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Abstract 

Objective: This study aimed to evaluate the effect of an eight-week strength training program, 
focusing on the uninjured side, on improving hip and knee function, enhancing proprioception, 
and increasing muscle strength in professional basketball players who had undergone anterior 
cruciate ligament (ACL) reconstruction surgery. 
Methodology: The study included 30 professional athletes, all of whom had undergone ACL re-
construction surgery. Participants were randomly divided into two groups: Experimental 
Group: Underwent a strength training program targeting the uninjured side. Control Group: Did 
not undergo this training program. Hip and knee flexion angles, proprioception, and muscle 
strength were measured before and after the training period. Specialized analytical software 
and measuring devices were used to collect and analyze the data.  
Results: The results showed significant improvements in hip and knee flexion angles, proprio-
ception, and muscle strength in the experimental group compared to the control group 
(P≤0.05). The study demonstrated that contralateral strength training contributes to improved 
hip and knee mobility by increasing strength, flexibility, stability, and neuromuscular control.  
Conclusion: Contralateral strength training is an effective method for improving motor function 
in athletes recovering from ACL reconstruction surgery. This type of training contributes to im-
proved rehabilitation outcomes, including increased flexibility, proprioceptive ability, and mus-
cle performance. 

Keywords 

Contralateral strength exercises; flexion angle; proprioception; muscle performance; anterior 
cruciate ligament reconstruction.  

Resumen 

Objetivo: Este estudio tuvo como objetivo evaluar el efecto de un programa de entrenamiento 
de fuerza de ocho semanas, centrándose en el lado no lesionado, en la mejora de la función de 
la cadera y la rodilla, la mejora de la propiocepción y el aumento de la fuerza muscular en juga-
dores profesionales de baloncesto que se habían sometido a una cirugía de reconstrucción del 
ligamento cruzado anterior (LCA). 
 Metodología: El estudio incluyó a 30 jugadores profesionales de baloncesto, todos los cuales 
habían sido sometidos a cirugía de reconstrucción del LCA. Los participantes se dividieron alea-
toriamente en dos grupos: Grupo experimental: Se sometieron a un programa de entrena-
miento de fuerza dirigido al lado no lesionado. Grupo Control: No se sometió a este programa 
de entrenamiento. Se midieron los ángulos de flexión de la cadera y la rodilla, la propiocepción 
y la fuerza muscular antes y después del período de entrenamiento. Se utilizaron software ana-
lítico especializado y dispositivos de medición para recopilar y analizar los datos.  
Resultados: Los resultados mostraron mejoras significativas en los ángulos de flexión de cadera 
y rodilla, propiocepción y fuerza muscular en el grupo experimental en comparación con el 
grupo control. El estudio demostró que el entrenamiento de fuerza contralateral contribuye a 
mejorar la movilidad de la cadera y la rodilla al aumentar la fuerza, la flexibilidad, la estabilidad 
y el control neuromuscular.  
Conclusión: El entrenamiento de fuerza contralateral es un método eficaz para mejorar la fun-
ción motora en atletas que se recuperan de una cirugía de reconstrucción del LCA. Este tipo de 
entrenamiento contribuye a mejorar los resultados de la rehabilitación, incluido el aumento de 
la flexibilidad, la capacidad propioceptiva y el rendimiento muscular. 

Palabras clave 

Ejercicios de fuerza contralateral; ángulo de flexión; propiocepción; rendimiento muscular; re-
construcción del ligamento cruzado anterior. 
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Introduction

