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Purpose: Describing the most intense periods of match-play is important in player

monitoring and the development of specific training programs. The aim of this study

was to extract maximum accelerations during basketball match-play and describe those

as a function over time durations.

Methods: Twelve professional female basketballers were monitored during 13 official

matches to calculate acceleration profiles. Moving medians of time durations ranging

from 0.3 to 1,800 s were computed to extract peak acceleration and deceleration

magnitudes for the resultant (|accres|), horizontal (|acchor|), and vertical (|accvert|)

planes. The relationship between peak magnitudes and time durations was modeled

by an exponential function. Distinct curve characteristics can be described by the

function parameters scale and decrease rate, which refer to an athlete’s ability to

perform maximum acceleration intensities over short-time (scale) and middle-time

intervals (decrease rate). Generalized linear mixed-models were calculated to determine

plane-specific differences in acceleration and deceleration capacities.

Results: Function parameters differed significantly between |accres|, |acchor| and |accvert|

[effect size (ES) = 0.33–1.15]. Comparisons within each movement plane revealed

significant differences between positive and negative |accres| for the parameters scale

(ES = 0.34) and decrease rate (ES = 0.39). All function parameters differed significantly

between |accvert|
+ and |decvert| (ES = 0.39–0.71). Rank analyses between players

revealed significant inter-individual differences for all function parameters in all groups.

Conclusions: Modeling peak acceleration magnitudes as a function over

log-transformed time durations provides an opportunity to systematically quantify

the most intense periods of match-play over short, middle and long time intervals

(0.3–1,800 s). Detailed knowledge about these periods may positively contribute to

training prescriptions, which intend to prepare players for highest intensities experienced

during match-play in order to improve performance and prevent injuries. Derived

function parameters allow inter-individual comparisons and provide insights into players’

physical capabilities. This study further examines plane-specific intensity demands of

professional female basketball, emphasizing the need for coaches to prepare players for

maximum decelerations in the vertical plane.
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INTRODUCTION

Basketball is characterized as an intermittent, physically
demanding sport with frequently-occurring high intensity
actions (McInnes et al., 1995; Ben Abdelkrim et al., 2007, 2010).
The athleticism and physical fitness of athletes play a major role
for success and are important to manage actual game demands
(Ziv and Lidor, 2009). In order to maximize performances and
minimize the individual risk of injuries through systematic
training protocols, the evaluation of the overall workload players
are exposed to during matches, is essential. For this purpose
the differentiation of workloads into external and internal loads
has been established (Impellizzeri et al., 2004, 2005). While the
internal load refers to the body’s psychophysiological reaction
to any external stimulus, the external load aims to quantify the
overall physical work of different intensities (Impellizzeri et al.,
2019). Even though this concept is frequently applied in various
sports, the exact dose-response relationship between both aspects
in intermittent team sports has not been clarified yet. Generating
new findings that contribute to this problem requires a detailed
knowledge of sport-specific external loads, since these naturally
determine emerging internal loads.

External match-related demands in basketball are
characterized by variable executions of acceleration, deceleration,
and sudden changes of direction, interspersed with phases of low
intensity activities (Ben Abdelkrim et al., 2007). Activity changes
occur frequently over the course of a game, ranging between 579
and 1,750 changes per game in female basketball (Taylor et al.,
2017). Considering the short duration of the performed motions
[for instance the average duration for sprints is 0.5–2.4 s (Taylor
et al., 2017)], acceleration efforts might play a meaningful role
in the quantification of locomotor demands. Recently, the mean
number of acceleration and deceleration events per quarter
for female U18 players was reported to be 159.7 and 153.1,
respectively, with mean acceleration efforts lasting 2083.8ms
(Reina et al., 2019). These whole-match variables may be useful
for quantification of movement volume during match-play, but
they do not account for movement intensity.

