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exercises on the neuromuscular
function of athletes with ACL
reconstruction
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Athletes who have undergone anterior cruciate ligament reconstruction (ACLR) often exhibit
persistently impaired kinematics and strength. Core stability training appears to be effective for
reducing high-risk landing mechanics and preventing primary anterior cruciate ligament (ACL) injuries;
however, there have been few attempts to examine their effects in athletes who have undergone
ACLR. This study aimed to investigate the effect of eight weeks of simple core stability training on core
endurance, hip strength, and knee kinematics in ACLR athletes. Twenty-six male athletes (20-30 years
old) with a history of ACL surgery with hamstring tendon autograft were randomly divided into
training (n=13) and control groups (n=13). The training group performed core stability exercises for
eight weeks before starting their team training; the control group did not receive any intervention.
Both groups continued their regular team schedule. The core endurance, hip muscle strength, and
knee kinematics were assessed by the McGill test, a hand-held dynamometer, and video-taping,
respectively. Analysis of covariance test was used for data analysis. The training group showed a
significant increase in core endurance, hip abductor and external rotator strength, knee flexion angle,
and a significant decrease in the knee valgus angle during single-leg landing in post-training tests
compared to their baseline tests (P <0.05). Our results demonstrated that core stability exercise alters
neuromuscular function to a level that is clinically acceptable and statistically significant. Because of
the high incidence rate of secondary ACL injury after ACLR, it is recommended that athletes with a
history of ACLR benefit from adding core stability exercises to warm-up routines or tertiary prevention
programs even after completing post-operative rehabilitation. It is fast and not time-consuming to
perform for athletes to reduce the risk factors of re-injury.

Trial registration: This study was registered in the Iranian Registry of Clinical Trials with the number
IRCT20190224042827N2, registered on 19 December 2019.

Abbreviations

ACLR Anterior cruciate ligament reconstruction
ACL Anterior cruciate ligament
TG Training group

CG Control group

ANCOVA  Analysis of covariance

KAA Knee abduction angle

DKV Dynamic knee valgus

IRB Institutional review board
BMI Body mass index

ASIS Anterior superior iliac spine

Anterior cruciate ligament reconstruction (ACLR) is the most common form of treatment for athletes with an
anterior cruciate ligament (ACL) injury and can keep an athlete out of competition for at least six months'. About
37% of people with ACLR do not return to their pre-injury activity level” and the risk of re-injury following ACLR
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is more than 30%>*. The incidence of secondary injury of ACLR has been estimated to be 1:4 in athletes return-
ing to the sport, indicating a high risk of secondary injury. It has been demonstrated that the neuromuscular
patterns in athletes after surgery change up to two years after ACLR which may explain the high incidence rate
of re-injury®. Therefore, to optimize the results of conventional post-operative rehabilitation, there is a need to
have tertiary prevention. Having a simple tertiary prevention program during the athlete’s return to sport may
reduce the risk of re-injury in athlete.

Previous studies have shown that a deficit in core stability may lead to an increased risk of ACL injury’~'. Core
stability is defined as the dynamic control of the lumbopelvic-hip complex that facilitates the transfer of torque
and momentum between the lower and upper extremities during gross motor tasks of sports, exercises, and daily
living!!'-*. During functional tasks, core muscles activate prior to upper and lower extremity muscles activation to
produce a stable base of the extremities. In addition, the strength of the core muscles is effective in reducing the
loads on the joints and in controlling the direction of the lower limbs (especially the knees)'**¢. Lack of suitable
coordination in the core muscles may lead to compensatory patterns and re-injury of the ACLY. A systematic
review study demonstrated that poor core stability, weak hip abduction strength, increased knee valgus, and
landing on heels may contribute to increased ACL injury risk in young athletes”. A three year prospective study
demonstrated that athletes with poor core stability were less able to resist hip internal rotation moments that lead
to excessive knee valgus movement during weight-bearing exercises. Therefore, these people are more likely to
sustain an ACL rapture!®. Kaji et al. (2010) examined the immediate effect of core stability exercises on postural
sway. They found that short-term use of core stability exercises improves stability in the trunk, spine, and pelvis
muscles and reduces postural sway'®. A recent study conducted by Fallah Mohammadi et al. (2022) concluded
that core stability exercises can improve limb symmetry in hopping task and kinetic variables during single-leg
landing in patients after ACLR. Attar et al. (2022) in a systematic review and meta-analysis study, investigated
the effects of injury prevention programs that include core stability exercises on knee and ACL injuries. They
found that exercise programs that included core stability exercises reduced the incidence of knee injuries by 46%
in men and 65% in women®. Therefore, coordination of the core muscles is necessary for a suitable production,
transmission, and control of the forces and movements that occur in the body, while weakness or decreased
coordination of core muscles can lead to abnormal movement patterns and various types of sports injuries?"*%.