Resistance training is considered a fundamental component in improving muscle performance and en-
hancing joint function, particularly following major sports injuries such as an anterior cruciate ligament 
(ACL) tear. The ACL is one of the primary ligaments of the knee and plays a vital role in stabilizing the 
joint during athletic movements. When injured, patients often require ACL reconstruction surgery (Grif-
fin et al., 2000). However, the surgical procedure is not the final step in the recovery process, as it must 
be followed by a comprehensive rehabilitation program aimed at restoring muscular strength and nor-
mal knee mobility. 
While ACL reconstruction is a crucial step in regaining functional joint stability, the success of recovery 
largely depends on adherence to a targeted exercise regimen designed to improve joint flexibility and 
muscular strength. This approach facilitates faster recovery and significantly reduces the risk of future 
injuries. In this context, resistance training has been recognized as one of the most effective methods in 
post-ACL surgery rehabilitation. It plays a key role in enhancing muscle strength and joint flexibility, 
thereby improving knee flexion angle and the joint’s ability to absorb mechanical stress. Studies indicate 
that these exercises help strengthen the muscles surrounding the knee, leading to significant improve-
ments in overall joint function (Paterno et al., 2012; Myer et al., 2013). 
Resistance training specifically targets major muscle groups, particularly the quadriceps and ham-
strings, which provide essential support to the knee joint, especially after ACL reconstruction (Myer et 
al., 2013). Research suggests that resistance training increases both the knee and body flexion angles, 
which contributes to the restoration of normal joint movement and reduces the risk of further strain or 
injury (Paterno et al., 2012). 
More specifically, studies have shown that an 8-week rehabilitation program incorporating resistance 
training can lead to marked improvements in the knee's capacity to endure sports-related movements 
and enhance muscular performance post-surgery (Ardern et al., 2014). These exercises support the re-
habilitation of muscles and surrounding tissues, leading to better balance, muscle strength, and control 
during dynamic movements such as running or single-leg stance (Paterno et al., 2012). 
Research Objective: 
This study aims to examine the impact of an 8-week resistance training program on knee and body flex-
ion angles, as well as its effect on muscle performance following anterior cruciate ligament (ACL) recon-
struction. The study seeks to measure changes in knee flexibility and adaptability to sports movements, 
in addition to analyzing improvements in the strength of the muscles surrounding the knee (Ardern et 
al., 2014). With the growing number of athletes undergoing this surgery, it is increasingly critical to 
develop effective rehabilitation strategies that ensure a safe and prompt return to sports activities. 

 

Method 

Study Design 

This pilot study was conducted using a pre-test and post-test design(Mohammed Hammood et al., 2025; 
Omar et al., 2025) . 

Participants 

included a sample of 30 professional athletes Participants were selected based on specific inclusion cri-
teria, which included: having sustained an anterior cruciate ligament (ACL) tear within the past six 
months, structural integrity of the knee joint, a unilateral injury, and no prior lower limb injuries or 
other health conditions that could affect study outcomes. 
Exclusion criteria included: Unwillingness to participate or cooperate, the presence of additional inju-
ries, or failure to attend more than 30% of the rehabilitation sessions. At the outset of the study, all 
participants were informed about the nature and objectives of the research and signed a written in-
formed consent form approved by the relevant statistical authority. Ethical approval was obtained from 
the Research Ethics Committee of the University of Isfahan, Isfahan, Iran (Code: IR.UI.REC.1402.021).  
and their rights to leave the study were considered 
Based on the inclusion and exclusion criteria, 30 eligible participants were purposively selected and 
then randomly assigned to two equal groups: a control group (15 participants) and an experimental 
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group (15 participants). The experimental group underwent an 8-week cross-training rehabilitation 
program. 
The sample size was determined using G*Power statistical software (version 3.1.9.2), ensuring sufficient 
statistical power to detect significant differences between the two groups with accuracy and reliability. 

Procedures 

The experimental group underwent a specific training program that included targeted exercises, with 
strict adherence to avoiding any other physical activities. Painkillers for knee pain were permitted when 
necessary. Participants began the training one week after the initial assessment, attending three super-
vised sessions per week, with a minimum of 21 training sessions. Each session started with a 3-minute 
warm-up on a stationary bike. Upon completion of the training program, participants underwent the 
same assessments conducted prior to the intervention, with six anatomical markers placed on their bod-
ies to ensure measurement accuracy. 

Kinematic analysis was conducted using KINOVA motion analysis software (version 8.27) to evaluate 
biomechanical risk factors associated with anterior cruciate ligament (ACL) injuries. Key variables in-
cluded knee flexion angles and the range of motion (ROM) for both knee and hip joints during landing 
tasks. The experimental setup involved a 30-cm-high platform from which participants performed land-
ing trials. Movements were recorded using two high-resolution digital video cameras (Canon D600 and 
Nikon D90) positioned 3 meters away from the platform at a height of 1.5 meters to capture the sagittal 
plane. 

