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Abstract

Purpose Anterior cruciate ligament (ACL) ruptures represent one of the most severe injuries in professional football,
often resulting in long rehabilitation, impaired performance, and increased risk of re-injury. The aim of this study was
to investigate whether performance parameters derived from match statistics can serve as early indicators of ACL
rupture in professional male football players.

Methods A retrospective case-control design was applied. Forty-two male professional football players from the
German Bundesliga and 2. Bundesliga with confirmed ACL ruptures between 2016 and 2024 were included, alongside
42 matched controls from the same teams and positions. Match performance data from ten games preceding the
injury were analyzed. Parameters included minutes played, total distance covered, number of sprints, maximal speed,
pass accuracy, number of duels, and duel success rate. Independent t-tests compared injured and control players
across individual matchdays and aggregated intervals (the average values across the last four, three, and two matches
before injury). Additionally, odds ratios (OR) with 95% confidence intervals were computed based on upper (> 75th
percentile) and lower (< 25th percentile) quartile thresholds to quantify the relative risk associated with extreme
performance values.

Results Injured players showed higher maximum speed that consistently differentiated them from controls, with
significant differences at matchday 2 (p=0.005, OR=3.42, 95% Cl 1.45-8.06) and across all aggregated intervals
(p=0.015-0.031). Injured players also showed significantly fewer minutes played at matchday 2 before injury
(p=0.046, OR=2.36,95% Cl 1.01-5.51) and across certain intervals (last four and three matches before injury;
p=0.027-0.044). Analysis of matchdays 5-10 revealed no significant group differences for any performance
parameter, confirming that relevant performance changes manifest primarily in the immediate pre-injury period. No
significant group differences emerged for distance covered, sprint count, pass accuracy, or duel frequency between
ACL injured players and controls.

Conclusion Maximum speed showed the strongest association with ACL rupture risk, with significant differences
at matchday 2 (p=0.005) and across aggregated intervals (the average values across the last four, three, and two
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matches before injury). Reduced playing time emerged as an additional indicator. Although distance covered,

sprint count, and pass accuracy did not reach statistical significance individually, their temporal patterns revealed a
predisposing risk constellation: injured players demonstrated reduced cumulative exposure combined with acute
high-intensity spikes at matchday 2, declining technical precision, and increased physical confrontation at matchday
1.This suggests ACL injury risk manifests through deterioration of integrated performance capacity under acute load
fluctuations rather than isolated thresholds. Multifactorial approaches integrating biomechanical, physiological, and
temporal performance patterns are essential for effective ACL injury prevention in professional football.

Keywords Soccer, Prediction, Knee, Sports medicine, Performance, Football

Introduction

Anterior cruciate ligament (ACL) ruptures are among
the most devastating injuries in professional football,
imposing long rehabilitation times, impaired career tra-
jectories, and considerable financial costs for clubs [1, 2].
Despite advances in surgical reconstruction, many play-
ers do not regain their pre-injury performance levels and
may even face premature career termination [3, 4]. More-
over, the risk of re-injury remains substantial, with recur-
rence rates of up to 18% in German professional leagues
[3, 5], and long-term sequelae such as post-traumatic
osteoarthritis frequently occur [6, 7].

Given the high burden of ACL ruptures, preven-
tive strategies are of critical importance. While several
modifiable and non-modifiable risk factors have been
identified—including neuromuscular control, fatigue,
anatomical predispositions, and prior injury history
[8, 9]—predicting ACL ruptures at the individual level
remains challenging. With the widespread implementa-
tion of global positioning system (GPS) tracking and sys-
tematic match analysis, professional clubs now routinely
monitor external and internal load parameters [10, 11].
These data not only guide training load management but
may also provide early-warning signals for impending
injuries [12]. This is particularly relevant as ACL inju-
ries frequently occur as non-contact injuries, suggesting
that neuromuscular deficits could potentially be detected
beforehand as indicators of fatigue and increased injury
risk [13, 14].