Although it has been shown that core stability exercises can improve weakness and coordination of core
muscles, the effects of these exercises on knee kinematics, hip strength, and trunk endurance have not yet been
investigated in male athletes after ACLR. Therefore, the purpose of our study was to investigate the effects of
eight weeks of simple core stability training on knee kinematics, hip strength, and trunk endurance in male
athletes who had undergone ACL reconstruction and completed conventional post-operative rehabilitation. It
was hypothesized that performing simple core stability training prior to team routine training could improve
knee kinematics, hip strength, and trunk endurance in the training group compared with athletes who only
continued their training routine.

Methods

Study design and participants. The design of this study was a randomized controlled trial with pre- and
post-tests in training and control groups and was done in the sports rehabilitation laboratory of Bu-Ali Sina Uni-
versity. This research was single-blind in which the outcome assessor was unaware of the allocation of research
groups. All participants received general information about the purpose of the study and signed the informed
consent form prior to participating in the study. The study population consisted of male athletes (20-30 years)
from basketball and volleyball sports disciplines who were referred to the sports medical centers in Hamedan,
Iran. In the initial review of the athletes’ files, 53 athletes with a history of ACLR were found. After more detailed
review of the files and interviewing them, 27 people were excluded from the research, based on the inclusion
and exclusion criteria (Fig. 1).

The inclusion criteria were as follows: having a history of unilateral ACL reconstruction (previous
8-12 months) using hamstring tendon autograft; completing the rehabilitation protocol with full returned to
sport. The following were the exclusion criteria: having a history of ACL surgery more than once or a recurring
knee problem; experiencing an injury of the trunk or lower extremity after post-operative; having a history of
surgery on both legs; failing to complete the study (participation of <80% in the sessions)*.

Testing procedure.  All subjects were provided and signed the consent form that was approved by the Insti-
tutional Review Board (IRB) at Bu-Ali Sina University. Basic data including age, weight, height, BMI, years of
sports experience, Tegner score, and time since surgery were recorded (Table 1). Subjects were asked to do a
short warm-up and then perform tests.

(i) Knee valgus and flexion angle

A single-leg landing test was used to measure knee valgus (ICC =0.94) and flexion angle (ICC=0.98)**. For
the single-leg landing task, athletes started from a single-legged standing position on a 30 cm high platform.
Athletes stood on the healthy limb and landing on the ACLR limb. To perform this task, 6 reflective markers
were placed on the ACLR limb to calculate knee valgus (Anterior Superior Iliac Spine, center of patella, and mid
anterior ankle) and knee flexion angles (greater trochanter, lateral condyle of thigh, and lateral malleolus). The
angle between the line of ASIS to the center of the patella and the line of center of patella to the center of the
ankle was used to determine the dynamic knee valgus angle on the frontal plane, and the angle between the line
of the greater trochanter to the lateral condyle of the thigh and the line of the lateral condyle to lateral malleolus
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Figure 1. Participants Flow Diagram.
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Training group (n=13) | Control group (n=13) |t P
Age (years) 26.7+2.7 25.7£3.3 0.8 |0.40
Height (cm) 184.0+7.7 184.5+6.1 -0.2 0.85
Weight (kg) 83.2+9.4 81.8+10.7 0.3 |0.73
BMI (kg/m?) 24.6+2.3 24.0+2.5 0.6 |0.54
Tegner score 6.0+1.5 58+1.5 3.9 |0.69
Exercise experience (years) 13.5+3.1 12.7+2.3 0.8 |0.44
Time since surgery (months) 8.8+£2.0 85+1.7 0.5 |0.61