With the development of micro-technological devices,
intensity measurement becomes feasible by enabling
simultaneous measurements of multiple players. Use of
GPS units is restricted to outdoor environments, thus inertial
measurement units (IMU) serve as an alternative in indoor
team sports. Accurate estimations of acceleration in multiple
movement planes during sport-specific movements have been
shown after adequate data processing (Roell et al., 2019).
However, time-ordered visualization of these data remains rather
disorganized, which emphasizes the need for a standardized
description of actual workloads. For outdoor team sports,
attempts at categorization have been carried out using arbitrary
velocity thresholds or movement categories (Ben Abdelkrim
et al., 2007; Conte et al., 2015). To detect fluctuations in intensity
occurring across pre-defined intensity bands or time domains,
moving averages have been proposed and applied to multiple
team sports (Duthie et al., 2018; Delves et al., 2019; Whitehead
et al., 2019). The resulting relationship between peak velocity
and moving averages of 1–10min duration can be described by
an exponential decay function (Delaney et al., 2018). Recently, a

comparable approach has been proposed, including shortest and
longest time intervals ranging from 0.3 to 2,700 s (Roecker et al.,
2017). Fitting a mathematical function over these time durations
resulted in a sigmoidal relationship between movement speed
and time duration, rather than continuing the exponential curve
shape of the middle time domains. Resulting curve shapes can
be operationalized by distinct function parameters. In soccer,
differences between playing positions have been detected relying
on this approach (Roecker et al., 2017). In indoor sports like
basketball, comparable analysis of the most intense periods of
match-play have not been carried out so far.

Analyses in basketball have instead focused on a general
quantification of locomotor demands with respect to covered
distance, velocity zones, or number of accelerations (Ben
Abdelkrim et al., 2007; Puente et al., 2017; Vázquez-Guerrero
et al., 2018). Movement categorizations revealed the multi-
directional nature of basketball, including horizontal and vertical
movements such as sprinting, shuffling, and jumping (Scanlan
et al., 2011). It was shown that players most often perform
forward-directed movements such as running. Lateral shuffling
movements were performed up to 19.8% of playing time at
various intensities, whereas jumping movements accounted
for 0.6–2.3% for male and female players of different levels
(Stojanović et al., 2018). Nonetheless, information about
movement intensity with respect to movement planes is limited.

The multi-directional and intermittent character of indoor
team sports such as basketball challenges the description of
most-intense periods of match-play. However, knowledge about
maximum acceleration intensities achieved during competition
may provide information about player’s physical capacities. By
progressively increasing workloads, coaches aim to prepare
athletes adequately for actual game demands. Analysis of
individualized acceleration profiles will positively contribute to
the specificity of training programs. Athletes that have already
experienced workloads of maximum intensity during controlled
training situations are less likely to suffer an injury, but likely
maximize their performance. Therefore, the aim of this study
was to model peak acceleration intensities over pre-defined time
intervals and to create a match-derived acceleration profile for
indoor basketball. As a second goal, differences in acceleration
profiles across multiple movement planes were determined.

MATERIALS AND METHODS

Design
IMU data were collected over two consecutive seasons of a
professional female basketball team playing in the 2nd (2017/18)
and 1st (2018/19) German basketball leagues. All players
volunteered to participate in this study and gave written informed
consent to the experimental procedure. Approval was granted
by the ethics committee of the University of Freiburg (429/18)
and was in accordance with the latest revision of the Declaration
of Helsinki.

Subjects
A total of 12 players from the same club participated in this
study (20.67 ± 2.69 years, 1.81 ± 0.07m, 73.87 ± 7.06 kg).
Official games of the team following FIBA basketball rules were
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monitored, resulting in a total of 6 games monitored in the
2017/18 season and 7 games in the 2018/19 season. Datasets were
excluded if players participated <5min in the game. Overall,
117 game observations where recorded, whereas 77 observations
were included for data analyses. In the mean athletes had a
playing time of 18:18± 8:50 min.

Procedures
For all matches, acceleration values were recorded continuously
using 12 IMUs (Catapult S5, Catapult Innovations, Melbourne,
Australia) operating at a sampling frequency of 100Hz. The
dimension of the devices are 88 × 50 × 19mm at a weight
of 0.088 kg (Catapult Innovations, Melbourne, Australia). The
measurement range of the accelerometer reaches up to ±16 g,
of the magnetometer up to 4,800 µT and of the gyroscope up
to 2,000◦/s. Players were handed the IMU-based devices 60min
before the start of the game prior to the warm-up procedure. Each
participant was equipped with one device, which was positioned
between the athlete’s shoulder blades using a manufacturer-
supplied upper body harness. Due to the fit of the harness players
were not restricted or hindered in their movement execution.
For each player the same device was used for all games in order
to eliminate inter-device variability (Boyd et al., 2011; Nicolella
et al., 2018).

The activity demands were analyzed throughout the whole
game, which in this study is defined as all game-related actions
during playing time, stoppages in play (e.g., free throws) and
time-outs. Halftime breaks were excluded from analyses.