Despite the growing body of literature on injury predic-
tion in football, a critical gap remains: no previous study
has specifically investigated whether match-derived per-
formance parameters can predict ACL rupture in profes-
sional players. Previous research has primarily focused
on general injury risk and soft-tissue injuries, with
studies specifically addressing ACL rupture prediction
remaining scarce [15, 16]. This represents a significant
limitation, as ACL ruptures differ fundamentally from
muscle injuries in their etiology—they typically result
from complex biomechanical events rather than cumu-
lative load alone. Moreover, most investigations rely on
training data rather than official match statistics, despite
competitive matches imposing the highest physiological
and mechanical demands on players [17, 18]. The present

study therefore addresses this gap by being the first to
systematically analyze match-specific performance pat-
terns in the days and weeks immediately preceding ACL
rupture, using data from professional German football
leagues.

The novelty of this approach lies in three key aspects:
First, we focus exclusively on ACL injuries rather than
general injury risk, allowing for injury-specific pattern
recognition. Second, we utilize official match statistics
that reflect real competitive demands, rather than train-
ing load data. Third, we examine short-term performance
changes in the immediate pre-injury period (up to ten
matches), providing actionable insights for injury pre-
vention strategies. By demonstrating that relevant per-
formance alterations manifest primarily in the final four
matches before rupture, this study offers practical guid-
ance for targeted monitoring windows in professional
football.

The present study therefore aimed to investigate
whether performance parameters derived from official
match statistics could predict ACL rupture in profes-
sional male football players. Specifically, we examined
whether differences in playing time, distance covered,
sprints, maximal speed, pass accuracy, duels, and duel
success rate could be identified in the weeks preceding an
ACL rupture compared to matched controls.

Methods

Study design

A retrospective, quantitative case-control study was
conducted to investigate whether match-derived per-
formance parameters can serve as predictors of ante-
rior cruciate ligament (ACL) rupture in professional
male football players. The study design was chosen
because it allows for the comparison of injured players
with matched controls using existing performance data,
thereby enabling the identification of potential pre-injury
performance patterns without the need for prospective
longitudinal data collection being a feasibility study [19].

Data sources

Two primary data sources were used. The German ACL
register (VKB-Register), established in the 2014/15 sea-
son, this register systematically documents ACL ruptures
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across different levels of German football [13]. For this
study, it provided verified cases of ACL rupture among
players from the Bundesliga and 2. Bundesliga (first and
second division). The Kicker.de database, a sports media
platform, offers detailed match statistics for Bundes-
liga players, including official match appearances, play-
ing time, and key performance indicators. It was used to
extract match performance data for the ten games pre-
ceding each ACL rupture for injured player and their
control.

Participants

The ACL group consisted of professional male foot-
ball players who sustained an ACL rupture between the
2016/17 and 2023/24 seasons while actively competing
in the first or second Bundesliga. Inclusion criteria were:
(I) confirmed ACL rupture listed in the ACL-Register, (1I)
active contract in the Bundesliga or 2. Bundesliga at the
time of injury, and (III) availability of performance data
from at least four official matches prior to the injury.
Exclusion criteria included goalkeepers (due to distinct
movement and injury profiles), players with incomplete
match data (e.g., long-term absence before injury), or
those with inconsistent team membership in the observa-
tion window.

Controls were selected based on strict matching cri-
teria to reduce confounding. Each injured player was
paired with one non-injured control from the same club,
playing in the same or a mirrored position (e.g., left vs.
right full-back). Controls had to feature in a similar num-
ber of matches within the same ten-match window. Play-
ers with ACL rupture during the observation period were
excluded from the control pool.

After applying inclusion and exclusion criteria, the final
dataset included 42 injured players and 42 matched con-
trols, resulting in 84 professional male football players
analyzed.

Variables and performance parameters

The following variables were extracted. Anthropometric
and demographic data included age, height, and weight
for baseline homogeneity. Performance parameters com-
prised minutes played per match, total distance covered
in kilometres, number of sprints as absolute count per
match, maximum speed in km/h, pass accuracy as per-
centage, number of duels per match, and duel success
rate as percentage. These variables were selected based
on prior evidence linking them to injury risk, external
load monitoring practices, and data availability in Kicker.
de [10, 12].

Observation period
For each injured player, data from the ten official matches
immediately preceding the ACL rupture were analyzed.
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If the injury occurred during a match, that game was
included as matchday 0. In case of training injuries, the
most recent competitive match prior to the event defined
matchday 0. Consequently, the observation window cov-
ered matchdays — 10 to 0.

