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Finding the needle in the haystack of isokinetic knee data: Random Forest modelling 
improves information about ACLR-related deficiencies
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ABSTRACT
The difficulties of rehabilitation after anterior cruciate ligament (ACL) injuries, subsequent return-to-sport 
(RTS) let alone achieving pre-injury performance, are well known. Isokinetic testing is often used to assess 
strength capacities during that process. The aim of the present machine learning (ML) approach was to 
examine which isokinetic data differentiates athletes post ACL reconstruction (ACLR) and healthy con
trols. Two Random Forest models were trained from data of unilateral concentric and eccentric knee 
flexor and extensor tests (30°/s, 150°/s) of 366 male (63 post ACLR) as well as 183 female (72 post ACLR) 
athletes. Via a cross-validation predictive performance was evaluated and the Random Forest showed 
outstanding results for male (AUC = 0.90, sensitivity = 0.76, specificity = 0.88) and female (AUC = 0.92, 
sensitivity = 0.85, specificity = 0.89) athletes. The Accumulated Local Effects plot was used to determine 
the impact of single features on the predictive likelihood. For both male and female athletes, the ten most 
impactful features either referred to the disadvantageous (injured, non-dominant in control group) leg or 
to lateral differences. The eccentric hamstring work at 150°/s was identified as the most impactful single 
parameter. We see potential for improving the RTS process by incorporating and combining measures, 
which focus on hamstring strength, leg symmetry and contractional work.
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1. Introduction

Return-to-sport (RTS) after anterior cruciate ligament (ACL) 
injuries let alone achieving pre-injury performance is a very 
difficult task. Systematic reviews and meta-analyses showed 
that only 65% of athletes return to their pre-injury level of 
sports and only 55% to a competitive level after surgery 
(Ardern et al., 2014). In addition, re-injuries occur in 23% of 
athletes under 25 years old, who do come back to sports 
(Wiggins et al., 2016).

One key element in RTS scenarios is assessing strength 
capacities, e.g., of the knee extensor and flexor muscles and 
isokinetic dynamometry, is considered to be the “gold stan
dard” for that (Dvir et al., 1989), because it provides highly 
reliable measures of associated parameters (Alt et al., 2014; 
Ayala et al., 2012). With the peak moment described as the 
most relevant parameter (Dvir, 2014). Strength tests in general 
are frequently implemented in ACL injury prevention, predic
tion as well as rehabilitation and RTS decision making (Petersen 
et al., 2014; Undheim et al., 2015; van Melick et al., 2016). Even 
simple decision rules based on leg symmetry in performance 
tests, including isokinetic quadriceps strength and hop tests, 
can considerably reduce re-injury risk (Grindem et al., 2016) and 
asymmetry in quadriceps strength is also an important indica
tor for asymmetry in landing mechanics (Palmieri-Smith & 
Lepley, 2015; Schmitt et al., 2015). Achieving this symmetry in 
quadriceps strength has been identified as the most difficult 

criterion within a return-to-sport test battery including isoki
netic strength, isometric strength and single-leg hop tests after 
ACL injury (Norte et al., 2021). Therefore, current consensus 
suggests that athletes should achieve quadriceps and ham
string strength greater than 90% of the uninvolved leg before 
their RTS (Lynch et al., 2015). However, it was also demon
strated that muscle strength of hamstrings and quadriceps is 
impaired after ACLR compared to a control group in the injured 
as well as the uninvolved leg (Alt, Breitenmoser, et al., 2022; 
Larsen et al., 2015) and that leg symmetry can overestimate 
knee function after an ACL injury (Wellsandt et al., 2017). This 
evidence suggests a criteria purely based on symmetry is not 
sufficient for making a RTS decision. Overall, a lack of validity of 
RTS criteria after ACLR still remains (Gokeler et al., 2022).