Prior to testing, all participants completed a standardized 5-minute warm-up followed by dynamic 
stretching exercises focused on the lower extremities. Participants were not given specific instructions 
regarding landing mechanics but were advised to maintain a biomechanically appropriate landing pos-
ture throughout the trials. 

Two types of landings were assessed: double-leg and single-leg landings. For double-leg landings, par-
ticipants landed on a circular platform (30 cm in diameter), ensuring symmetrical weight distribution. 
Subsequently, single-leg landings were performed using the dominant limb, with participants required 
to stabilize and maintain balance for a minimum of one second before returning to the starting position. 

Three successful trials were recorded for each condition (bilateral and unilateral landings). Trials were 
repeated if any compensatory or uncontrolled movements occurred, in order to ensure consistency and 
reliability of the recorded data. 

Kinematic Analysis 

KINOVA is an advanced tool designed for the analysis, comparison, and evaluation of kinematic data 
across diverse work environments. In this study, KINOVA software was employed to analyze risk factors 
related to anterior cruciate ligament (ACL) injuries during double-leg landings, utilizing angular meas-
urements for biomechanical assessment. 

The software allows users to import video recordings, adjust playback speed, and extract still images at 
precise time points, facilitating accurate graphical analysis of joint kinematics. 

Previous research has demonstrated the high reliability of KINOVA in measuring flexion and extension 
angles of the neck joint in the sagittal plane, with intraclass correlation coefficients (ICC) indicating ac-
curacy levels up to 95%, confirming the software’s precision in angular measurements. 

Additionally, Puig-Diví et al. (2019) validated the software’s reliability and validity in measuring joint 
angles and distances from four different camera perspectives (90°, 75°, 60°, and 45°). Their findings 
confirmed KINOVA’s ability to accurately measure distances up to 5 meters and angular ranges between 
90° and 45°, underscoring its suitability for detailed biomechanical analysis (Puig-Diví et al., 2019). 

Proprioception Test 
 
To assess proprioceptive acuity, three target angles—30°, 60°, and 90°—were marked on a vertical wall 
using clear, visible indicators. A box of appropriate height was placed adjacent to the marked area to 
serve as a seating platform for participants during testing. 
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Prior to data collection, the testing protocol was thoroughly explained to each participant to ensure 
comprehension and compliance. Participants were seated on the box and blindfolded to eliminate visual 
input, thereby isolating proprioceptive feedback. 

The participant was first instructed to position their foot at a 30° angle relative to the marked reference 
on the wall. Once the position was achieved and stabilized, the angle was recorded using precise meas-
urement tools. Subsequently, participants returned their foot to the neutral starting position and rested 
momentarily to avoid sensory adaptation. 

The procedure was then repeated at the 60° angle, with identical recording and rest intervals. Multiple 
trials were conducted for each angle to ensure reliability and consistency of the measurements. Any 
compensatory or extraneous movements were monitored and controlled to maintain data integrity. 

This method effectively evaluates the participant’s ability to perceive joint position without visual cues, 
providing insight into the integrity of proprioceptive function critical for balance and motor control. 

Measurement of Hamstring and Quadriceps Muscle Strength 

Quadriceps strength was assessed by having the participant sit on a chair with their leg in a flexed posi-
tion. The dynamometer was placed below the knee joint on the lower leg. The participant was then in-
structed to exert force by extending the knee against the resistance of the device, and the maximum 
force applied was recorded. 

For hamstring strength assessment, the same procedure was repeated with the leg in an extended posi-
tion. The dynamometer was placed below the knee joint on the back of the lower leg. The participant 
was instructed to apply force by flexing the knee towards the device, and the maximum force applied 
was recorded. 

These measurements were taken to ensure an accurate evaluation of muscle performance based on the 
applied force response, providing objective indicators of muscle strength in both muscle groups (No-
rouzi et al., 2015). 

Research Training Protocol 

Cross-training exercises for the opposite limb were initiated two weeks post-surgery, with sessions per-
formed three times per week over the course of eight weeks. The training program included exercises 
such as knee extensions, hamstring flexions, and leg presses using the available resistance equipment. 
Each exercise was performed in three sets of 3 to 5 repetitions, with a rest period of 1.5 to 2 minutes 
between each set to ensure adequate muscle recovery before the next round. 