To ensure adequate data coverage, a secondary analysis
was also conducted using the final four matches before
injury, as not all players had complete ten-match datas-
ets. This allowed for comparison across three time inter-
vals: the last four matches before rupture, the last three
matches before rupture, and the last two matches before
rupture. These aggregated intervals represent the average
values of the respective parameters across the specified
matchdays.

Data preparation

All performance data were manually collected from
Kicker.de and entered into a structured spreadsheet.
Injured players and their controls were paired side-by-
side to facilitate direct comparison. Where data were
missing due to player rotation, suspension, or minor inju-
ries, cases with fewer than four complete match datasets
were excluded.

Statistical analysis

Data analysis proceeded in two steps. Descriptive statis-
tics were calculated (mean +standard deviation) for all
variables at each matchday and across aggregated inter-
vals. Inferential statistics: Independent t-tests compared
injured players with controls. Statistical significance was
defined as p<0.05. Additionally, odds ratios (OR) with
95% confidence intervals were computed based on upper
(=75th percentile) and lower (<25th percentile) quartile
thresholds to quantify the relative risk associated with
extreme performance values. Analyses were conducted
using Microsoft Excel (Microsoft Corp., Redmond,
WA, USA) and SPSS Statistics version 28.0 (IBM Corp.,
Armonk, NY, USA).

Results

Descriptive characteristics

The final sample comprised 84 professional male foot-
ball players (42 ACL rupture cases, 42 matched controls).
Mean age at injury was 25.7 +£3.2 years in the ACL group
and 25.4+3.6 years in the control group. No significant
differences were observed in age, body height, or body
weight between groups, confirming homogeneity of
anthropometric characteristics. Twenty-eight (66.7%) of
the ACL injuries occurred during official matches, while
fourteen (33.3%) were sustained during training.

Match performance parameters
Table 1 presents the comprehensive match performance
data for all parameters across matchdays 0—10, including
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Table 1 Match performance parameters across matchdays before ACL injury

Matchday 10 9 8 7 6 5 4 3 2 1 0

Minutes 69.7+304 694+288 69.0+313 71.1+£283 7424228 71.1+£295 723+273 7024281 760+23.7 747+236 365+259

played (n=30) (n=28) (n=32) (n=32) (n=34) (n=39) (n=40) (n=39) (n=34) (n=36) (n=28)

(Injured,

n=42)

Minutes 7914195 7574278 716+30.1 73.6+251 744+248 736+232 767+233 7674256 822+214 784+206 150+00

played (n=25) (n=25) (n=29) (n=31) (n=36) (n=34) (n=38) (n=40) (n=39) (n=39) (n=1)

(Control,

n=42)

OR (95%KI) - - - - - - - - 2.36 - -
(1.01-5.51)

p value 0.767 0.895 0.744 0.987 0.632 0403 0.936 0.258 0.046 0.206 <0.001

Distance 86+36 87+32 83+38 84+35 9.0+2.1 85+35 9.1+28 85+33 90+28 9.0+29 43+33
coveredin  (n=27) (n=25) (n=30) (h=30) (h=33) (h=31) (h=36) (n=39) (n=29) (n=32) (n=27)
km (Injured,

n=42)

Distance 96+27 92+35 8.7+35 90+26 90+29 89+25 94+24 9.1+30 95+25 95+26 08+12
coveredin  (n=21) (n=22) (n=26) (n=29) (n=35) (n=27) (n=34) (n=40) (n=34) (n=36) (n=2)
km (Control,

n=42)

OR (95%Kl) - - - - - - - - - - -

p value 0.293 0.658 0.679 0414 0.994 0.620 0.714 0.369 0430 0513 0.150
Sprint 153496 171498 162+£95 160+106 180+£95 161+£93 169474 140+69 187+£82 159+£82 89+82
countin (n=27) (n=25) (n=30) (n=30) (n=33) (n=31) (n=36) (n=39) (n=29) (n=32) (n=27)
n (Injured,

n=42)

Sprint 177+66 152+74 155483 159+£68 170+90 176+89 164+90 188+78 166+7.1 170£95 40+00
countinn  (n=22) (n=22) (n=27) (n=29) (n=35) (n=27) (h=34) (n=40) (n=34) (n=36) (n=1)
(Control,

n=42)

