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Association between knee angles

at initial contact and post-landing
knee ranges of motion in athletes

with and without anterior cruciate
ligament reconstruction
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Altered knee kinematics is associated with Anterior Cruciate Ligament (ACL) injury risk. Knee angle
at initial contact (A, ) and range of motion (RoM) after landing are often used interchangeably as ACL
risk indicators, yet their relationship remains unclear. Moreover, no consensus exists about the time
window to be considered for the RoM. This study explored the degree of association between knee
A, and two RoMs (unstandardized: from IC to maximum knee flexion angle, ARoM_,  ; standardized:
within 100 milliseconds after IC, defining a Risk Time Window for ACL injury, ARoM_,,,). Eleven
ACL-reconstructed soccer players and 20 healthy controls performed Single Leg Hop (SLH) and

Single Leg Cross Drop Landing (SLCDL) tasks on a force plate. Knee kinematics was recorded in the
sagittal, frontal, and transverse planes. Correlation analysis showed moderate-to-very-high positive
correlations between ARoM_, | and ARoM_,,, across all tasks, limbs, and planes (r: 0.56-0.99),
supporting their similarity in capturing early post-landing motion. Conversely, significant correlations
between A, and both RoMs were only found in frontal plane (r: 0.48-0.69), suggesting that A alone
may not reliably reflect knee dynamics after impact. Since ACL injuries typically occur within 100 ms
post-landing, ARoM_,,, may offer a practical metric for injury screening and rehabilitation monitoring.
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The Anterior Cruciate Ligament (ACL) plays a key role in stabilizing the knee during dynamic high-impact
activities involving different planes of motion!. For this reason, its rupture is considered among the most
critical injuries in sports?. ACL injury also presents a high rate of re-rupture (up to 29.5%), both regarding
the reconstructed and the contralateral limb®. This is mainly due to the multifactorial nature of this lesion,
with several internal and external risk factors interacting and influencing each other, such as congenital aspects
(anatomical, hormonal, neuromuscular) and/or the unpredictability of the sports context**. Consequently,
improving our understanding of the biomechanical mechanisms underlying ACL injury risk is essential to
inform preventive strategies and optimize rehabilitation protocols.

A large number of studies have focused on the analysis of the injury mechanisms, thus allowing the
identification of critical patterns that increase the risk of ACL rupture. In the sagittal plane, higher stresses are
reported when the knee joint is slightly flexed, from 5° up to 30°, during load acceptance®’. In the frontal plane,
numerous works have pointed out how valgus trends are the most common non-physiological and harmful
knee movements during high-intensity activities, greatly increasing the risk of ACL rupture’~". These trends are
often associated with abnormal movements of the tibiofemoral joint on the transverse plane'®. On this basis, one
of the most common mechanisms dealing to ACL rupture is the co-occurrence of slightly flexed knee, valgus
collapse and abnormal rotation of the tibia with respect to the femur, as confirmed by studies involving video
analysis that evaluated the mechanism of ACL injury during competitions (e.g., in soccer, basketball, handball,
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rugby)!!"13. In addition, the existing literature agrees that rupture occurs within the first 100 milliseconds
following foot contact with the ground!*!>, as the highest stresses to the knee occur within this narrow risk time
window (RTW)!!7. These findings underscore the importance of precisely quantifying lower limb kinematics
in order to enhance risk assessment and refine injury prevention models'®1.

In this context, the possibility to accurately and reliably track the athletes’ movements is of the utmost
importance. Marker-based optoelectronic systems combined with force platforms represent the gold-standard
to obtain objective and reliable values when investigating kinematic and dynamic parameters of interest for ACL
rupture prevention and recovery?*?!. Among those, lower limb joint kinematics has been broadly investigated
in the literature??-2>, Indeed, numerous 3D-based studies have revealed altered kinematics in individuals
who underwent ACL surgery compared with healthy athletes?®-8. These movement patterns reflect ongoing
neuromuscular control issues and exhibit joint angles close to those involved in the injury mechanisms?*-%.