Table 1. Demographic characteristics of participants, reported as mean + standard deviations.

was used to determine knee flexion angle in the sagittal plane®. Each athlete performed three trials and the
mean of these three landings was used for statistical analysis*. No feedback was given during data collection.
Knee kinematics data from the single-leg landing trials were recorded by two cameras (Fuji film hs55) in frontal
view (at a distance of 366 cm) and sagittal (at a distance of 200 cm). A moderate to strong relationship has been
reported between a two-dimensional and three-dimensional motion analysis for knee joint angle measurements
in sagittal (0.77-0.99)* and frontal (0.90-0.99) planes. Angle calculations were performed in Kinovea software.

(ii) Isometric hip muscle strength

The isometric strength of hip muscles of the male athletes with ACLR was measured using a digital hand-held
dynamometer (MMT, North Coast, USA) calibrated by a one-kilogram weight before and after the measurement.
The test was performed for the injured leg. Each test was performed three times for five seconds with fifteen
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Figure 2. Core stability training program; Sit-up-1 (A), Sit-up-2 (B), Back extention-1 (C), Back extention-2
(D), Front plank (E), Back bridge (F), Quadruped (G), Side bridge (H).

seconds of rest between the trials. The average of the three repetitions was recorded in Kg. Finally, the value was
divided by the athlete’s weight and reported as a percentage of their weight.

Hip extension tests (ICC=0.95)* were performed in prone position with knees flexed at 90°. The dynamom-
eter was placed on the popliteal fossa as distally as possible®. Hip external rotators (ICC =0.90)* were tested
in seated position with knees and hips flexed at 90°. The dynamometer was placed 5 cm proximal to the medial
malleolus®'. Moreover, hip abduction test (ICC =0.85)* was performed in the side-lying position with a pillow
between the legs and the tested hip at approximately 0° of abduction. The dynamometer was placed 5 cm proxi-
mal to the lateral condyle®!. Consistent verbal instructions were given to encourage the participants to make
their maximal effort.

(iii) Core muscle endurance

Three isometric trunk holding tests were performed to evaluate core muscle endurance as described by
McGill et al. Each test was performed once as these tests have shown to have a reliability value of>0.97*2. The
holding time for each test until the participant’s fatigue threshold was recorded and used for the statistical analy-
ses. Trunk flexor endurance test (ICC=0.66)> at 60 degrees was used to measure the endurance capacities of
abdominal muscles. Biering-Serensen test (ICC=0.93)* was used to measure the extensor endurance of back
muscles. Lastly, side plank test (ICC =0.95)** was performed bilaterally to measure the endurance capacities of
lateral core muscles®.

Intervention. The simple core stability training program consisted of 8 exercises (sit-up-1, sit-up-2, back
extension-1, back extension-2, front plank, back bridge, quadruped exercise, and side bridge)*. The training
group (n=13) participated in the program three times a week for eight weeks, before starting their team training,
under the supervision of a physical therapist. The training volume was 3 sets and the intensity increased from
the 30 s to 60 s according to the degree of each participant’s achievement. Both groups continued their regular
team schedule. At the beginning of each training session, general warm-up exercises were performed for both
groups, for 10 min (Fig. 2).
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Statistical analysis. The sample size was determined using G-Power 3.1 software. Given an effect size of
0.37 based on the Biering-Serensen test”, an alpha level of 0.05, and a power of 0.95, a minimum of 18 partici-
pants was needed for this study (9 individuals in each group). Expecting an attrision rate of 25%, 13 participants
were considered for each group. All statistical analyses were performed in SPSS (ver. 24) with a confidence level
of 95% and an alpha of <0.05. Shapiro-Wilk test was used for data distribution analysis. One-way analysis of
covariance (ANCOVA), with a between-factor of the group (control, exercise) and participants’ baseline scores
included as a covariate, was used to determine if there were group differences in the outcomes at post-testing.