OR(95%K)) - - - - - - - - - - -

p value 0442 0463 0.764 0.965 0.657 0459 0.748 0.101 0.314 0616 0.564
Maximum 306+22 307+20 304+27 301+£31 307417 305+20 312415 31.1+16 315+17 3114915 302+14
speed in (n=27) (n=25) (n=30) (n=30) (n=33) (n=31) (n=36) (n=39) (n=29) (n=32) (n=27)
(km/h)

(Injured,

n=42)

Maximum 303+£1.7 300+£20 298+20 303+12 305+16 309415 305+17 306+20 303+£15 305+£18 29800
speed in (n=21) (n=22) (n=26) (n=29) (n=35) (n=27) (n=34) (n=40) (n=34) (n=36) (n=1)
(km/h)

(Control,

n=42)

OR (95%Kl) - - - - - - - - 342 - -
(1.45-8.06)

p value 0.550 0.240 0.386 0.751 0.583 0.380 0.052 0.175 0.005 0.138 0.797

Pass ac- 7554172 806+13.1 736+176 786+148 783+149 793+140 763+147 7751173 7594154 71.1+£19.7 736+269

curacy in (n=29) (n=28) (n=30) (n=31) (n=34) (n=39) (n=40) (n=39) (n=34) (n=36) (n=28)
% (Injured,

n=42)

Pass ac- 769+183 83.0+£105 793+137 800121 7494173 796+£113 798+124 792+129 794+122 751+121 100.0+0.0
curacy in (n=25) (n=24) (n=29) (n=31) (n=36) (n=34) (n=38) (n=39) (n=39) (n=38) (n=1)
% (Control,

n=42)

OR(95%K)) - - - - - - - - - - -

p value 0.730 0.503 0.168 0.681 0.381 0.925 0.266 0.630 0.279 0.290 0.344
Duelsinn  89+5.1 8.1+40 90+54 86+56 89+50 85+52 9.1+63 85+6.0 89+49 9.7+5.1 48+48
(Injured, (n=30) (n=28) (n=32) (n=32) (n=34) (n=39) (n=40) (n=39) (n=34) (n=36) (n=28)
n=42)
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Table 1 (continued)

Matchday 10 9 8 7 6 5 4 3 2 1 0

Duelsinn 105+45 80+52 74+38 89+56 88+44 84+43 9.0+47 88+45 101+54 83+39 1.0+0.0

(Control, (n=25) (n=25) (n=29) (n=31) (n=36) (n=34) (n=38) (n=40) (n=39) (n=39) (n=1)

n=42)

OR (95%Kl) - - - - - - - - - - -

p value 0.240 0.958 0.199 0.810 0.904 0.946 0.904 0.826 0.366 0.173 0443

Duel suc- 5184249 546+219 5314252 4834250 56.6+20.7 546+222 523+224 5284217 527+20.7 524+220 500+304

cessratein  (n=30) (n=27) (n=32) (n=31) (n=34) (n=38) (n=40) (n=39) (n=34) (n=35) (n=25)

% (Injured,

n=42)

Duel suc- 5784171 484+259 506+19.7 5354218 4474257 5074213 516+20.7 530+213 505+18.7 470+183 00+00

cessratein  (n=25) (n=23) (n=28) (n=31) (n=36) (n=34) (n=38) (n=40) (n=39) (n=38) (n=1)

% (Control,

n=42)

OR (95%Kl) - - - - 2.18 - - - - - -
(1.04-4.55)

p value 0.312 0.366 0.676 0.383 0.038 0450 0.875 0.962 0.624 0.258 0.119

Data presented as mean + standard deviation. Bold p values indicate statistical significance (p <0.05)

OR Odds Ratio, C/ Confidence Interval

Sample size (n) varies across matchdays because not all players were selected for every match due to squad rotation, tactical decisions, suspensions, or minor
injuries. Aggregated interval analyses (last four, three, and two matches) showed significant differences for minutes played (last four: p=0.027, OR=2.58, 95% Cl
1.11-5.99; last three: p=0.044, OR=2.21, 95% Cl 1.02-4.80) and maximum speed (last four: p=0.031, OR=2.87, 95% Cl 1.10-7.46; last three: p=0.026, OR=3.04, 95% CI

1.18-7.82; last two: p=0.015, OR=3.65, 95% Cl 1.30-10.23)

statistical comparisons between the ACL group and
controls. The sample size (n) varies across matchdays
because not all players were selected for every match
due to squad rotation, tactical decisions, suspensions,
or minor injuries that did not require exclusion from the
study.

