
[0.057–0.649]

0.438 
[0.117–0.676]

0.544 
[0.251–0.745]

Dynamic stress load 0.484 
[0.317–0.622]

0.445 
[0.119–0.684]

0.455 
[0.138–0.688]

0.539 
[0.245–0.742]
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suggesting interunit reliability of accelerometer-derived 
metrics during shuttle run activity should be considered 
cautiously.

Of the GNSS-derived metrics, specifically total dis
tance (ICC: 0.994 to 0.997) and speed intensity, an arbi
trary value to indicate intensity from time spent at 
various speeds (ICC: 0.994 to 0.998), had near-perfect 
interunit reliability, making them highly reliable for 
load monitoring and performance tracking in athletes. 
The Bland-Altman analysis further supports this; for 
example, total distance demonstrated minimal bias 
(−0.34 to 0.12 m, < 0.2%) and narrow LoA across proto
cols, with the narrowest LoA in the 2 × 20 m protocol 

(−3.78 to 3.09 m, < 1.8%), as did speed intensity ( < 0.3% 
bias, 1.6% to 3.8% LoA), indicating strong agreement 
between the units. The maximum speed ( < 0.6% bias, 
3.1% to 6.4% LoA) metric also shows very low bias and 
consistently narrow LoA across all protocols, alongside 
excellent ICC values. These findings are consistent with 
previous studies that report high interunit reliability of 
GNSS units for measuring distance and speed metrics in 
field-based sports Beato, Devereux, et al. (2018); Beato 
et al. (2023); Beato and de Keijzer (2019); Chahal et al. 
(2022), suggesting practitioners can confidently com
pare between Apex Pro GNSS units for most distance 
and speed-related GNSS metrics.***

Table 2. Bland-Altman analysis results for STATSports apex Pro metrics across three shuttle run protocols (2 ×20 m, 4 × 10 m, and 8 × 5  
m). Bias with 95% confidence intervals (CI), limits of agreement (LoA) with 95% CI, and the percentage of mean for each value are 
reported for each metric.

Metrics
Bias 

[95% CI]
Percentage of 

Mean (%)
Lower LoA 

[95% CI]
Percentage of 

Mean (%)
Upper LoA 

[95% CI]
Percentage of 

Mean (%)

Speed intensity (AU) 2x20 −0.03 [−0.07,0.01] −0.26 −0.24 [−0.30,−0.17] −2.07 0.18 
[0.12,0.24]

1.55

4x10 −0.01 [−0.04,0.03] −0.10 −0.21 [−0.28,−0.15] −2.10 0.20 
[0.14,0.26]

2.00

8x5 0.01 [−0.05,0.06] 0.12 −0.31 [−0.40,−0.21] −3.67 0.32 
[0.23,0.42]

3.79

Total distance (m) 2x20 −0.34 [−0.95,0.26] −0.16 −3.78 [−4.83,−2.73] −1.78 3.09 
[2.04,4.14]

1.46

4x10 −0.21 [−0.84,0.41] −0.11 −3.83 [−4.93,−2.74] −1.97 3.41 
[2.32,4.51]

1.73

8x5 0.12 [−0.94,1.19] 0.07 −5.99 [−7.84,−4.15] −3.33 6.24 
[4.39,8.08]

3.47

Total metabolic 
power (W)

2x20 −19.36 
[−70.42,31.69]

−0.13 −308.16 [−396.59, 
−219.74]

−2.12 269.43 
[181.01,357.86]

1.85

4x10 −6.34 
[−78.79,66.10]

−0.04 −422.51 [−546.99, 
−297.03]

−2.69 409.82 
[284.34,535.30]

2.61

8x5 −15.17 
[−108.38,78.04]

−0.11 −550.64 [−712.10, 
−389.19]

−4.14 520.30 
[358.85,681.75]

3.91

Maximum speed 
(m·s−1)