Parameters obtained from the knee joint angular kinematics, including peak angles, angle at initial contact
(IC), and joint range of motion (RoM), have been associated with ACL injury mechanisms, being widely used
over the past years as risk indicators'®¥-33, In particular, increased frontal plane knee angles at IC during drop
vertical jump have been linked to a higher likelihood of ACL injury, with recent evidence showing significantly
greater valgus angles at IC in female athletes who incurred ACL injury®*. Similarly, greater frontal plane RoMs
during drop jump (from IC to toe-off) have been reported in female athletes who later sustained an ACL tear'.

Despite the relevance of these metrics, the relationship between the knee angle at IC and subsequent post-
landing RoM remains unclear, limiting their precise application as ACLinjury predictors'>3>. While the knee angle
at IC refers to a discrete instant of time, RoM following ground contact reflects the knee angular displacement
over a defined time window. From a biomechanical perspective, these variables are sequential in nature, as RoM
after landing inherently follows IC due to foot-ground interaction. However, it is still uncertain whether the
post-landing RoM is influenced by the knee angle at IC or mainly reflects independent neuromuscular control
strategies®®. If a meaningful association exists, specific knee angles at IC could be expected to correspond to
characteristic post-landing RoM patterns; however, this hypothesis has not yet been systematically investigated.

Moreover, the literature provides no clear indication regarding the optimal time window duration for
assessing the knee joint RoM after landing, particularly in relation to the temporal characteristics of ACL
injury mechanisms!*!>. The standardization of the time window for RoM assessment represents a relevant
methodological issue, as it would enable more meaningful comparisons across studies. However, it remains
unclear whether RoM values derived from different time windows (e.g., a standardized 100-ms RTW versus
the time to post-landing peak RoM) reflect distinct or overlapping aspects of post-landing knee kinematics.
Demonstrating a strong correlation between RoM measures computed over different temporal intervals would
suggest that these metrics capture similar features of post-landing knee behavior, thereby supporting the
feasibility of adopting a standardized 100-ms risk time window.

The aim of the present work is thus to explore the relationship between the knee angle at IC and the knee
RoM (after IC) in patients with ACL reconstruction and in healthy participants. To this aim, the knee angular
displacement in the three anatomical planes was obtained during two landing motor tasks. Knee angles at IC and
knee RoM considering two different time windows (from IC to the instant of maximum knee flexion and the first
100 milliseconds after IC, i.e., the RTW) were extracted and their relationship was tested through correlation
analysis. Our first hypothesis was that the knee RoMs evaluated in these two time-windows would be highly
correlated, indicating that these two parameters are similarly informative in depicting the knee joint behavior
immediately after landing. Our second hypothesis was that the angle at IC and both RoMs would not necessarily
be correlated. This would indicate that knee RoMs follow a specific pattern independent of the knee angle at IC,
suggesting caution in adopting these two metrics interchangeably as ACL injury risk predictor.

Materials and methods

Participants

Eleven soccer players with ACL reconstruction (age: 24.3+5.8 years; body mass: 82.2+8.8 kg; stature:
1.83+0.07 m; time post-surgery: 0.97 +0.2 years) (ACLR) and twenty healthy controls (age: 25.0 + 4.4 years; body
mass: 72.9+ 6.1 kg; stature: 1.79£0.06 m) (HC) participated in the study. The sample size was determined using
the G*Power software (ver. 3.1.9.4; Heinrich-Heine-Universitit Diisseldorf, Diisseldorf, Germany) through an
a priori power analysis based on a bivariate correlation test (two-tailed, significance level of 0.05, power of 0.8,
and correlation coeflicient of 0 assumed for the null hypothesis). Based on the initial hypothesis of moderate to
strong correlation, a correlation coefficient of 0.75 was assumed for hypothesis testing, with a resulting required
sample size of 11 and a critical r value of +0.60.