IMUs require complex data processing, thus the raw
accelerometer and gyroscope data were exported from
the manufacturer’s software (Sprint 5.1.7., Catapult Sports,
Melbourne, Australia). If not stated otherwise, further analyses
were conducted using customized Matlab scripts (Matlab
R2018a, MathWorks, Natick, MA, USA).

A 4th order low-pass digital zero-lag Butterworth filter was
applied to reduce noise from the raw accelerometer data.
According to a residual analysis an optimal cut-off frequency
of 8Hz was chosen (Winter, 2009). To exclude phase-shift dual
pass filtering and a correction of the cut-off frequency to 9.97Hz
was applied (Winter, 2009). The devices’ attitude was corrected
through application of a previously-validated complementary
filter algorithm on the accelerometer and gyroscope data
(compiled and edited with C++) (Valenti et al., 2015; Roell
et al., 2018, 2019). For higher congruence between IMU data
and actual body movements, attitude-corrected accelerometer
data were resampled to 5Hz by averaging (Roell et al., 2019).
Magnitudes of the 3D resultant acceleration vector (|accres|), the
horizontal vector (|acchor|), and the vertical acceleration vector
(|accvert|) were calculated according to the following formulas.

|accres| =
√

x2 + y2 + z2 (1)

|acchor| =
√

x2 + y2 (2)

|accvert| =
√
z2 (3)

To discriminate between acceleration and deceleration efforts,
continuous vectors were calculated for |accres|+, |decres|,

|acchor|
+, |dechor|, |accvert|

+, and |decvert| including only positive
or negative acceleration values with respect to anterior-posterior
and vertical movement directions. The sign of the medio-lateral
acceleration data was not considered for these calculations as
this would rather represent information about movements to
the left and right direction than information about acceleration
or deceleration.

Moving medians for time durations (tdur) ranging from 0.3
to 1,800 s were applied. Due to their stability against outliers,
medians were preferred over moving averages (Dixon, 1953).
The peak median for each time interval was detected and
used for the fitting procedure. Prior to the fitting procedure,
tdur was log-transformed for better scaling of the shortest and
longest time intervals. Based on these values, profiles were
fitted for each player and each game by a two-parameter
exponential algorithm:

|acc| (tdur) = a · eb·log(tdur) (4)

It is assumed that each function parameter represents physical
capacities. Scale (a, Figure 1) contains information about the
curve’s inclination. Higher scaling factors induce a more declined
progress of the curve and can be associated with the ability of
players to maintain the highest intensities in an intermittent
manner. The curve’s decrease rate (b) quantifies the decrement
in acceleration with increasing time intervals and is presumably
associated with the amount of fatigue experienced by an athlete.
Additionally, we calculated the predicted acceleration value
at a time duration of 0.5 s to investigate the achieved peak
acceleration (accmax).

Statistical Analyses
Statistical analyses, model fittings and evaluations were
performed using JMP version 14.2.0 (SAS Institute Inc., Cary,
NC, USA). Unless otherwise indicated, data are presented as
means ± SD with statistical significance set at p ≤ 0.05. Shapiro-
Wilk tests revealed heteroscedastic data sets. Spearman’s ρ was
calculated to determine possible linear relationships between
function parameters.

As repeated measures occurred in group comparisons, a
general linear mixed model with “participant,” “game,” and
“playing time” as random factors was applied to determine
significant differences of the function parameters. As fixed effects
for the mixed-model analyses factors “movement plane” (|accres|,
|acchor|, |accvert|), “algebraic signs” (acceleration/deceleration)
and their interaction effect were defined. To test pairwise
comparisons, a Steel-Dwass all-pairs test on ranks was applied
for group comparisons. Where significant differences occurred
for random factors, Van der Waerden tests based on rank scores
were calculated post-hoc.

RESULTS

Our results show that modeling the relationship between
acceleration and time duration in female basketball can best
be described by an exponential decay function. Since this
function was present for each subject, it can be stated that
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FIGURE 1 | Function parameters (scale, decrease rate) describing the function’s curve shape. The solid black line represents the original fitting for peak median

intensities. Dashed lines show the effect of change on either scale or decrease rate.