Apart from RTS, predicting injuries by physical tests or 
screening test batteries is considered virtually impossible 
(Bahr, 2016). Despite that, the ability to incorporate multiple 
factors in a model is promising and machine learning (ML) 
approaches displayed the ability to identify athletes at high 
risk of injury when performing sports (Van Eetvelde et al., 2021).

The application of more complex ML approaches like neural 
networks is sometimes considered problematic for being “black 
box” (Bullock et al., 2022), meaning that it is not possible to 
derive an understanding of the prediction process from the 
model. However, new advances in ML research help analysing 
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models and give further information on why a model produces 
a certain prediction as effort is put forth to accommodate the 
importance of interpretability (Molnar, 2020).

The present study aims to facilitate and elucidate infor
mation about differences and potential deficiencies related 
to ACLR with a two-stage approach. The first objective is to 
train a Random Forest model to distinguish between ath
letes within 6 to 24 months after ACLR and healthy controls 
based on isokinetic data of the knee flexor and extensor 
muscles and analyse its predictive performance. While pre
dicting a past injury is not necessary, ML models are opti
mised based on the input data and simply classify between 
injury and no injury. Therefore, we investigate whether 
athletes post ACLR and healthy controls can be distin
guished with high accuracy in a multifactorial approach 
using multiple parameters from isokinetic testing.

In addition, differences between male and female ath
letes are analysed as the described procedure is conducted 
separately for both sexes. That approach prevents sex from 
becoming an underlying factor for the ML models due to 
the differences in isokinetic strength (Alt, Breitenmoser, 
et al., 2022; El-Ashker et al., 2017; Hewett et al., 2008) 
and relative number of injuries within the data.

The second objective encompasses further investigating 
the two models and analysing how single features impact 
the prediction. We are confident this will provide further 
insight into which strength characteristics are most preva
lent in distinguishing athletes post ACLR and healthy con
trols and should therefore be focused on in research and 
rehabilitation.

2. Materials and methods

2.1. Participants

A total of 366 male (age: 22.2 ± 4.9 years, height: 183.6 ± 8.5  
cm, mass: 80.8 ± 11.9 kg) and 183 female (age: 23.0 ± 4.7  
years, height: 171.3 ± 6.6 cm, mass: 66.2 ± 10.4 kg) athletes 

gave their written informed consent to voluntarily join the 
study. These included 135 athletes 6 to 24 months post ACLR, 
63 male (age: 24.5 ± 6.5 years, height: 184.9 ± 8.0 cm, mass: 
84.4 ± 12.7 kg) and 72 female (age: 23.9 ± 5.1 years, height: 
171.9 ± 6.5 cm, mass: 69.4 ± 12.3 kg). At the time of testing, 
all participants executed regular training for fitness or in 
different sports up to a professional level (35% track and 
field, 16% soccer, 11% handball, 10% basketball, and 28% 
other sports). Exclusion criteria encompassed acute pain of 
the knee joint and/or thigh muscle as well as injuries (ham
string strain injury within the last two years, contralateral or 
recurrent ACL injury). During the testing period, all partici
pants maintained their normal physical activity level except 
for resistance training.

2.2. Instruments

The isokinetic dynamometer IsoMed 2000 (D&R Ferstl 
GmbH, Hemau, Germany) was used for all tests. A double 
shin pad for unilateral knee flexion and extension was 
attached to the dynamometer axis. The shin pad’s distal 
part was fixed by a strap ~ 2–3 cm proximal to the medial 
malleolus of the participants. A calibration of the device 
was performed before and after each testing session.

2.3. Procedures

The unilateral knee tests of the left and the right leg followed 
a protocol with proven reliability (Alt et al., 2014, 2017) in a single 
testing session. It started with a randomised test condition fol
lowed by a stratified testing order (e.g., left extensor, right flexor, 
left flexor and right extensor) (Figure 1). Each participant com
pleted the protocol in a separate familiarisation session preced
ing the testing session by 48–168 hours (Petersen et al., 2014). 
After determining their body mass, the participants underwent 
a 10-minute warm-up period (relaxed jogging and dynamic 
stretching of the lower extremity muscles). As recommended, 

Figure 1. Flowchart isokinetic testing. Flowchart depicting the isokinetic testing of unilateral concentric (con) and eccentric (ecc) measurements at different velocities 
for knee flexors and extensors.