Based on the 95% confidence level in the current study, the minimal clinically important difference (MCID)
was assessed using the distribution-based approach, while the minimal detectable change (MDC) was evaluated
using the standard error of measurement (SEM) and the following equations:

SEM = SDpre X /(1 — rtest)

MDCuyo5 = 1.96 x ~/2 x SEM

MCIDgc; = 1.96 X SDpre [ 2x (- rtest))}

where rtest is intraclass correlation coeflicient (ICC) and MCIDy is the minimal clinically important difference
of reliable change index.

Ethical approval. Ethics approval and consent to participate Written informed consent was obtained from
the participants, and the patients give written informed consent for publication that was approved by the Ethics
Committee of Hamedan University of Medical Sciences (code number: IR.-UMSHA .REC.1396.840) and follows
the guidelines of the declaration of Helsinki 2013.

Results
The demographic characteristics of participants are presented in Table 1. There was no difference between the
two groups with respect to the descriptive data (P>0.05).

Knee kinematics. The ANCOVA results showed a significant difference between the two research groups
in flexion and valgus angle in the post-test, after controlling the effect of the pre-test (covariate) (P<0.05). The
results showed that training group demonstrated higher flexion angle and lower valgus angle compared to the
control group, at the post-testing time point. Knee valgus angle decreased by 63% for the training group and
increased 22% for the control group over the eight weeks period (post-testing vs. baseline; Table 2).

Isometric hip muscle strength. The ANCOVA results showed a significant difference between the two
groups in hip external rotators and abductors in the post-test (P<0.05). No significant differences were observed
between hip extensors strengths in the post-test (P>0.05). Training group demonstrated higher hip external
rotators and abductors strength compared to the control group at the post-testing. The strength of the hip exter-
nal rotators, and abductors for the training group increased by 40%, and 23% respectively, and for control group
increased by 0%, and 4%; over the eight weeks period (post-testing vs. baseline). As a result, the training group
demonstrated higher hip strength compared to the control group (Table 2).

Core muscle endurance. The ANCOVA results showed a significant difference between the two groups for
trunk flexion endurance, Biering-Serensen test, right-side plank, and left-side plank in the post-test (P<0.05).
Training group demonstrated higher core muscle endurance compared to the control group. Post-testing trunk
flexion endurance (42%), Biering-Serensen (60%), right-side plank (62%), and left-side plank (58%) increased
for the training group over the eight weeks period (post-testing vs. baseline; Table 2).

It was observed that the mean pre/post difference in variables of the knee kinematics, isometric hip muscle
strength (except hip extensors), and core muscle endurance (except trunk flexion) test exceeded both MDC and
MCID values. This indicates that in addition to the changes being statistically significant, the value of changes
obtained is also clinically significant (Table 3).

Discussion

The purpose of our study was to investigate the effects of eight weeks of simple core stability training on improv-
ing knee kinematics, hip strength, and trunk endurance in male athletes who had undergone ACL reconstruction
and completed conventional post-operative rehabilitation. The finding of this study showed that eight weeks of
core stability training resulted in a significant change in core muscle endurance, knee kinematics, and isometric
hip muscle strength (except for hip extensor strength) between the pre-test and the post-test (p <0.05) in male
athletes with a history of ACLR.