All tested participants were recruited by personal contacts of the authors and/or through a database provided
by an orthopedic surgeon within the working group, over a period from April 2022 to May 2024. Subjects
attended the experimental session only once. All athletes were between 18 and 40 years old, with a Tegner scale
score greater than 6, corresponding to good levels of physical activity*®. For ACLR, inclusion criteria were: (i)
a post-operative period from ACL surgery ranging from 8 to 12 months (intended as the conventional period
of return to sport, RTS); (ii) no history of additional knee surgeries in the past; (iii) clearance to RTS through
specialist’s validation; (iv) no physiological RoM limitations at the knee joint. In addition, all participants with
ACLR were required to confirm, prior to recruitment, that they had returned to full participation in sporting
activities, by answering the following questions: (a) "Are you currently participating in sports activities without
any type of restriction, both with regard to training and official competitions?"; (b) "Since you returned to sport,
have there been any occasions that required you to stop because of your knee?". For HC, inclusion criteria were
the total absence of significant lower limb injuries that could require surgery or causing ongoing disability. For
analysis purposes, the dominant lower limb was identified in HC group as the limb that was used to shoot a
ball on a target, namely the one with which they usually touched the ball during the game®”*%. Before starting

Scientific Reports |

(2026) 16:8693 | https://doi.org/10.1038/s41598-026-41776-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

data acquisition, written informed consent was obtained from each participant. The study procedures were
performed in accordance with the principles of the Declaration of Helsinki and approved by the institutional
review board of the University of Rome “Foro Italico” (CAR 118/2022).

Instruments

The 3D trajectories of 52 reflective markers were measured by a 9-camera stereophotogrammetric system (Vicon
Nexus, Oxford, UK, 200 Hz). Markers were placed from the same operator on anatomical landmarks following
a full-body protocol proposed by Pillet et colleagues, largely focused on lower limb analysis®*. Three force plates
(one 0.9 x 0.6 m, two 0.6 x 0.6 m, AMTI, Watertown, Massachusetts, USA, 1000 Hz) were used to collect ground
reaction forces (GRF), which were then used to define the instant of IC, defined as the instant of time when the
vertical GRF exceeded 20 N*041,

Experimental protocol

After placing the markers on the skin at the respective anatomical landmarks, a standardized 5-minute warm-up
on a treadmill was completed by each participant. After the warm-up, participants were instructed and provided
with a short familiarization period to practice the test execution. Each participant performed two functional
tests involving multiplanar single-leg closed-chain movements typical of open-skill sports practice: the Single
Leg Hop (SLH) and the Single Leg Cross Drop Landing (SLCDL) tests (Fig. 1). In the SLH test, participants were
asked to perform a single-leg jump with the aim of reaching the largest distance possible and maintaining a
stable position upon landing. Before the propulsion phase, free swinging of the non-tested limb was allowed*2. In
the SLCDL test, participants performed a single-leg cross landing from a 31 cm-high box, which was positioned
40 cm away from the force plates. When hopping off the box, the participants were instructed to avoid jumping
movements and to cross over with the landing foot, reaching the opposite (farther) side of the force plate®’.
Trials presenting an upward motion of the subject during the SLCDL task were removed following a real-time
verification of the trajectory of the pelvis marker. For both tests, participants were asked to keep their hands
on the iliac crests to avoid the interference of the arms in the movement execution. Tests were considered valid
if participants were able to maintain a stable monopodalic balance for at least 2 s after landing on the force
plate, avoiding additional hops or foot adjustments following ground contact*2. Participants wore their own
sport shoes, corresponding to those commonly used for their off-field training. Each test was performed three
times per limb which were defined as: Reconstructed (R;) / Uninvolved (U, ) for ACLR; Non-Dominant (ND, )
/ Dominant (D, ) for HC. The order of the tests was randomly selected.