2x20 −0.02 [−0.05,0.02] −0.18 −0.20 [−0.25,−1.42] −3.68 0.17 
[0.11,0.22]

3.12

4x10 −0.01 [−0.04,0.03] −0.44 −0.20 [−0.26,−1.44] −4.37 0.20 
[0.14,0.26]

4.37

8x5 −0.01 [−0.05,0.03] −0.56 −0.23 [−0.30,−0.17] −6.40 0.21 
[0.15,0.28]

5.84

Decelerations (count) 2x20 −0.06 [−0.37,0.25] −0.93 −1.85 [−2.40,−1.30] −28.74 1.73 
[1.18,2.27]

26.87

4x10 0.21 [−0.38,0.80] 1.44 −3.17 [−4.20,−2.15] −21.73 3.60 
[2.58,4.62]

24.67

8x5 0.82 [−2.33,0.69] 5.83 −9.48 [−12.09,−6.87] −67.35 7.84 
[5.23,10.45]

55.70

Accelerations (count) 2x20 0.31 [−0.13,0.76] 4.02 −2.20 [−2.97,−1.43] −28.50 2.82 
[2.05,3.59]

36.53

4x10 −0.42 [−1.16,0.31] −3.41 −4.67 [−5.95,−3.39] −37.86 3.82 
[2.54,5.10]

30.97

8x5 −0.24 [−1.73,1.25] −1.82 −8.80 [−12.09,−6.87] −66.76 8.32 
[5.74,10.90]

63.12

Fatigue index (AU) 2x20 −0.02 [−0.05,0.02] −1.76 −0.91 [−1.18,−0.64] −159.87 0.85 
[0.58,1.12]

149.33

4x10 −0.02 [−0.05,0.02] −3.00 −1.12 [−1.46,−0.79] −168.11 1.09 
[0.76,1.43]

163.61

8x5 −0.05 [−0.26,0.16] −6.35 −1.26 [−1.63,−0.90] −160.08 1.15 
[0.79,1.52]

146.10

Dynamic stress load 
(AU)

2x20 −0.41 [−2.38,1.56] −6.00 −11.57 [−14.97, 
−8.15]

−169.46 10.74 
[7.32, 14.15]

157.30

4x10 −0.21 [−2.32,1.91] −3.07 −12.36 [−16.02, 
−8.69]

−180.58 11.94 
[8.28, 15.61]

174.44

8x5 −0.53 [−2.57,1.51] −7.72 −12.22 [−15.76, 
−8.70]

−178.08 11.17 
[7.64, 14.69]

162.78

8 L. DAWSON ET AL.



Total metabolic power, another GNSS derived metric, 
has also demonstrated excellent interunit reliability (ICC: 
0.991 to 0.996), STATSports use the calculation ‘esti
mated energy cost per metre multiplied by speed’ 
where the excellent interunit reliability of speed mea
sures may contribute to this. The Bland-Altman analysis 
supports this, for example, in the 4 × 10 m protocol, the 
bias was − 15.17 W (0.04%) and the LoA spanned from  
−422.51 (2.7%) to 409.82 W (2.6%). Despite the absolute 
values appearing high, the minimal percentage discre
pancies suggest that variations between units are unli
kely to impact load monitoring. This is the first study to 
directly evaluate the interunit reliability of total meta
bolic power from GNSS units, however both Buchheit 
et al. (2015) and Stevens et al. (2016) applied similar 
equations based in the research of diPrampero et al. 
(2005) to assessed the reliability of the estimated meta
bolic power (W·kg−1) in a soccer-specific circuit and 
small-sided soccer games, respectively. Buchheit et al. 
(2015) reported poor test-retest reliability using 4 Hz 
GPS, while Stevens et al. (2016) found an ICC of 0.78 
and CV% of 4.4% when comparing intraunit across mul
tiple small-sided games. Since then, an investigation of 
STATSports GNSS interunit reliability has reported 
a similarly high ICC value for average metabolic load 
(ICC: 0.999), supporting the findings of this study. 
Given the frequent use of metabolic load metrics in 
assessing sports performance, establishing definitive evi
dence of its reliability is essential for practitioners 
(Brochhagen & Hoppe, 2022; Halson, 2014; Miguel 
et al., 2021). Nonetheless, practitioners should acknowl
edge potential variations between units and individual 
measurements in different contexts, despite these find
ings suggesting very high interunit reliability.