In the first training session, participants were introduced to the exercises with detailed instructions on 
proper technique and the purpose of each movement in the rehabilitation process. The initial weights 
were selected based on the individual capacity of each participant, and an initial load test was performed 
to determine appropriate resistance for the first session. 

The participants' performance was monitored weekly throughout the training program. The training 
load was assessed using a physical exertion scale, and observations were made by specialized trainers 
to ensure the appropriate intensity of the exercises. If a participant was able to perform more than 6 
repetitions in two consecutive sets of a given exercise, the resistance was increased. The program was 
then adjusted to include three sets of 20 repetitions, which was aimed at further challenging the partic-
ipants and enhancing the effectiveness of the exercises. 

Throughout the sessions, verbal encouragement was continuously provided by the specialized trainers, 
alongside psychological support to help motivate the participants to engage fully with the program. All 
exercises were performed under the strict supervision of qualified trainers to ensure proper technique 
and prevent any risk of injury. A detailed tracking system was employed to record all aspects of the 
training, including performance quality, repetitions, resistance levels, and rest periods for each partici-
pant. 

Over the eight-week period, the participants' responses to the training were regularly evaluated. Any 
improvements in muscular performance and joint flexibility were noted, helping to inform whether ad-
justments to the program were necessary based on the individual progress of each participant. 
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Table 1. Cross-Training Protocol 

Type of exercise Week One to Three Week Four to Six Week Seven and Eight 

Straight Leg Raise 20   

Wall Leg Stretch for Increasing Range of Motion 20   

Weight-Bearing Exercise on One Leg 20   

Knee Flexion to 70 Degrees 20   

Standing Squat to 90 Degrees Flexion 20   

Endurance Exercises (Cycling) 20 25  

Progression of Resistance Exercises (Leg Press, Step-Ups) 20 25  

Dynamic Squat (0 to 110 Degrees)  25  

Balance Exercises  25  

Plyometric Exercises  25 25 

Progression of Resistance Exercises to Full Range of Motion and Single-Leg Lifts 
Without Pain 

 25 25 

Progression of Resistance and Endurance Exercises, Jumping, Running   25 

Advanced Plyometric Exercises   25 

Functional and strength training exercises for preparing patients and returning 
to sports. 

  25 

 

Data analysis 

The data collected from the assessments in this study were analyzed using SPSS software version 
26(Hammood et al., 2024; Khalaf et al., 2025). Descriptive statistics were initially applied to summarize 
the data, including the calculation of means and standard deviations for the key variables in each group. 
The data were also presented in tables and charts to provide a comprehensive visual overview of the 
information, making it easier to understand the overall distribution and identify any trends or variations 
between measurements over the course of the study. 

For inferential analysis, the Shapiro-Wilk test was used to check the normality of data distribution in 
both groups. The Shapiro-Wilk test is a reliable statistical tool for testing the null hypothesis that the 
data follow a normal distribution. The test was performed for both the experimental and control groups. 
If the data were found to be normally distributed (p > 0.05), repeated measures analysis of variance 
(Repeated Measures ANOVA) was used to evaluate the effects of the cross-training exercises on the var-
iables within each group over time. 

Repeated Measures ANOVA is particularly suitable for studies involving repeated measurements on the 
same subjects, as it allows for the assessment of differences within the same group over multiple time 
points. The significance level was set at p ≤ 0.05, meaning that any differences found between the re-
peated measures would be considered statistically significant if the p-value was below this threshold. 
This method was applied to measure the temporal effects of the exercises on variables such as muscle 
strength, physical fitness, and endurance. 

In cases where the data did not follow a normal distribution (p < 0.05), non-parametric tests were ap-
plied. Specifically, the Friedman test was used to evaluate differences between repeated measurements 
within the same group, and the Wilcoxon signed-rank test was used to assess differences between meas-
urements at different time points. These non-parametric tests are appropriate when the assumption of 
normality is violated and are reliable methods for analyzing non-normally distributed data. 

Effect size was also calculated using Partial Eta Squared (η²) statistics to assess the strength of the im-
pact of cross-training exercises on the targeted variables. Effect size is an important measure that re-
flects the magnitude of the relationship between the studied variables. Partial Eta Squared values were 
interpreted as follows: small effect (0.01), medium effect (0.06), and large effect (0.14). 