Minutes played

Across the ten matches prior to injury, injured players
tended to accumulate fewer playing minutes compared
to their controls. This difference became statistically
significant at matchday 2 (p=0.046, OR=2.36, 95% CI
1.01-5.51), where injured players averaged markedly
reduced exposure. Similar findings were observed when
matchdays were aggregated: across the last four matches
(p=0.027, OR=2.58, 95% CI 1.11-5.99) and last three
matches (p=0.044, OR=2.21, 95% CI 1.02—4.80), injured
players consistently recorded fewer minutes. Within the
injured group, match exposure increased significantly
from matchday 3 to 2 (p=0.037), followed by a significant
reduction from matchday 2 to 1 (p=0.018) (Fig. 1).

Distance covered

No significant differences in total distance covered were
observed between injured players and controls across any
single matchday or aggregated intervals. Both groups dis-
played comparable running volumes, averaging between
8.3 and 9.6 km per match (Table 1).

Sprint count
The number of sprints per match did not significantly
differ between groups across the ten-match observation

window. Injured players tended to perform slightly more
sprints in the final matches before injury, but the differ-
ences did not reach statistical significance (Table 1).

Maximum speed

Injured players demonstrated significantly higher
maximum speeds than controls, particularly in the
final matches preceding injury. At matchday 2, maxi-
mum speed was significantly greater in the ACL group
(p=0.005, OR=3.42, 95% CI 1.45-8.06). Aggregated
analysis confirmed this pattern: last four matches
(p=0.031, OR=2.87, 95% CI 1.10-7.46), last three
matches (p=0.026, OR =3.04, 95% CI 1.18-7.82), and last
two matches (p=0.015, OR =3.65, 95% CI 1.30-10.23) all
showed higher values in injured players (Fig. 2).

Pass accuracy

Pass accuracy remained relatively stable in both groups
throughout the observation period, averaging around
75-80%. No statistically significant differences were
found at any matchday or interval (Table 1).

Duels

The number of duels per match showed no consistent
differences between groups. Injured players displayed
slightly higher duel involvement at certain matchdays,
but these trends did not achieve significance (Table 1).

Duel success rate

At matchday 6, injured players exhibited a significantly
higher duel success rate compared to controls (p=0.038,
OR=2.18, 95% CI 1.04—4.55). Across other matchdays
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Minutes Played per Matchday (10-1 before ACL injury)
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Fig. 1 Played minutes per matchday before ACL injury for injured players and their uninjured control (Solid line being the mean value and dashed line
being the standard deviation)

Maximum Speed per Matchday (10-1 before ACL injury)
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Fig. 2 Maximum speed per matchday before ACL injury for injured players and their uninjured control (Solid line being the mean value and dashed line
being the standard deviation)
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Duel Success Rate per Matchday (10-1 before ACL injury)
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Fig. 3 Duel success rate per matchday before ACL injury for injured players and their uninjured control (Solid line being the mean value and dashed line

being the standard deviation)

and aggregated intervals, no consistent group differences
were observed (Fig. 3).

Discussion

This retrospective case-control study investigated
whether match-derived performance parameters could
predict anterior cruciate ligament (ACL) rupture in
professional male football players. The main findings
were that (I) maximum speed consistently differenti-
ated injured players from controls, (II) minutes played
were significantly reduced in injured players in the final
matches before rupture, and (III) duel success rate was
significantly higher at one observation point. Other
parameters, including distance covered, sprint count,
pass accuracy, and duel frequency, showed no significant
associations.

The most consistent and clinically relevant finding was
that injured players demonstrated significantly higher
maximum speeds in the matches preceding ACL rup-
ture. High sprint velocities are known to impose sub-
stantial mechanical stress on the knee joint, particularly
during deceleration, cutting, and landing movements
that increase anterior tibial translation and strain on the
ACL [20, 21]. In professional football, high-speed run-
ning and repeated sprint ability are decisive for perfor-
mance [12], but these actions also represent critical risk

scenarios. Our findings align with previous work showing
that external load variables related to sprinting and accel-
erations are associated with greater injury incidence [16].
Importantly, this study extends prior research by dem-
onstrating this link specifically for ACL ruptures, which
have been underrepresented in earlier load-monitoring
studies [15].