Acceleration count (ICC: 0.692 to 0.865, moderate to 
good) showed the lowest interunit reliability among 
GNSS-derived metrics, followed by deceleration count 
(ICC: 0.861 to 0.917, good to excellent). Notably, accelera
tion interunit reliability was lowest in the 2 × 20 m pro
tocol (ICC: 0.692, moderate), while the Bland-Altman 
analysis indicated a bias of 0.31 counts (4.0%) with 
wider LoA (−2.20 [28.5%] to 2.82 counts [36.5%]) in the 
2 × 20 m protocol, which is considerably higher than 
other GNSS-derived metrics, suggesting that accelera
tion measurements may vary more between units in 
protocols with fewer changes in direction. The lower 
interunit reliability in both acceleration and deceleration 
counts in this study can likely be attributed to the limited 
number of directional changes in this protocol, which 
may not fully allow the units to register the few 

acceleration events. This finding contradicts recent 
research identifying excellent ICC values of 0.993 and 
0.991 for accelerations and decelerations, respectively 
(Beato et al., 2023). This was found in interunit compar
isons during a YoYo intermittent recovery test, which 
involves more changes of direction over a longer dura
tion, potentially supporting that the GNSS has difficulty 
of recognising accelerations and decelerations in shorter 
duration, high-intensity activities. It should also be noted 
that protocols involving longer distances allow athletes 
to reach greater speeds (Harper et al., 2019). 
Accordingly, participants produced greater speeds in 
the 2 × 20 m protocol compared to shorter, more fre
quent shuttle runs (2 × 20 m: 5.44 ± 0.45 m/s; 4 × 10 m: 
4.58 ± 0.3 m/s; 8 × 5 m: 3.59 ± 0.47 m/s). This may con
tribute to the limitations in interunit reliability and pro
vide potential for underestimation of acceleration and 
deceleration counts in the slower protocols with 
increased directional changes (4 × 10 m and 8 × 5 m), 
as participants may not have reached STATSports accel
eration thresholds (i.e., exceeding ±3 m/s2). Previous 
research has highlighted the importance of adjusting 
speed thresholds based on sex (Gualtieri et al., 2023), 
playing position (Nyman & Spriet, 2022; Silva et al., 2024), 
and age group (Harkness-Armstrong et al., 2022). This 
study also supports the suggestion that acceleration 
thresholds should be adjusted, with consideration to 
the activity, in order to improve event recognition 
(Abbott et al., 2018).