FIGURE 2 | (A) Curve fitting results of the 2 parameter exponential model grouped by movement plane. The graphs represent the relationship between peak median

intensities over log-transformed time domains for |accres | (solid), |acchor | (dotted), and |accvert | (dashed). Gray dots represent peak median accelerations for time

durations from 0.3 to 1,800 s for each game and player. (B) Curve fitting results of the 2 parameter exponential model grouped by movement plane × algebraic sign.

The graphs represent the relationship between peak median intensities over log-transformed time domains for |accres |
+ (black solid), |accres |

− (gray solid), |acchor |
+

(black dotted), |acchor |
− (gray dotted), |accvert |

+ (black dashed), and |accvert |
− (gray dashed). Gray dots represent peak median accelerations for the time durations

from 0.3 to 1,800 s for each game and player.

the presented modeling follows a fundamental regularity.
Resulting curve shapes for fittings by movement plane
and movement plane × algebraic sign are displayed in
Figures 2A,B.

For evaluation of the fitting model, several parameters were
calculated and are reported in Table 1.

To evaluate the independency of the function parameters
correlation analyses were calculated between the parameters
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TABLE 1 | Evaluation of the fitting model representing the relationship between

peak median acceleration (y) and time duration (tdur; x) for every player and game

tested in the study.

AICc SSE MSE RMSE r2

|accres | 35.69 ± 17.50 5.43 ± 3.29 0.20 ± 0.12 0.43 ± 0.13 0.98 ± 0.01

|acchor | 29.06 ± 17.67 4.40 ± 3.05 0.16 ± 0.11 0.38 ± 0.12 0.98 ± 0.01

|accvert | 26.82 ± 17.95 4.15 ± 3.37 0.15 ± 0.12 0.37 ± 0.13 0.99 ± 0.01

|accres |
+ 38.60 ± 17.75 6.02 ± 3.58 0.22 ± 0.13 0.45 ± 0.14 0.97 ± 0.02

|decres | 26.69 ± 18.07 4.07 ± 2.96 0.15 ± 0.11 0.37 ± 0.12 0.98 ± 0.01

|acchor |
+ 28.79 ± 19.20 4.38 ± 2.61 0.16 ± 0.10 0.38 ± 0.12 0.98 ± 0.01

|dechor | 25.30 ± 16.71 3.71 ± 1.94 0.14 ± 0.07 0.36 ± 0.10 0.98 ± 0.01

|accvert |
+ 12.28 ± 17.86 2.43 ± 1.39 0.09 ± 0.05 0.29 ± 0.09 0.97 ± 0.01

|decvert | 38.20 ± 12.44 5.45 ± 2.31 0.20 ± 0.09 0.44 ± 0.09 0.95 ± 0.02

Mean 29.05 ± 17.24 4.45 ± 2.72 0.16 ± 0.10 0.39 ± 0.12 0.98 ± 0.01

AICc, Akaike’s Information Criterion; SSE, residual sum of squares error; MSE, mean

squared error; RMSE, standard deviation of the residual error; r2, coefficient of

determination.

scale, decrease rate, and accmax. The results point out a significant
large positive correlation between parameters scale and accmax

(ρ = 0.99, p < 0.0001). Between parameters scale and decrease
rate a significant moderate positive correlation was observed (ρ
= 0.33, p < 0.0001). A small positive correlation coefficient was
observed between the parameters accmax and decrease rate (ρ =
0.17, p= 0.001).

The function parameters for each movement plane are given
in Table 2. For all function parameters differences for the
fixed factor movement planes were observed as the following.
In general, significant differences were found between |accres|,
|acchor|, and |accvert| for scale, decrease rate and accmax (p <

0.0001). In addition, the random factor player had a significant
effect on scale (p = 0.03), decrease rate (p = 0.04) and accmax

(p= 0.03). Post-hoc tests revealed significant differences between
single movement planes. The function parameters regarding scale
(p < 0.0001, r = 1.15), decrease rate (p < 0.0001, r = 1.07),
and accmax (p < 0.0001, r = 1.03) differed significantly between
|accres| and |acchor|. This results in a more flattened curve shape
for |accres| than for |acchor|. All function parameters differed
significantly between |accres| and |accvert| (scale (p < 0.0001, r =
0.95), decrease rate (p= 0.009, r= 1.15), and accmax (p < 0.0001,
r = 0.77). Comparisons between |acchor| and |accvert| revealed
significant differences regarding scale (p < 0.0001, r = 0.56),
decrease rate (p < 0.0001, r = 0.33), and accmax (p < 0.0001, r
= 0.57).