Data processing
The present study focuses exclusively on the landing phase of both motor tasks. For both limbs of each participant,
the trial with the highest value of vertical GRF was conservatively selected for the following analysis. This is
motivated by the premise that higher vertical GRF values are one of the main indicators of increased joint loads/
decreased shock absorption during landing, turning into subsequent greater stress on the ACL?. Therefore, we
decided to select trials presenting the highest stress and potential risk for the knee joint based on this parameter
to align with the purposes of this study.

Kinematic and dynamic data were initially preprocessed using Nexus (Vicon Motion Systems Ltd, Oxford,
UK) and then processed in MATLAB (MathWorks, Natick, MA, USA) using custom-developed scripts. Marker
positions were filtered through a zero-lag 2nd-order Butterworth low-pass filter with a cut-off frequency

Fig. 1. Phase sequence during Single Leg Cross Drop Landing (SLCDL, above) and Single Leg Hop (SLH,
below) execution.
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identified by a residual analysis on each marker coordinate’®. Anatomical reference frames were defined from
the marker trajectories for both femur and tibia body segments and the 3D knee joint kinematics was extracted
according to the ISB guidelines®. From the obtained curves, the following parameters were extracted from knee
abduction/adduction, flexion/extension, and intra/extra-rotation angles: angle at initial contact (AIC); angular
RoM in a time window spanning from IC to the maximum knee flexion (ARoMy;,;); angular RoM within
the RTW, i.e. from IC to 100 ms after IC (ARoMy,,,) (Fig. 2). Briefly, A, represented the knee joint angle at
the instant the participant contacts the force platform, while ARoMy;;; and ARoM,,, were obtained as the
difference between the maximum and the minimum angles in given time window?®. In particular, ARoM;;
referred to the minimum-maximum angle difference observed in each plane of motion from IC up to the instant
at which maximum knee flexion angle after landing was reached. This time window was selected based on the
consideration that the risk of ACL injury beyond this point can be considered negligible. Differently, ARoM.,,
was calculated as the minimum-maximum difference within a defined time window corresponding to the first
100 ms after IC, for all three planes, regardless of whether maximum joint excursion was reached in the sagittal
plane. With respect to frontal plane kinematics, knee abduction (also referred to as knee valgus angle) describes
the angle at the knee where the tibia/shank moves away from the body midline in the frontal plane and relative to
the femur’s long axis. In the transverse plane, knee external rotation angle is defined as the angle resulting from

the tibia rotating externally with respect to the femur!®.

Statistical analysis

For each parameter, a preliminary outlier analysis was performed based on a threshold of + 3 on the z-score to
remove outliers from the dataset?®. After outliers removal, Shapiro-Wilk test was conducted to investigate the
normality of data distribution. To better characterize the sample data, a preliminary analysis was performed
to explore between-limb differences within each population (R;/U; for ACLR; ND,/D; for HC). In particular,
paired t-test or Wilcoxon signed ranks test was carried out for each parameter depending on whether variable
distribution was normal or not normal, respectively.

A correlation analysis was then performed to investigate the relationship between the obtained angular
variables. Specifically, the Pearson’s or Spearman’s correlation coefficient between each pair of A;., ARoM ;|
and ARoMp,,, Was calculated for each plane (sagittal, frontal, transverse), group and limb (RL and U, for ACLR;
ND, and D, for HC), depending on data distribution. The correlation between the parameters was classified as:
negligible (absolute correlation coefficient: 0-0.29), low (0.3-0.49), moderate (0.5-0.69), high (0.7-0.89), and
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Fig. 2. The graph depicts knee kinematics curves in the sagittal (orange line), frontal (violet line) and
transverse (green line) planes, along with the vertical ground reaction force (grey line) during Single Leg Hop
(SLH). The instant of the Initial Contact (IC), 100 milliseconds after IC (RTW100), and the point of maximum
knee flexion (Full ROM) together with the angle at IC and the two considered ROMs are also reported.
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very high (0.9-1.00)*”. R? was selected as the effect size measure for all statistical tests, with values of 0.01, 0.09,
and 0.25 indicating thresholds for small, medium, and large effect sizes, respectively*®. Statistical analysis was
performed using the GraphPad software (version 8.4.2, California, USA, a = 0.05).