174 K. NOLTE ET AL.



discrete movements in a single direction (uni-directional) were 
executed throughout the largest possible range of motion (ROM) 
to maximise the duration of voluntary activation (Alt et al., 2014; 
Rothstein et al., 1987). For knee flexion (0–110° ROMknee), parti
cipants laid prone (extended hip) by pulling their trunk with the 
hands to the lounger (Alt et al., 2019). Knee extensions (90–0° 
ROMknee) were performed in supine position (extended hip) with 
handgrips providing sufficient stability (Alt et al., 2016). To mini
mise accelerative inaccuracies the subjects were asked to take off 
their shoes (Alt et al., 2017; Petersen et al., 2014). The dynam
ometer axis was aligned with the participants’ lateral femoral 
epicondyle with the assistance of a laser pointer in a pre- 
activated muscular state at 0° knee flexion (Alt et al., 2018). 
After a static gravity correction measurement, the participants 
performed six submaximal (~50–80%) concentric (con) and 
eccentric (ecc) repetitions of the respective muscle group. The 
return into starting position occurred passively at 120°/s. Each set 
consisted of five repetitions (two ~75%, three 100%). The last 
three repetitions were selected for further analysis. A 1-min- 
interset rest ensured sufficient recovery. For both muscle groups, 
concentric movements were executed at 30°/s prior to eccentric 
ones followed by those at 150°/s (Alt et al., 2014, 2017, 2020). The 
slower angular velocities ensured a measurement close to the 
isometric maximum with a time under tension of 3s for one 
repetition. The 150°/s allow measuring a faster movement 
while keeping over 80% of the ROM within the isokinetic 
phase. Strong verbal encouragement was provided throughout 
to facilitate maximum effort by the participants.

2.4. Data processing

Raw data (200 hz) were recorded by the manufacturer’s soft
ware (IsoMed analyse V.2.0) and stored as ASCII files. A custom- 
made software (C++) isolated the isokinetic ROM (±1% devia
tion of angular velocity) and filtered the data (5th order 
Butterworth low-pass filter, 6 hz cut-off frequency). For each 
testing condition, the trial with the highest gravity-corrected 
peak moment (PM) and contractional work (CW) was selected. 
Conventional (PMHcon/PMQcon) and functional (PMHecc/PMQcon) 
hamstring-quadriceps ratios (H:Q ratios) as well as lateral differ
ences were calculated for each angular velocity. The dynamic 
control ratio at the equilibrium point (DCRe) with the highest 
moment out of nine intersection points (each combination of 
the three flexor and extensor movements) was identified (Alt 
et al., 2017). Normalisation to body mass enabled inter- 
individual comparison.

2.5. Statistical analysis

2.5.1. The Random Forest
For the ML approach, the Random Forest has been chosen as it 
can deal with collinearity as well as non-linear relationships 
between features and outcome. The collinearity had to be 
considered as multiple measurements of the same muscle 
group are performed. Consequently, high correlation between 
some features is expected and plausible. The features also 
include ratios, which inherently tend to have a sweet spot so 
not assuming a purely linear relationship to the outcome within 
the model is preferable.

The Random Forest is based on multiple decision trees, 
which are evaluated independently of each other. The relative 
frequency of trees, which predict a specific outcome, can be 
interpreted as the estimated likelihood for that outcome. The 
final binary classification is done due to a threshold for that 
likelihood. Each tree is computed using the CART (classification 
and regression tree) algorithm on a bootstrap sample of the 
data (Breiman, 2001).