To determine differences between acceleration and
deceleration efforts within each movement planes, comparisons
for the combined factor movement planes × algebraic signs were
calculated. Within each movement plane, there were significant
differences between acceleration and deceleration profiles for all
three parameters (p < 0.0001; Figure 2). In addition, the random
factor player had a significant effect on scale (p = 0.03), decrease
rate (p= 0.04), and accmax (p = 0.03). Within movement planes,
post-hoc tests revealed significant differences between |accres|+

and |decres| for scale (p < 0.0001, r = 0.34) and decrease rate (p

TABLE 2 | Parameters characterizing the exponential curve shape of the

relationship between peak median accelerations and time durations (tdur) ordered

by the groups movement planes and movement planes × algebraic sign.

Scale Decrease rate accmax

Movement planes

|accres | 11.46 ± 1.08A,B −0.20 ± 0.02A,B 13.16 ± 1.33A,B

|acchor | 8.97 ± 0.94A,C −0.24 ± 0.03A,C 10.63 ± 1.27A,C

|accvert | 9.81 ± 0.98B,C −0.25 ± 0.02B,C 11.71 ± 1.21B,C

Movement planes × algebraic sign

|accres |
+ 8.93 ± 0.88* −0.23 ± 0.02* 10.47 ± 1.12

|decres | 9.40 ± 0.90* −0.22 ± 0.02* 10.92 ± 1.11

|acchor |
+ 8.10 ± 0.89 −0.26 ± 0.03 9.73 ± 1.18

|dechor | 8.05 ± 0.82 −0.26 ± 0.03 9.67 ± 1.12

|accvert |
+ 5.47 ± 0.58* −0.30 ± 0.03* 6.76 ± 0.77*

|decvert | 6.03 ± 0.50* −0.32 ± 0.03* 7.54 ± 0.58*

Results are reported as mean values ± SD. ASignificant difference between |accres |

and |acchor |.
BSignificant difference between |accres | and |accvert |.

CSignificant difference

between |acchor | and |accvert |. *Significant difference between algebraic signs within one

movement plane.

= 0.009, r= 0.39). There were no significant differences between
|acchor|

+ and |dechor|. The largest differences were seen between
|accvert|+ and |decvert| regarding scale (p < 0.0001, r = 0.71),
decrease rate (p = 0.007, r = 0.39), and accmax (p < 0.0001, r
= 0.79).

Post-hoc analyses of ranks were based on mean values of
accmax, scale and decrease rate for each player over all game
participations. Analyses of ranks for the factor player revealed
significant differences for scale (p ≤ 0.0001, v = 0.25), decrease
rate (p ≤ 0.0001, v = 0.22), and accmax (p ≤ 0.0001, v = 0.27)
in all groups (movement plane [×algebraic sign]). Exemplary,
parameter estimates for |accres| are shown in Figure 3. Ranks
were assigned to each player: note that lower rank numbers
indicate better performances.

DISCUSSION

The aim of this study was to describe the relationship between
accelerations and time duration of movement demands for
professional female basketball players during indoor basketball
matches. Our results show that accelerations in basketball can
be described uniformly by an exponential relationship to log-
transformed time intervals, characterized by the parameters scale,
decrease rate, and accmax. This curve shape has been true for data
of every player participating in the study. Comparisons between
movement planes suggest a different contribution of horizontal
and vertical components to the overall resultant acceleration, as
well as differences between acceleration and deceleration loads
within movement planes.

In general, the fitting quality of the exponential function
was comparable between all parameters. According to Aikaike’s
Information Criterion highest fitting qualities appeared for the
vertical plane in comparison to the three-dimensional and
horizontal dimension. Considering the reduced accuracy of
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FIGURE 3 | Preliminary longitudinal results representing the |accres | mean value ± SD for each function parameter across all matches for each player (x-axes).

Estimated value for curve function parameters (decrease rate, scale, and accmax ) are shown on the respective y-axes. The table below shows according results for

longitudinal comparisons between players based on ranks. Lower rank numbers indicate better performances with respect to scale, decrease rate, and accmax .

the IMU-based device in the horizontal plane (Roell et al.,
2019), it can be assumed that measurement errors affect the
measurement quality of |accres| and |acchor|. Consequently,
increased measurement bias reduces the fitting quality in these
movement planes. Further improvements are expected due to
the ongoing technical development and improvement of the
devices accuracy.