Results

Between-limb differences

Table 1 reports the results obtained from the between-limb comparison analysis. In SLCDL, significant
differences were reported in ACLR when observing ARoM;;; and ARoM_., in the sagittal plane. In particular,
lower values were found in R; compared to U| for both ARoM,,;;; (mean difference: -7+ 5°% t: 3.574, p: 0.012, R2:
0.70) and ARoMp 1 (-5+4° t: 3.766, p: 0.004, R2%:0.61). Significant differences were also reported in HC, where
ND; reported slightly lower AROM ., than D; in both sagittal (-2 +4°; t: 2.259, p: 0.037, R% 0.28) and transverse
plane (-1+3°t: 2.384, p: 0.028, R%:0.23).

In SLH, significant between-limb differences were found in ACLR in the sagittal plane only, with lower values
inR; compared to U, in all three parameters (AROMFUL :-4+4°% t: 2.737, p: 0.026, R2: 0.48; AROMp i -3 £45%
t: 2.934, p: 0.017, R 0.49; A : -4+ 6% t: 2.366, p: 0.04, R”: 0.38). Significant differences were also found in HC,
with lower angles in ND; than D, in sagittal ARoMp (-3+5°%1:2.394; p: 0.027; R2:0.23) and both frontal plane
RoMs (AROMFULL: -1£3°%t:2.102, p: 0.049, R% 0.19; and AROMp 1 -2£3°% t: 2,293, p: 0.033, R% 0.22).
Correlation analysis
Figure 3a-b display the results obtained from the correlation analysis between RoMs (ARoM,;;; and ARoM )
and A,.. Most of the correlations between ARoM,,;; and ARoM;,,, were moderate-to-very-high positive
correlations (r: 0.56-0.99; p <0.05; R2 0.31-0.98) in both groups, limbs and motor tasks and across all planes
(Fig. 4). In SLCDL, non-significant low correlations between ARoMy,;;; and ARoM,, were only found in the
sagittal plane for U} in ACLR and ND; in HC (p >0.05). In SLH, non-significant correlations between ARoM
and ARoMy,.,, were exclusively observed in the transverse plane for R; in ACLR (p >0.05).

When assessing the relations between A} and ARoM;;; in SLH, moderate statistically significant positive
correlations were only found in the frontal plane for U; of ACLR (r: 0.67; p: 0.034; R?: 0.45), and both Dy (r:0.64;
p: 0.002; R2: 0.41) and ND, (r: 0.64; p: 0.002; R2 0.41) of HC. When considering the relationship between Al
and ARoM,, in SLH, moderate significant positive correlations were found in the frontal plane for U; of ACLR
(r: 0.69; p: 0.029; R%: 0.48) and D, of HC (r: 0.61; p: 0.004; R%0.17).

In general, slightly higher significant correlations between ARoM;;, and A, were found in SLH (mean r
value: 0.65; p <0.05; mean R% 0.42) than in SLCDL (r: 0.48; p: 0.031; R%: 0.23). Similar considerations can be
made for the correlation coefficients between ARoM,,,, and A, (SLH, mean r value: 0.62, p<0.05, R?: 0.38;
SLCDL, r: 0.55; p: 0.012, R 0.30).

FULL

Discussion
The present study aimed to explore the relationships between knee joint kinematic parameters commonly used in
the literature to identify altered biomechanical behaviors associated with ACL injury risk. To this aim, knee A,
as well as ARoMy,;;; and ARoM,, were obtained during SLH and SLCDL. Consequently, their relationship
was tested through correlation analysis.