In the present study a total of 62 features were available (see 
Appendix). These included the PM and CW for each leg as well 
as the lateral differences for each test condition. In addition, the 
conventional and functional H:Q ratios and the DCRe were 
calculated. For incorporating single leg features in the model 
the self-proclaimed dominant leg in the control group and the 
unaffected leg in the ACL group were categorised as the advan
tageous (adv) leg. Respectively, the non-dominant leg and the 
injured leg were categorised as the disadvantageous (dis) leg. 
For the computation of the Random Forest R and the R package 
“random Forest” were used and Random Forest models with 
200 trees were created.

2.5.2. Assessing predictive performance
The predictive performance of the model is evaluated with 
a 10-fold cross validation (Refaeilzadeh et al., 2009). To account 
for the unbalanced data the cross validation was stratified so 
each fold contains a similar amount of injured subjects. The 
threshold in the likelihood for classification was optimised due 
to the Youden-Index (Fawcett, 2004). For the performance 
assessment the measures’ sensitivity and specificity as well as 
the Receiver Operating Characteristic (ROC)-curve and corre
sponding Area Under the Curve (AUC) were used (Youden,  
1950). For its general interpretation, we referred to the rule of 
thumb introduced by Hosmer et al (Hosmer et al., 2013): AUC =  
0.5 no discrimination, 0.5<AUC <0.7 poor, 0.7≤AUC <0.8 accep
table, 0.8≤AUC <0.9 excellent and 0.9≤AUC outstanding.

As leg symmetry > 90% in isokinetic PM has been shown to 
reduce re-injury risk (Grindem et al., 2016), we use it as 
a reference. For the comparison, the association between the 
lateral difference in concentric quadriceps strengths, measured 
as the difference in PM at 30°/s, and the injury status was 
analysed with the aforementioned performance measures.

2.5.3. The ALE plot
For further investigation of the model and its features the 
Accumulated Local Effects (ALE) plot is used. The ALE plot 
describes how features influence the prediction on average. 
The main idea is to observe changes in prediction when alter
ing a feature. The ALE plot for a single feature is derived from 
dividing the values of the feature into intervals. For each 
observation within the respective interval the predicted like
lihood is calculated from using the upper bound of the interval 
as well as the lower bound of the interval as the value for the 
feature. Then the differences of these likelihoods are averaged 
across all observations within the interval to compute the slope 
for a straight line in this interval, the local effect. These straight 
lines are later accumulated and centred for visualisation. The 
division into small windows prevents the creation of unrealistic 
combinations of values in the process. The range and direction 
of the ALE plot can be used to quantify a features influence on 
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the prediction of an ML model (Apley & Zhu, 2020). For the 
calculation the R package “ALEPlot” was utilised and 30 was 
chosen for the number of intervals.

3. Results

The predictive performance of the Random Forest models 
(Table 1) revealed outstanding discrimination for both male 
(AUC = 0.90) and female (AUC = 0.92) athletes. This is further illu
strated in the ROC-curves in Figure 2. At the optimal threshold, 
specificity is similar in both models with 0.88 for males and 0.89 for 
females, but sensitivity is higher for females (0.85 to 0.76). 
A discrimination solely founded on the leg symmetry of PMQcon 

at 30°/s is acceptable in males (AUC = 0.71) and females 
(AUC = 0.79).

Analysing the ALE plots enables the possibility to order the 
features by their influence on the prediction likelihood (Table 2). 
For both male and female athletes, the top ten features either refer 

to the disadvantageous leg or to lateral differences. CWHecc of the 
disadvantageous leg at 150°/s revealed the highest ALE range for 
both sexes. Furthermore, the top five features in male athletes also 
appeared in the top 10 for female athletes. These included four 
referring to the CW of the hamstrings of the disadvantageous leg. 
For male athletes the other six features in the top ten describe 
lateral imbalances, with three describing hamstring strength and 
three describing quadriceps strength. Five out of those six also 
referred to CW. For female athletes, only three out of the ten most 
impactful features describe lateral imbalances. Eight out of the ten 
features used CW and seven are derived from the tests at 150°/s 
dynamometer speed.