In contrast to the GNSS-derived metrics, the acceler
ometer-derived metrics of fatigue index (ICC: 0.393 to 
0.544) and DSL (ICC: 0.445 to 0.539) exhibited poor to 
moderate reliability across all protocols. These metrics 
are calculated using data collected from the internal 
accelerometer, therefore the lower interunit reliability 
of both metrics would suggest improvements can be 
made to the accelerometer hardware. It should also be 
acknowledged that the sensor fixation in this study is 
most likely to have an impact on the accelerometer and 
not the GNSS capabilities. However, these findings are 
also in agreement with the findings of Beato et al. (2023), 
in which the interunit reliability of the DSL metric was 
identified as questionable (ICC: 0.681). The low reliability 
suggests that these metrics should be interpreted cau
tiously, particularly in short duration, high-intensity 
activities and when changes of direction are frequent. 
The inconsistency could also point to the need for 
refined algorithms to improve these metrics, especially 
in team sports environments where the sporting 
demands can reflect these study protocols. However, 
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there is a recognisable similarity between the Bland- 
Altman plots for fatigue index and DSL, suggesting the 
potential for error may lie, in the accelerometer hard
ware, however previously identified issues with extra
neous harness movement (Edwards et al., 2019), sensor 
fixation (Hughes et al., 2021), sensor positioning and 
muscle damping (Dawson, Beato, et al., 2024; McErlain- 
Naylor et al., 2021) could also be attributed. Similar to 
GNSS-derived accelerations and decelerations, DSL 
applies thresholds, accumulating a total of weighted 
impacts above 2 g, applying a convex-shaped weighting 
function. Future studies should focus on refining these 
algorithms and adjusting thresholds to enhance the 
reliability and sensitivity of accelerometer-derived 
metrics. Until further research can clarify the limitations 
of accelerometer-derived metrics, it is recommended to 
avoid interchanging units between athletes and sessions 
to minimise the impact of poor interunit agreement. 
Intra-participant comparisons within the same session 
or drill remain a strength of the technology.

Limitations and future directions

GNSS reliability can be influenced by environmental 
factors such as weather conditions (Gilgen-Ammann 
et al., 2020), satellite signal quality (Cummins et al.,  
2013), and stadium interference (Williams & Morgan,  
2009); therefore, it was ensured that weather conditions 
were clear, data was collected in an open environment, 
not in a stadium. Horizontal dilution of precision for all 
units was 0.4, where lower values are better and below 1 
indicates excellent accuracy (Specht, 2021). These fac
tors should be acknowledged when applying the find
ings. While most GNSS-derived metrics demonstrated 
good to excellent interunit reliability, accelerometer- 
derived metrics were less reliable. Inconsistencies in 
metric outputs between units could be attributed to 
the positioning of the units, i.e., orientation of the unit 
both relative to the other unit, and fixation to the parti
cipant’s body. Finally, the thresholds included in certain 
metrics such as accelerations and decelerations (±3 m·s 
−2), may not be most appropriate for short, shuttle run 
protocols, such as this study. The use of pre-defined 
thresholds for metrics like accelerations, decelerations, 
and sprint speeds have been shown to improve load 
monitoring by tailoring intensity (e.g., classifying low, 
moderate, and high speeds as < 4, 4–5.5, and > 5.5 m·s 
−1, respectively); however, this should not impact the 
assessment of inter-unit agreement in this study as all 
thresholds remained consistent. In the future, develop
ing methods to personalise these thresholds could 
enhance metric capability to distinguish different proto
col intensities, particularly in scenarios with frequent 

changes of direction. Future research should expand 
on these findings by assessing GNSS inter-unit reliability 
across a wider range of training, competition, and envir
onmental conditions. Additionally, standardising data 
collection and analysis protocols would improve the 
consistency and comparability of GNSS-derived metrics 
in both research and applied settings.

Practical application

This study confirms that GNSS-derived metrics such as 
all distance and speed-related metrics, and total meta
bolic power and can be used confidently by practi
tioners for athlete monitoring in team sports. While 
acceleration and deceleration count metrics demon
strated mostly good to excellent interunit reliability 
(except 2 × 20 m accelerations), counts may be under
estimated, particularly in drills with frequent direc
tional changes. Developing methods to adjust these 
thresholds could enhance event recognition and there
fore improve reliability and load monitoring accuracy. 
Accelerometer-derived metrics, including Fatigue Index 
and Dynamic Stress Load, showed poor reliability, par
ticularly in short, high-intensity shuttle run drills, and 
should be interpreted with caution. Practitioners are 
advised to avoid interchanging devices between ath
letes and sessions and instead assign specific units to 
individuals. These findings support the inter-unit relia
bility of GNSS-derived metrics while highlighting the 
need for further developments of accelerometer- 
derived metrics.
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