Moreover, missing data were carefully examined to ensure that they did not bias the final results. In 
cases of missing data, techniques such as mean substitution or appropriate missing data analysis meth-
ods (e.g., time-series analysis or random effects models) were employed to minimize the impact on the 
overall analysis. 

Range analysis was also conducted to compare the responses of individuals within each group and de-
termine the degree of variation in responses to the training exercises. This step is crucial for assessing 
whether there are differing responses among individuals, which helps in understanding the effect of the 
exercise on a more individualized basis. 
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A confidence level of 95% was used in all statistical analyses, ensuring that the results obtained were 
statistically reliable with a 95% confidence interval. The results of the statistical analysis were fully re-
ported, including F-values, p-values, and η², with a detailed interpretation of the effects of the exercises 
on the variables under study. This allows for clear conclusions regarding the effectiveness of the cross-
training exercises in improving muscle performance and physical fitness. 

 

Results 

The demographic characteristics of the 30 athletes in the present study, including the mean and stand-
ard deviation of descriptive features such as age in years, weight in kilograms, and height in centimeters, 
are presented in Table 2. 
 
 

 

Table 2. Demographic Characteristics of Participants 

Index Group Average Standard deviation t value Significance level 

Age (yrs) 
Experimental 24.3 4.3 3.15 0.33 

Control 25.4 4.6 

Height (cm) 
Experimental 171.2 0.1 

2.48 
1.23 

 Control 172.3 0.03 

Weight (kg) 
Experimental 74.2 3.8 3.65 0.21 

Control 73.4 0.05 

 
 

Table 3. Comparison of means in pre and post intervention of parameters (ROM, proprioception and muscle strength) between groups 

Variable 
Exam  

Appointment 
Experimental 
 Group (n=15) 

Control 
(n=15) 

Intra-group 
changes 

Intergroup 
changes 

Interaction 

Hip Flexion ROM(Degree) 
test-Pre  34.5±7.9 27.4±7.3 F=12.05 

P=0.002 

F=9.05 
P=0.01 

F=50.01 
P=0.002 test-Post  35.8±9.9 27.2±6.7 

Knee Flexion ROM(Degree) 
test-Pre  52.8±3.1 51.6±7.8 F=28.8 

P=0.02 

F=21.2 
P=0.01 

F=37.1 
P=0.001 test-Post  58.1±4.7 50.7±3.8 

Proprioception 

(Degree) 

test-Pre  7.1±1.1 7.3±1.1 F=17.05 
P=0.002 

F=26.05 
P=0.001 

F=22.01 
P=0.03 test-Post  4.7±1.4 8.7±1.4 

Quadriceps muscle strength 
(Newton) 

test-Pre  53.6±2.1 55.9±2.7 F=73.05 
P=0.02 

F=98.05 
P=0.01 

F=80.01 
P=0.02 test-Post  60.1±0.4 54.7±0.2 

Hamstring muscle strength 
(Newton) 

test-Pre  48.5±2.1 47.8±2.5 F=44.05 
P=0.002 

F=28.02 
P=0.005 

F=22.1 
P=0.02 test-Post  53.4±1.2 48.6±1.2 

 

Discussion 

The results of the Shapiro-Wilk test confirmed that the data distribution in the study group was normal, 
allowing for the use of parametric statistics. Consequently, Table 3 presents the results from the pre-
test and post-test of the research variables concerning the training protocol, analyzed using repeated 
measures ANOVA. The analysis indicated that the sphericity assumption was met (p ≤ 0.05). The statis-
tical findings revealed significant differences in the angles of hip and knee flexion, proprioception, and 
muscular performance between the pre-test and post-test in the experimental group (p ≤ 0.05). This 
indicates that cross-training exercises significantly enhanced these variables for athletes following an-
terior cruciate ligament reconstruction. In contrast, no significant differences were found between pre-
test and post-test measures in the control group (p ≥ 0.05). 