The ALE plot for CWHecc of the disadvantageous leg at 150°/s 
dynamometer speed (Figure 3) demonstrated an almost steady 
decrease for the prediction in both males and females. 
Therefore, the higher the value of the parameter, the less likely 
the model will predict an ACLR. In both sexes a steep slope can 
be observed at values of 16 to 18 mJ/(kg°).

Figure 2. ROC-curves. Receiver Operating Characteristic-curves of the Random Forest models (solid) and symmetry in PMQcon 30°/s (dashed) in male (black) and female 
(grey) athletes.

Table 1. Predictive performance.

Model Sensitivity Specificity AUC

Random Forest ♀ 0.85 0.89 0.92
♂ 0.76 0.88 0.90

leg symmetry PMQcon 30°/s ♀ 0.76 0.70 0.79
♂ 0.60 0.79 0.71

Predictive performance measures of Random Forest models and association of symmetry in quad
riceps peak moments (PMQcon at 30°/s) in males (♂) and females (♀). Sensitivity and specificity were 
calculated at the optimal threshold regarding Youden-Index.
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4. Discussion

4.1. Return-to-sport decision rules

The first main objective was to answer the question if an ML 
model based on isokinetic knee data can distinguish between 
athletes post ACLR and healthy controls. The Random Forest 
enabled a multifactorial approach using multiple features 
derived from isokinetic testing even if they are correlated. The 
Random Forest models displayed outstanding predictive per
formance with an AUC of 0.92 for female athletes and 0.90 for 
male athletes. This makes the subsequent analysis more viable, 
and it underlines that muscle strength is markedly impaired 
after ACLR (Larsen et al., 2015). In contrast, the commonly 
applied RTS criteria of quadriceps leg symmetry measured as 
concentric peak moment demonstrated acceptable discrimina
tion for both sexes with AUC of 0.79 and 0.71. It is expected for 
the ML model to outperform a classification based on one 
feature but these results do suggest that even for just assessing 
thigh muscle strength it is beneficial to evaluate more than just 
one criterion.

The ALE plots allowed us to identify the features that have 
the highest impact on the likelihood prediction of the Random 

Forest model. To our knowledge this is the first study to utilise 
this method in a post injury context. For male and female 
athletes, CWHecc at 150°/s of the disadvantageous leg was 
identified as the most impactful feature on the Random 
Forest prediction. Adding CWHcon at 30°/s and 150°/s, male 
and female athletes share three out of the top five features in 
regards to the ALE plot analysis that all refer to the hamstring 
strength in the disadvantageous leg. We therefore conclude 
that deficient strength capacities of the knee flexors in the 
injured leg is a major characteristic that distinguishes athletes 
post ACLR and healthy controls. Thus, a focus should be put on 
improving hamstring strength in the rehabilitation process post 
ACLR which is in line with current approaches (Buckthorpe 
et al., 2021). In addition, hamstring muscle loading has been 
demonstrated to reduce loading of the ACL (Li et al., 1999; 
Shelburne & Pandy, 1998; Shoemaker et al., 1993). 
Furthermore, CW assesses the strength capacity across the full 
range of motion (Alt et al., 2020). Therefore practitioners should 
choose exercises that train hamstring strength in different 
positions or through a full range of motion.

For the male athletes, six out of the ten most impactful 
features are differences between advantageous and disadvan
tageous leg including both quadriceps and hamstrings. This 
applies for three features in female athletes. Overall, it still 
indicates that leg symmetry is another important characteristic 
that distinguishes between athletes post ACLR and healthy 
controls. This is in line with the consensus of using leg symme
try as an important RTS criterion (Alt, Breitenmoser, et al., 2022; 
Lynch et al., 2015).