Regarding the function parameters, large positive correlations
between the scale and accmax indicate that both parameters
describe equivalent physical capacities and underlying
physiological determinants. We assume that both parameters
refer to the ability of an athlete to generate and tolerate maximum
acceleration efforts during shortest time intervals, which is
associated with aspects of neuromuscular activation (Mero and
Komi, 1987; Little and Williams, 2005). A large variance between
the function parameters scale and decrease rate indicates that
both parameters represent different physical capacities as well
as neuromuscular and metabolic determinants. Most likely, the
parameter decrease rate contains information about the amount
of fatigue, which induces a reduction of intensity with increasing
time intervals. In intermittent team sports fatigue is typically
associated with the execution of repeated acceleration sequences,
which describe the execution of at least three repeated maximal

or near maximal high intensity accelerations interspersed with
short periods of recovery (Barberó-Álvarez et al., 2014). A
reduced capacity to perform repeated high intensity efforts
is associated with a substantial reduction of performance
(Mendez-Villanueva et al., 2008). On a physiological level, both
neuromuscular as well as metabolic factors modulate the amount
and severity of fatigue (Mendez-Villanueva et al., 2008). Athletes,
whose acceleration profile is characterized by a small decrease
rate are suspected to maintain high intensities during repeated
acceleration efforts. This may indicate an increased metabolic
capacity with respect to involved metabolic pathways as well as
an increased tolerance against fatigue-induced neuromuscular
alterations. However, the relationship between the parameter
decrease rate and an athlete’s repeated acceleration ability or
its physiological determinants, has to be examined in a future
content validation of the presented acceleration profiles.

Describing the most intense periods as a function of time
has been proposed to account for fluctuations of intensities
over the course of a game (Delaney et al., 2018). This study
attempted to structure the chaotic nature of intensities in
intermittent team sports such as basketball by a moving median
technique. Using this approach, a decrease of peak acceleration
magnitudes with increasing time intervals has been observed.
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Describing this relationship by a mathematical model leads to
function parameters, which represent distinct physical capacities
of players. Comparable analyses have been carried out for
locomotor variables in multiple team sports by a moving average
method (Roecker et al., 2017; Duthie et al., 2018; Delves et al.,
2019; Whitehead et al., 2019). Delaney and colleagues modeled
the function of velocity efforts over 1–10min time intervals in
soccer as an exponential power law function (2018). In contrast,
including both shortest and longest time intervals resulted in a
sigmoidal curve shape for velocity data in soccer (Roecker et al.,
2017). Comparing both approaches, it seems that the exponential
curve shape is appropriate to describe peak velocities over
middle time durations but does not account for time intervals
<1min and>10min. According to Roecker and colleagues, these
end ranges are mathematically described by an upper and a
lower asymptote, respectively, which was seen for velocity data
(Roecker et al., 2017). Analysis of match-derived acceleration
data in rugby and soccer has confirmed the exponential curve
shape over middle time intervals. Following the approach by
Roecker and colleagues, this is the first study to include shortest
and longest time durations to determine the relationship between
acceleration intensity and time duration. In contrast to the
velocity data, our acceleration data did not show a sigmoidal
curve shape. The exponential curve shape, which has been
established for middle time durations, seems to be continued
for time durations <1min, where an exponential increase with
decreasing time durations can be seen. Still, including shortest
time intervals prior to the fitting procedure allows for more
accurate estimations of intensity demands for time durations
<1min. These time domains seem to be of special interest for
basketball, as it was shown that acceleration efforts occur every
7.1 ± 1.7 s on average for experienced male players (Puente
et al., 2017). These efforts last about 2 s, which substantiates the
importance of accurate acceleration estimates during short-time
intervals. Time durations <1min should thereby be considered
for fitting procedures.

Considering the sigmoidal curve found for velocity profiles in
soccer, the translation of acceleration into velocity for the shortest
time possible seems to be hindered as players reach a plateau of
maximum possible velocity (Roecker et al., 2017). This could be
explained following basic biomechanical rules, such as requiring
a certain amount of time to overcome inertia and induce
displacement. It is known from sprinting that elite sprinters
need about 6 s to reach maximum velocity during a 100m race,
assuming maximal acceleration (Bissas et al., 2018). It is likely
that the highest velocities in intermittent team sports cannot
be achieved during ultra-short time durations (<1 s) despite
an increasing acceleration. Yet, execution of these acceleration
efforts likely leads to high energetic costs, which emphasizes
the physiological relevance of acceleration-based activity profiles.
However, simultaneously-recorded velocity and acceleration data
do not yet exist within one single sport, which would be necessary
to substantiate these assumptions.