The analysis of the extended ten-match observation
window provided important insights into the temporal
specificity of performance changes. Notably, matchdays
5-10 revealed no significant group differences for any
performance parameter, confirming that relevant perfor-
mance alterations manifesting as injury risk signals con-
centrate in the immediate pre-injury period. This finding
validates the clinical intuition that acute, short-term
changes rather than distant historical performance pat-
terns are predictive of imminent ACL rupture. The lack
of significance in the earlier matchdays strengthens our
conclusion that injury risk materializes through recent
biomechanical and physiological deterioration rather
than long-standing deficits. This temporal pattern has
practical implications for monitoring strategies, suggest-
ing that surveillance windows should prioritize the most
recent 2—4 matches rather than extended historical data.

Another important observation was the acute work-
load pattern in the final matches before rupture. Injured
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players demonstrated a spike in high-intensity metrics
(maximum speed, sprint count) two matches before
injury, followed by a relative reduction in the immediate
pre-injury match. This pattern must be understood within
the broader context of cumulative load and integrated
performance capacity. The critical insight is not simply
that injured players experienced acute load spikes, but
rather that these spikes occurred against a background
of reduced overall match exposure. Specifically, injured
players consistently covered less total distance across all
matches compared to controls, indicating lower cumu-
lative physical conditioning. When acute high-intensity
demands (elevated maximum speed and sprint count at
matchday 2) were superimposed on this foundation of
reduced overall fitness, the result was a compromised
ability to maintain neuromuscular control and technical
precision. This manifested as declining pass accuracy at
matchday 1 (71.1 + 19.7% compared to 75—-80% in earlier
matches) and increased duel involvement (9.7 + 5.1 duels
at matchday 1), suggesting players were forced into more
contested situations due to impaired ball control. The
subsequent injury occurred not because of high absolute
load, but because the acute intensity spike overwhelmed
an already compromised physiological state character-
ized by insufficient cumulative conditioning. This load-
capacity mismatch, where acute demands exceed the
player’s current adaptive capacity built through recent
match exposure, represents the mechanistic pathway
through which ACL injury risk materializes. This pattern
aligns with established theory, where sudden increases in
load followed by incomplete recovery may compromise
neuromuscular control and increase injury susceptibility
[22]. In this context, reduced minutes could paradoxically
indicate an elevated vulnerability to injury, either due
to insufficient match rhythm or because coaches antici-
pated risk and attempted to mitigate it. Furthermore,
the cumulative analysis revealed that injured players had
lower overall match exposure across the observation
period yet still sustained ACL ruptures.

A deeper examination of the non-significant param-
eters revealed meaningful patterns when considered
holistically rather than in isolation. Although distance
covered, sprint count, and pass accuracy did not indi-
vidually differentiate injured from control players, their
temporal trajectories within the injured group suggest
a progressive deterioration in performance quality. Spe-
cifically, injured players demonstrated their poorest pass
accuracy across the entire ten-match observation period
at matchday 1 (71.1 = 19.7%), while simultaneously
engaging in their highest number of duels (9.7 + 5.1 per
match). This temporal coincidence suggests a mecha-
nistic link: declining technical precision under fatigue
may necessitate increased physical challenges, as play-
ers are forced into contested situations to compensate
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for imperfect ball control. Similarly, sprint count peaked
at matchday 2 (18.7 + 8.2) before declining at matchday
1 (15.9 + 8.2), mirroring the spike-and-recovery pattern
observed in maximum speed and playing time. More-
over, cumulative distance analysis revealed that injured
players consistently covered less ground across all ten
matches compared to controls, indicating lower overall
match exposure yet paradoxically sustaining ACL rup-
tures. This apparent contradiction reinforces a critical
insight: injury risk appears more closely tied to acute load
fluctuations and movement quality deterioration than to
absolute workload volume. The constellation of reduced
cumulative load, acute high-intensity spikes, technical
decline, and increased physical confrontation creates a
biomechanical risk profile characterized by compromised
neuromuscular control—precisely the conditions under
which non-contact ACL injuries occur [23, 24]. These
interconnected patterns underscore that single-param-
eter monitoring may miss critical warning signs that
become apparent only through integrated performance
profiling.