In contrast to current literature about isokinetic dynamome
try (van Melick et al., 2016), features of CW were more relevant 
for the models in both sexes (Table 2). Peak moment has not 
been indicative of peak anterior tibial shear force (Bennett et al.,  
2008) and CW might provide insights into the strength capa
cities across the full range of motion (Alt et al., 2020). 
Furthermore, eccentric tests proved to be beneficial. In con
trast, current consensus recommends concentric isokinetic 

Figure 3. ALE plot. Accumulated Local Effects plot for the maximum eccentric work of the Hamstrings of the disadvantageous leg at 150°/s dynamometer speed in male 
(black) and female (grey) athletes. The slope of the curve indicates whether the predicted likelihood increases or decreases when altering the value of the feature.

Table 2. Top ten features.

♂ ♀
feature ALE range [%] feature ALE range [%]
CWHecc at 150°/s 16.0 CWHecc at 150°/s 11.0
Δ CWHecc at 30°/s 14.6 CWHcon at 30°/s 9.4
CWHcon at 30°/s 11.4 Δ CWQecc at 150°/s 9.4
CWHcon at 150°/s 11.2 PMQcon at 150°/s 8.5
CWHecc at 30°/s 10.3 CWHcon at 150°/s 8.5
Δ PMQecc at 150°/s 9.3 Δ CWHecc at 30°/s 7.7
Δ CWHcon at 30°/s 9.0 Δ PMQcon at 150°/s 7.2
Δ CWHecc at 150°/s 8.7 CWQcon at 150°/s 7.0
Δ CWQcon at 30°/s 8.3 CWHecc at 30°/s 6.3
Δ CWQcon at 150°/s 7.8 CWQecc at 150°/s 6.1

Features with the largest ALE range for the Random Forest models. Features referred 
to lateral differences (Δ) or the disadvantageous leg. Grey background highlights 
features appearing for both sexes.
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tests (Urhausen et al., 2022). These findings also suggest to 
incorporate eccentric exercises as part of the strength and 
conditioning regime following ACLR, which has been shown 
to improve lower limb strength after ACLR (Lepley et al., 2015; 
Stojanovic et al., 2023). Also, features measured at 150°/s were 
more prevalent especially for females (Table 2). Therefore, 
including eccentric movement and higher speeds in isokinetic 
testing as well as analysing CW instead of solely focusing on the 
PM as a parameter could potentially improve the assessment of 
athletes by practitioners or researchers for example in a RTS 
scenario. Overall, this calls for more comprehensive isokinetic 
testing and analysis to optimise RTS decision making but we 
acknowledge that this is not usually possible in a clinical 
setting.

4.2. Application of ML statistical methodology

The main goal of the ML approach was to utilise the ALE plots 
to identify the most important features within a multifactorial 
model. Therefore, other aspects of model optimisation like 
variable selection have not been conducted. The lists of para
meters with the highest impact on the model contained some 
highly correlated parameters. This is unusual because typically 
it is not beneficial for an ML model to incorporate highly 
correlated features since most of the information is already 
included with one of them. It is however explainable due to 
the specific optimisation of the Random Forest which uses 
random subsets of variables in each iteration. So in any given 
iteration the potentially best variable might not be available 
and a highly correlated variable is chosen as it provides similar 
information.

We think ML can be a powerful tool to deal with multi
factorial problems, because newer methods are developed 
that help decipher the complex and uninterpretable underlying 
architecture, the so-called black box, of ML approaches like the 
Random Forest. It is still to note that our findings inherit a level 
of uncertainty as they result from analysing a model that tries 
to describe the real world and not from analysing the real world 
itself. However, this approach should help practitioners and 
sport scientists to make more nuanced and quantitative assess
ments and decisions as well as allow the investigation of even 
more complex data.