Longitudinal analyses of our data revealed that the parameters
of each function remained reproducible for each player over
the course of all monitored games (Figure 3). This indicates
that the described parameters are characteristic for each player

in the long term. A unique set of parameters enables us
to determine the individual capacities of players. These data
allow for justified and profound comparisons between players
or playing positions. Our results indicated inter-individual
differences for all parameters, suggesting different capacities for
performing peak intensities and repeated high-intensity efforts.
Players can clearly be discriminated by these parameters and
ranked (Figure 3). However, due to the limited number of
data sets, these assumptions remain preliminary; but provide
promising indications for the future practical application of
this approach.

Our study not only determines the general relationship
between acceleration and time duration, but also allows a deeper
understanding of the movement components in professional
female basketball. The results indicate that both horizontal and
vertical acceleration contribute to basketball-specific motion
characteristics, although in different proportions. Significant
differences were seen between |accres|, |acchor|, and |accvert|.
We found that |accres| represents the overall acceleration and
deceleration load imposed on the athlete and is described by
a rather flattened exponential function (Figure 2A). This might
be explained by the opposing contributions from the horizontal
and vertical components. Quick horizontal movements (sprints,
shuffling) induce only low vertical acceleration, whereas large
vertical acceleration (jumps, landings) results in rather low
horizontal acceleration. Regarding the magnitude of |accres|, low
values in one component are likely balanced by the other. Hence,
looking only at the |accres| might result in a blurred picture
about actual workloads. Analyses of multiple movement planes
are needed for expedient training recommendations.

Comparisons between the horizontal and vertical component
revealed higher accmax over short time intervals for the vertical
plane. This is probably due to the intense bouts of acceleration
occurring during jumps and landings. For middle-duration
intervals, the curve shapes indicate that higher intensities are
experienced in the vertical plane. Considering the number of
movement actions performed throughout basketball matches, it
is suggested that players perform more horizontal-dominated
movements such as sprinting and shuffling compared to vertical
jumps (McInnes et al., 1995; Ben Abdelkrim et al., 2007; Scanlan
et al., 2011). Despite the higher intensity of jumping movements,
their reduced volume might prevent players from suffering
fatigue in this movement plane, which enables them to maintain
higher intensities compared to the horizontal plane. Additionally,
the large decelerations experienced during landing contribute to
|accvert| and likely result in overall higher values.

Within each movement plane, differences were apparent
between acceleration- and deceleration-specific curve
parameters. A larger decrement of intensity with increasing
time intervals was seen for resultant deceleration (|decres|)
compared to acceleration intensities (|accres|+). Similar results
were found in the horizontal and vertical planes, respectively.
Differences are limited to short and middle durations only,
which can be assigned to the repeated high-intensity actions.
The ability to perform the highest accelerations during these
actions seems to be impaired compared to decelerations, which
might be explained by the larger energy costs required for
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acceleration. It was shown that repeated high-intensity efforts
lead to rapidly increasing fatigue (Mendez-Villanueva et al.,
2008; Girard et al., 2011). Multiple causes contribute to this
phenomenon, ranging from neural factors to the accumulation
of metabolites. With respect to acceleration movements, the
greater metabolic demands might primarily explain the overall
lower intensity in middle duration intervals. However, peak
decelerations within these time intervals remain high due to
the summation of intended decelerations (changes of direction)
and “accompanying” decelerations occurring during landings
and tackles. Decelerations are associated with higher mechanical
loads (Harper and Kiely, 2018), which induce greater damage
on soft-tissue structures (Dalen et al., 2016; Gastin et al., 2019).
Consequently, high frequencies of decelerations are associated
with decrements in neuromuscular performance and indicate
post-match muscle damage (Howatson and Milak, 2009; Gastin
et al., 2019). It is therefore essential to prepare players for these
load intensities under controlled training conditions.