Contrary to expectations, total distance covered, sprint
count, pass accuracy, and duel frequency were not signif-
icantly different between groups. These findings diverge
from studies highlighting accumulated load and running
volumes as risk factors [10, 17]. Several explanations are
possible. First, unlike muscle injuries which demonstrate
clear dose-response relationships with cumulative load,
ACL ruptures often result from complex biomechanical
events (e.g., valgus collapse, rotational forces) that may
occur regardless of total volume. What matters is not
simply how much a player runs, but rather the quality
of neuromuscular control during high-risk movements.
Second, the pattern observed in our data suggests that
injury risk emerges from the interaction between cumu-
lative conditioning status and acute load spikes rather
than from either factor in isolation. Players with lower
overall match exposure (reflected in reduced total dis-
tance) may lack the physical conditioning base necessary
to safely tolerate acute high-intensity demands. When
such players experience sudden increases in maximum
speed or sprint count, their insufficient adaptive capacity
renders them vulnerable to injury despite relatively mod-
est absolute workloads. This explains why injured players
covered less total distance yet still ruptured their ACL—
the injury occurred not because of high load, but because
acute demands exceeded their reduced capacity. Addi-
tionally, performance metrics such as distance covered
may not adequately capture critical risk situations such as
high-load decelerations, knee valgus moments, or awk-
ward landings [24]. At last, technical-tactical demands,
opponent pressure, and playing surface conditions are
factors not represented in match statistics but may have
contributed to injury occurrence.
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Our findings confirm and extend previous research.
Similar to Martins et al. (2023), we observed that sprint-
related load was linked with injury risk, though their
study primarily addressed muscular injuries. Alcanta-
rilla-Pedrosa et al. (2021) reported associations between
high-intensity running and ligament injuries in specific
positions, which supports our observation of maximum
speed as a critical factor. Conversely, Akenhead & Nas-
sis (2016) concluded that performance monitoring alone
may not suffice for injury prediction, a position consis-
tent with our results showing limited predictive value of
most parameters.

Practical implications
The present findings have several implications for applied
practice. Clubs should closely monitor peak velocity and
performance values in the weeks preceding competition.
Significant increases may warrant targeted load adjust-
ments or preventive interventions. Decreases in match
exposure should not automatically be seen as protective
but may signal elevated injury vulnerability, particularly
if combined with high-intensity exposures. Although pre-
liminary, duel involvement and success may offer addi-
tional insights into mechanical load during match play.
Overall, the study suggests that performance data can
provide early-warning signs but should be interpreted in
the context of broader injury risk factors, including bio-
mechanics, neuromuscular control, and recovery status.

Limitations

Several limitations must be acknowledged. First, the
study relied on secondary data sources, limiting the pre-
cision of performance metrics compared to GPS or wear-
able-based tracking systems. Second, training load - an
essential component of total player exposure - was not
available, which restricts interpretation to match-derived
data. Third, the moderate sample size, though reason-
able given the rarity of ACL ruptures, may have limited
statistical power. Fourth, potential confounders such
as prior knee injuries, limb alignment, and neuromus-
cular imbalances could not be controlled. Finally, data
were restricted to German male professional football,
and generalizability to other leagues or female athletes is
uncertain.

Conclusion

Match performance data offer valuable but limited
insights into ACL rupture risk. Maximum speed demon-
strated the strongest predictive potential, while playing
time may also provide supplementary signals. However,
the most instructive finding emerged from the holistic
analysis of temporal performance patterns: the constel-
lation of reduced cumulative match exposure, acute
high-intensity spikes at matchday 2, declining pass

(2026) 18:63

Page 9 of 10

accuracy, and increased duel involvement at matchday
1 collectively characterized the pre-injury profile. These
interconnected patterns suggest that ACL injury risk
manifests not through isolated parameter thresholds
but through the deterioration of integrated performance
capacity under acute load fluctuations. Single-parameter
monitoring, while valuable, may systematically miss these
warning signs. Performance parameters alone cannot
fully capture the multifactorial nature of ACL injuries.
Future research should integrate match and training load
data, combine GPS-based kinematic information with
biomechanical and neuromuscular screening, and apply
advanced statistical or machine-learning models capable
of detecting multivariate risk profiles rather than isolated
predictors.
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