4.3. Limitations & perspectives

The main limitation of the present study is the sole focus on 
data derived from isokinetic dynamometry. Even though 62 
features were incorporated in the methodology, we did not 
meet the demand that is put forth in RTS research to 
incorporate multiple aspects such as range of motion/flex
ibility, neuromuscular control, agility and psychological 
readiness, cutting tasks, landing tasks (McPherson et al.,  
2019; Paterno et al., 2017; Unverzagt et al., 2021). Another 
limitation of the present study is that the participants’ 
rehabilitation was neither supervised nor guided following 
standardised procedures like previous studies did (Czamara 
et al., 2011; Ebert et al., 2018; Hohmann et al., 2011; 
Królikowska et al., 2019). Therefore, high inter-individual 
differences between athletes are plausible due to varying 

quantity and quality of rehabilitative measures. However, 
the presented data mirror a real-world setting (Alt, Nolte, 
et al., 2022). It is to note that the results from our discrete 
testing might not be transferable to other test settings for 
example reciprocal tests (Coombs & Garbutt, 2002). In order 
to standardise the rehabilition process it is advised to pro
gress through specific exercises until certain criteria are met 
which is also recommended for the general rehab process 
(Cavanaugh & Powers, 2017).

The present study identified characteristics and measures 
of quadriceps and hamstring strength that discriminate 
between athletes post ACLR and healthy controls with 
a multifactorial approach. Therefore, our findings can be 
further investigated and used as hypotheses in future long
itudinal RTS studies and hopefully provide benefit to mak
ing more nuanced and robust RTS decisions. We used 
advances in the field of interpretable ML as a tool to gain 
information, which can be utilised in multifactorial analyses. 
Therefore, this approach could be applied to even more 
complex data including aforementioned information. 
Furthermore, investigating the behaviour of an ML model 
in regards to changes in a particular feature might even 
allow a new way of finding data driven cut-off scores. 
Currently, we sometimes still rely on values that gained 
acceptance without sufficient evidence like 0.6 for the con
ventional H:Q ratio (Coombs & Garbutt, 2002). Furthermore, 
ML might even support RTS decision making at some point, 
either by learning from successful and unsuccessful RTS 
data or maybe from an approach like ours, where the goal 
of a rehabilitation process after an injury becomes not 
being identified as injured by the model.

5. Conclusion

The findings of the presented study emphasised the gen
eral impact an ACL injury has as athletes 6 to 24 months 
post ACLR and a healthy control group are classified with 
high accuracy by an ML model based on isokinetic knee 
data. Therefore, differences between the two groups are 
apparent. In order to mitigate those differences for exam
ple during rehabilitation for RTS analysing leg symmetry is 
important but does not suffice as a sole criterion for 
assessing strength capacities. In addition, higher emphasis 
needs to be put on strengthening and analysing the knee 
flexor muscles of the injured leg during the process. When 
assessing isokinetic strength, utilising CW and eccentric 
testing is beneficial and recommended.

The conducted ML approach allowed both high predictive 
performance as well as information gain about single fea
tures within a multifactorial context. Advances in the field of 
interpretable ML should definitely support RTS decision 
making.
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Appendix

Feature overview

Single parameters consisting of parameter, muscle and movement (8 parameters).
Depiction example: PMQcon

Parameters for quadriceps-hamstring relationship (3 parameters)

All the above are derived for both, the disadvantageous (dis) and the advantageous (adv) leg and at two dynamometer speeds, 30°/s and 150°/s, resulting in 
44 features.

For leg symmetry lateral differences (Δ) are calculated for PM, CW and DCRe, resulting in additional 18 features and a total of 62 available 
features.

parameter muscle movement

peak moment (PM) quadriceps (Q) concentric (con)

contractional work (CW) hamstrings (H) eccentric (ecc)

parameter definition

conventional H:Q ratio PMHcon/PMQcon

functional H:Q ratio PMHecc/PMQcon

dynamic control ratio 
equilibrium (DCRe)

moment at the equilibrium of  
PMHecc and PMQcon
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