For the vertical plane, a higher accmax was observed for
deceleration compared to acceleration values (Table 2). The
differences probably result from greater intensities experienced
during landings compared to jumping itself. This consequently
induces increased ground reaction forces (Ortega et al., 2010),
which produce large stresses on the passive structures of lower
limbs and are associated with an increased risk of injury (Dufek
and Bates, 1991). Even though initial vertical deceleration is
higher, a more rapid decrement of intensity over increasing
time duration is seen compared to acceleration. Cormack
and colleagues examined the influence of neuromuscular
fatigue on the proportion of plane-specific acceleration to the
overall acceleration load during intermittent running (Cormack
et al., 2013). Fatigue-induced reductions of acceleration during
running occurred in the vertical plane, indicating a direct
impairment of acceleration and deceleration capacities. A
differentiation in positive and negative vertical acceleration has
not been considered in their study. Our results suggest that the
reduction of intensity is more prominent for vertical deceleration
than acceleration. This needs to be considered for individualized
load management. To reduce these peak intensities, coaches
should include movements associated with neuromuscular stress
in their training and specifically focus on the vertical planea.

Limitations
The validity of the IMUs has to be mentioned as a limitation of
this study. Although the data processing system has previously
been validated during team sport-specific movements against a
3D motion analysis system (Roell et al., 2018, 2019), reduced
accuracy has been reported for peak values of the horizontal
resultant acceleration. Using the median as a robust variable
against outliers for every time interval in this study is expected
to account for this error and minimize inaccuracies in the
horizontal plane.

Regardless of the movement plane, higher errors were
reported for the highest intensity values (Wundersitz et al., 2015;
Roell et al., 2019), which has to be considered for values in the
ultra-short time intervals. Inaccuracies can be limited by the
applied resampling procedure. Further, the function’s model is

based on the entirety of median peak values, which stabilizes
the model by incorporating accurate low-intensity values. Using
estimated accmax is presumed to be of higher accuracy than
measured single peak values.

Practical Applications
According to our results, peak accelerations performed by
professional female players during indoor basketball match-play
follow an explicit and reproducible curve shape over distinct
time intervals. An exponential decrement of peak intensities with
increasing time intervals has been determined for all data sets
of match participation regardless of the player. This indicates
an inter- and intra-individual regularity for the interrelationship
between acceleration and time domains in professional female
basketball. It is to expect that the function parameters scale and
decrease rate represent individual player characteristics. Since the
variation of these parameters appears to be stable over the course
of multiple games, tactical or game-related aspects seem to affect
the physical abilities and underlying physiological correlates only
to a limited extent. Analyses on ranks showed that players can
be distinguished based on their different physical performance
levels. Assuming that over the course of a season each player
shows at least once her maximum acceleration capacity per
time interval, fundamental statements about individual physical
capacities can be done. Thereby, the presented modeling of
acceleration-related activity profiles allows characterizing players
and evaluating performance without the need for an additional
laboratory or field assessment. However, further investigations
examining the content validity of the presented acceleration
profiles are required to support these assumptions. Knowledge
about movement intensities experienced during official games
further contributes to the development of individualized training
programs. Training drills of variable duration can be designed
relying on the relative values of predicted match intensities.
In contrast, training demands can be interpreted in relation
to these peak values. The described modeling facilitates the
work of coaches and improves training processes as it enables
quantification of external workloads during intermittent sports
like basketball.

Conclusion
Modeling the resultant, horizontal and vertical acceleration
magnitudes as a function of time duration provides a novel
opportunity to determine peak acceleration intensities in
individual player performances, and allows for standardized
and comparable analysis within and between players. A 2-
parameter exponential model with distinct parameters (scale,
decrease rate) can be established. This gives insights into the
actual intensity demands during indoor basketball match-play
and likely provides information about the underlying physiology.
The proposed modeling enables justified discrimination of a
single player’s physical capacities and provides new insights into
actual intensity demands of professional female basketball.

Differences in locomotor demands exist between single
movement planes. Discriminant analyses between vertical and
horizontal movement planes should be carried out rather
than relying on the overall resultant acceleration alone. More
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specifically, players should be well-prepared for the highest
deceleration loadings in the vertical plane.

It has to be expected that extraneous factors that are known
to affect performance possibly have an influence on the function
parameters. Since the presented acceleration profiles enable to
carry out performance diagnostics using in-game data rather
than laboratory data, this approach represents a new possibility
to detect and understand these factors. Thereby, future research
should aim to quantify the impact that extraneous factors, such
as match period or playing position, have on acceleration-
related performances in realistic game scenarios. In order
to understand the underlying physiology of the acceleration
profiles future research needs to determine these factors and
evaluate the profiles’ content validity on a neuromuscular and
metabolic level.
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