We hypothesized that ARoM;; ; and ARoM, would be highly correlated, whereas A, . was not expected to
be necessarily correlated with either RoM measure. A key finding of this study is the strong correlation between

ARoMy;;; and ARoM,., in both ACLR and HC groups across both investigated motor tasks. This result

SLCDL SLH
ACLR HC ACLR HC
R, |uv, |nNp, |[D, |R U, ND, |D,

SAGITTAL
ARoMyy,; () |37(7) |44 (7) | 42(6) | 44 (6) |40 (8) | 46 (12) | 40 (6) | 44 (8)
AROM, (9) |27(5) |33(4) |31(4) |33(3) [32(5) [36(4) |33(4) |36(4)
Ac®) 9(7) |12(7) [11(7) | 13(5) | 11(6) | 16(8) |12(6) |12(5)
FRONTAL
AROM,,, ) |8(5) |7(6) |93 |104) [9(6) [5@ |73 [9(9
ARoMppy, () [53) [5(3) [7(3) [8(3) |6(5 [4(3) |6(4) [8(4)
A () 4(6) |33 |4(4) |403) [4(9) |54 53) |54
TRANSVERSE
ARoM;; () [9(5) [7(4) [10(6) [11(5) |11(5) |8(7) |12(7) |13 ()
ARoMpp, ) |6(4) [4(3) |6(4) [83) [7(3) |6(6) |9(5) |10(5)
A () 3(6) |2(5) |3(5) |3(5 [0(7) |-2(7) |2(6) |0(6)

Table 1. Mean (standard deviation) of angular variables ARoM,;; |, ARoM.,» and A, in the three planes
of motion during the Single Leg Cross Drop Landing (SLCDL) and Single Leg Hop (SLH) tasks. Values are
reported for reconstructed (R, ) and uninvolved (U, ) limbs in ACLR, and non-dominant (ND, ) and dominant
(D) limbs in HC. Significant differences between limbs are highlighted in bold (p <0.05).
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Fig. 3. Results from correlation analysis between RoMs and Al for SLCDL (a) and SLH (b). Correlations
values were divided into very high positive (r: 0.9 to 1.0; dark green); high positive (r: 0.7 to 0.89; green);
moderate positive (r: 0.5 to 0.69; light green); low positive (r: 0.3 to 0.49; pea green); negligible (r: 0 to 0.29
and r: 0 to -0.29; yellow); low negative (r: -0.3 to -0.49; orange); moderate negative (r: -0.5 to -0.69; light red);
high negative (r: -0.7 to -0.89; red); very high negative (r: -0.9 to -1.0; dark red). Significant and above-critical
threshoopeld (r=+0.60) coefficients are in bolded circles.
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Fig. 4. Scatter plots with linear trending lines indicating the relationships per each limb and group between
ARoMy,;;; (X axis) and AROM ., (Y axis) in the frontal (knee abduction), sagittal (knee flexion) and

transverse planes (knee internal rotation), for both SLCDL (top row) and SLH (bottom row) (p <0.05).