The statistical results of the study through repeated measures analysis of variance  showed that there 
was a significant difference between the thigh and knee flexion angles, proprioception, and muscle func-
tion between the pre-test and post-test of the experimental group (P≤0.05). The overall results of this 
study showed that performing strength training for athletes with anterior cruciate ligament reconstruc-
tion caused a significant increase in the amount of hip and knee flexion angle, proprioception, etc, and 
muscular function. The results of this study also showed that there was no significant difference be-
tween the pre-test and post-test of the control group (P≥0.05). 
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Notes: This study aims to evaluate the effect of an eight-week cross-training program on improving 
muscle strength, proprioception, and knee and hip flexion angles in patients after anterior cruciate lig-
ament (ACL) surgery. The results of the study showed significant improvement in the training group in 
terms of hip and knee flexion angles, proprioception, and muscular performance (p < 0.05 while the 
control group showed no significant changes in muscular performance (p > 0.05). These results are con-
sistent with previous studies that have shown positive effects of exercise interventions on muscle 
strength and balance after ACL surgery, such as the studies by Minshull et al. (2021), Zhang et al. (2022), 
and Henderson et al. (2022) (Minshull et al., 2021; Zhang et al., 2022; Henderson et al., 2022). 

On the other hand, some studies, such as Piedade et al. (2023), suggest that surgery remains the primary 
treatment for active patients after ACL injury, and rehabilitation programs should be tailored based on 
clinical diagnoses and individual patient expectations (Piedade et al., 2023). Additionally, Papandreou 
et al. (2013) highlighted that surgery leads to a 16% deficit in quadriceps muscle strength at nine weeks, 
compared to a 37% deficit following cross-training exercises, demonstrating the significant difference 
in recovery rates between various interventions (Papandreou et al., 2013). 

Neural and Muscular Effects of Cross-Training 

This study provides evidence that cross-training has positive effects on enhancing muscle strength in 
both the uninjured and injured limbs, reflecting the interaction of neural mechanisms involving the spi-
nal cord and brain. The evidence suggests that training one limb can lead to brain activation in both 
hemispheres, which enhances neural efficiency and positively affects the injured limb. These neural 
changes contribute to improved muscle strength in the untrained limb by activating brain areas respon-
sible for motor planning (Farthing et al., 2018)(Ali et al., 2022, 2024). 

In terms of proprioception, cross-training exercises play a crucial role in restoring coordination and 
balance after surgery. Studies have shown that changes in proprioception due to injury or surgery can 
make it difficult to control movement and feel stable. Therefore, focusing on improving proprioception 
through targeted exercises can help restore motor coordination and reduce the feeling of instability, 
which enhances the clinical effectiveness of these exercises in rehabilitation programs (Minshull et al., 
2021). 

Limitations and Alternative Explanations 

Although the results obtained indicate the effectiveness of cross-training interventions in improving 
muscle strength and proprioception, there are several limitations that require cautious interpretation. 
First, this study did not explore certain confounding factors, such as variations in patients' training back-
grounds and prior experience with exercise, which may influence muscle response and recovery after 
surgery. Second, the results did not show significant improvements in strength symmetry between the 
uninjured and injured limbs, suggesting the need for further research to understand the mechanisms 
involved in improving muscular symmetry after ACL injuries(Hussein Fayyad et al., 2025). 

 

Conclusions 

The results of this study suggest that cross-training exercises are an effective intervention for improving 
muscle strength and proprioception after ACL surgery, contributing to better balance and enhanced mo-
tor coordination. However, it is important to note that these improvements were not associated with 
significant effects on strength symmetry between the injured and uninjured limbs. Therefore, future 
studies should focus on assessing the long-term effects of cross-training exercises, particularly by iden-
tifying the optimal training dose and type to achieve better clinical outcomes. These studies should also 
consider individual factors that may influence the effectiveness of the interventions, such as patients’ 
training backgrounds and rehabilitation timelines this study contributes to expanding the current un-
derstanding of the neural and muscular mechanisms supporting the positive effects of cross-training 
and opens new avenues for developing more effective rehabilitation strategies for patients who have 
undergone ACL reconstruction surgery. However, it is crucial for future research to focus on identifying 
more specific ways to integrate these exercises into rehabilitation programs. 
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Recommendations 

It is important to instruct participants in rehabilitation programs to continue exercising after the 8week 
period to ensure sustained improvement and achieve optimal results. 

Resistance training should be optimized and customized for each patient based on their individual re-
sponse and treatment needs 
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