supports our first research hypothesis, suggesting that the knee joint kinematics in the first 100 milliseconds after
landing is descriptive of the knee kinematics from IC to the peak knee flexion. This reinforces the feasibility of
using ARoMy.., as a standardized metric for knee motion assessment in ACL injury research and rehabilitation
in patients with ACL reconstruction. Specifically, a practical advantage of using ARoM_, is that it consistently
exhibited lower variability, as reflected by smaller standard deviations compared to ARoMy,;;; . By limiting the
analysis to the very early post-landing phase, AROM,, reduces the influence of inter-individual and task-
dependent differences in landing mechanics that contribute to variability in ARoMy,,, thereby providing a
more consistent and less condition-dependent parameter. For instance, in drop landing tasks, full knee RoM
is influenced by the height of the drop, with higher heights leading to greater knee flexion angles***°. Since
different studies employ varying box heights for drop landings (e.g., 15 cm in?, 20 cm in*’, ~ 30 cm in!8:20:24:43,
the adoption of ARoM,, may help in reducing the effect of these confounding variables, allowing for a
standard interpretation of the data across different conditions. However, if the focus of analysis is on the full
range of motion after landing, it is crucial to clearly define the anatomical plane of interest and establish precise
criteria for determining the end of the time window under consideration. Given that ACL injuries typically
occur within the first 100 milliseconds after landing, and peak external loads are observed in this window!4,
ARoM_ 1, emerges as a meaningful and practical parameter, as it aligns closely with the temporal characteristics
of ACL rupture mechanisms. However, its clinical relevance in predicting ACL injury risk relative to other well-
established knee kinematic metrics remains to be further investigated®!.

In contrast, our results indicate that knee A, and RoM parameters are not necessarily correlated across all
three anatomical planes. This finding is in line with our second hypothesis and highlights that A, alone does
not fully describe the knee joint response after landing, thus emphasizing the need for caution when using it
alone without RoM measures as an ACL injury risk indicator. This is likely due to the different biomechanical
nature of parameters. In fact, A reflects the athlete’s preparatory movement strategy before and at the moment
of foot contact®>>?, whereas RoM captures the knee’s dynamic behavior in response to impact forces over given
periods of time>*. Although both metrics tend to show similar directional changes (i.e., increases) in response
to different landing strategies, such as natural versus soft landings®, the low correlation in our study suggests
that an athlete’s landing posture at IC may not necessarily dictate subsequent post-impact knee motion. This
appears particularly evident in the sagittal plane, where the lowest and non-significant correlation coefficients
were observed. Accordingly, using A, alone provides limited insights into the movement immediately after IC,
when higher loads impact the knee joint structures!'®>.

Notably, few moderate positive correlations between A, and RoM parameters were found in the frontal
plane in both populations and each motor task, especially in the uninvolved limb of ACLR during the SLH task
(r > 0.6). These correlations in the frontal plane between A, and RoMs suggest that greater knee abduction
angles at IC might be associated with higher valgus collapse. As valgus collapse has been consistently indicated
as one of the kinematic patterns associated with ACL injury mechanisms’~'%, A . may provide complementary
information about frontal-plane movement strategies during high-demand tasks. However, as mentioned
above, this relationship is absent when considering the sagittal plane. This finding might reflect a greater
ability to adjust and control movement in the sagittal plane after IC, enabling participants to exhibit knee joint
RoMs independently of the knee angle at foot contact. Although previous research has reported behavioural
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associations between prelanding or initial-contact knee kinematics and landing kinetics or knee RoMs in the
sagittal plane®’, the present findings suggest that this relationship may not necessarily transfer to a direct
correlation between sagittal knee A; .and RoMs. However, further research is warranted to verify this hypothesis.
Opverall, the present findings provide preliminary evidence that post-landing knee control may be influenced by
factors beyond the initial joint position, potentially including neuromuscular strategies and reactive control
mechanisms.

It is well known that ACL injury can be facilitated by specific motor behaviors involving landing with the leg
almost extended, followed by simultaneous and excessive knee abduction and rotation (valgus collapse)?>. When
comparing between-limb differences, the angular values in both investigated motor tasks are in line with those
reported in the literature during similar movements involving a single-leg landing™®. Specifically, participants
with ACL reconstruction consistently showed significantly lower sagittal plane angles in the reconstructed limb
compared to the unaffected limb, particularly in ARoMp; and ARoM; - In SLCDL, these differences reached
on average 7° and 5°, respectively, and were similarly observed in SLH (4° and 3°), along with an additional
significant reduction in A, (4°). While these differences may suggest a tendency toward a stiffer landing strategy
in the affected limb, characterized by reduced knee flexion after initial contact, RoM deviations of less than
10° should be interpreted with caution in the context of impaired load absorption and potentially increased
stress on the ACL3>%. Their clinical relevance remains uncertain, particularly in the context of highly variable
individual adaptations post-ACL reconstruction. Similarly, healthy controls also exhibited significant between-
limb differences, but these were even smaller in magnitude (1°-3°) and observed primarily in ARoM,., and
in the frontal plane. These subtle asymmetries likely reflect typical variations related to limb dominance and
motor preference rather than dysfunctional movement. Although not the primary interest of this work, the
observed asymmetries characterize the sample and highlight the relevance of tracking these parameters in the
post-surgery period, even after long-term recovery and when athletes are considered ready to return to sport.

It is worth to mention that the aim of the present study was not to determine which parameter is more
indicative of increased knee stress and ACL injury risk, but rather to investigate whether RoMs and A, displayed
common trends in terms of knee kinematics. On this aspect, some works have reported that, in the frontal
plane, female athletes who reported greater A and angular displacements (RoMs) during a drop jump (from
IC to Toe-Off) subsequently sustained a primary or secondary ACL tear'®%. Considering this result, additional
studies focusing on sagittal and transverse planes are needed to determine whether RoMs or A, is more effective
in detecting injury risk conditions, thereby informing future biomechanical analysis.

The present study has some limitations that should be acknowledged. First, although the present work
provides a comprehensive analysis in all planes of motion, caution is needed when interpreting results in planes
other than the sagittal one, as movements in the frontal and, especially, transverse planes are less pronounced.
Nevertheless, the marker protocol adopted in the present study was specifically developed for the analysis of
three-dimensional lower limb kinematics, featuring a high number of markers placed around the knee joint and
thus allowing to accurately track subtle movements in planes other than the sagittal one®. Second, although
the current sample size satisfied the requirements of the a priori power analysis, the investigation was restricted
to a relatively small group of male soccer players. In addition, ACL-reconstructed athletes underwent different
surgical techniques: six athletes received a patellar tendon autograft, whereas five underwent reconstruction with
hamstring tendon autograft involving gracilis and semitendinosus tendons. Evidence regarding biomechanical
differences in jump landing movement patterns at RTS between athletes reconstructed with different graft types
remains inconclusive or does not indicate a consistent injury risk-related trend®**°. Examining whether the
relationship between knee angle at initial contact and post-landing RoMs differs between graft types, therefore,
represents an important direction for future research. Moreover, inclusion of female athletes and participants
from other open-skills sports characterized by frequent landing demands, such as basketball or volleyball, would
support the generalizability of the current findings. Finally, the present study considered two different hop tasks,
namely the SLH and SLCDL. Examining this relationship across different jump tasks and/or sport specific
movements — such as change of direction maneuvers — may help to further strengthen the results observed.

Conclusions

In conclusion, knee ranges of motion within the time window from the initial contact to full knee flexion and
from initial contact to the first 100 millisecond during the observed landing tasks were strongly correlated
especially in frontal and transverse planes. These results suggest that both ranges of motion provide comparable
information related to the movement itself after initial contact and support the use of a time window of 100
milliseconds to facilitate unbiased comparison among different athletes and motor tasks. Conversely, the lack
of consistent correlation between the knee angle at initial contact and the knee ranges of motion after initial
contact suggests caution when considering these parameters as equally informative about ACL injury risk/
recovery indicators. Using the knee angle at initial contact alone does not provide insights into the movement
immediately after landing, when higher loads impact the knee joint structures and ACL injury typically occurs.
Since ACL injuries typically occur within the first 100 milliseconds post-IC, assessing RoM within this window
provides critical insights into knee joint behavior under high-impact loads. Standardizing this metric could
enhance injury screening protocols and inform targeted rehabilitation strategies aimed at reducing ACL injury
risk and optimizing post-surgical recovery.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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