Improving the efficiency of core muscles to stabilize trunk at different planes can be effective in reducing the
risk of non-contact ACL injury in athletes®. Based on a study, the endurance of core muscles is more important
than their maximum strength because 55% to 58% of the abdominal muscle fibers are made up of type I fibers®.
Facilitating the simultaneous contraction of muscles around lumbar vertebrae (such as abdominal and oblique,
transverse abdominis, multifidus, and erector spine muscles) may increase the stability of the spine, pelvis dur-
ing functional movements which can be valuable for athletes®. The core muscles are the center of our body

Scientific Reports |

(2023) 13:2202 https://doi.org/10.1038/s41598-023-29126-6 nature portfolio



www.nature.com/scientificreports/

Change Relative to Baseli Between-groups

Variable Groups | Pre-test (mean+SD) | Post-test (mean+SD) | § (%) F P
Knee kinematics

TG 59.9+15.0 73.9+13.0 23% 1 5.92 0.02*
Flexion angle

CG 71.6+13.8 72.1+14.5 0.8% 1

TG 6.9£5.0 2.5+£32 63% | 24.05 <0.01*
Valgus angle

CG 7.6+7.8 9.3+3.7 22% 1
Isometric hip muscle strength (base on %Kg)

TG 0.8£0.1 0.8+0.2 5% 1 0.81 0.37
Hip extensors

CG 0.7+0.2 0.7+£0.2 2% 1

TG 0.5+0.1 0.7+£0.2 40% 1 23.66 <0.01*
Hip external rotators

CG 0.5£0.1 0.5+0.2 0% 1

TG 0.5+0.1 0.6+£0.1 23% 1 41.74 <0.01*
Hip abductors

CG 0.5+0.1 0.6+£0.0 4% 1
Core muscle endurance (base on seconds)

TG 100.9+20.6 143.4+17.1 42% 1 31.74 <0.01*
Trunk flexion

CG 98.8+37.4 99.3+£29.6 0.5% 1

TG 96.1+25.5 154.1+£22.4 60% 1 86.94 <0.01*
Biering-Sorensen

CG 95.8+28.5 89.3+29.3 7% |

TG 49.1+7.4 79.6+11.9 62% 1 79.60 <0.01*
Right-side plank

CG 45.4+8.3 43.7+10.1 2% 1

TG 45.4+6.7 71.8+9.9 58% 1 62.52 <0.01*
Left-side plank

CG 42.3+5.3 41.1+£8.9 3% |

Table 2. Effect of training on variables. TG = Training Group; CG = Control Group. ®, Percent change
({decrease, 1 increase). *, Significant.

Variable SD,. TG |AScore |SEM | MDCyo; | MCIDgq
Flexion angle 15.02 14.03 2.10 5.80 5.90
Valgus angle 5.02 4.34 1.20 3.31 3.44
Hip extensors (% Kg) 0.14 0.04 0.1 0.27 0.08
Hip external rotators (% Kg) 0.11 0.19 0.03 0.08 0.09
Hip abductors (% Kg) 0.07 0.12 0.026 0.05 0.07
Trunk flexion Endurance (s) 20.58 42.46 20 55.27 33.07
Biering-Serensen (s) 25.54 57.92 6.64 18.35 18.52
Right-side plank (s) 7.43 30.54 1.63 4.5 47
Left-side plank (s) 6.75 26.46 1.48 4.09 423

Table 3. The MDC and MCID values of the study variables.

and it functions to stabilize the trunk while the upper and lower limbs move during functional movements*"*2.

Therefore, it seems that weak core muscles cause an interruption in energy transfer and create abnormal move-
ment patterns, which increases the probability of injury'»*>#. A more stable core allows for more efficient distal
segment movements and protects the distal joints***®. When this system works properly, it leads to proper
distribution and maximum force generation with minimal compressive, translational, and shearing forces in
the joints of the kinetic chain, as well as optimal control of movements and proper absorption of shock forces
caused by ground reaction forces during landing*’. A strong trunk provides a stable base and structure to gener-
ate torques created in the limbs*®. According to a study, the more the core was strengthened, the smaller knee
valgus angle at initial contact during the cutting task*. Wilson et al.(2006) reported that participants with greater
isometric core strength demonstrated lower knee valgus angle during single-leg squat™. Our findings agree with
the observations of these studies. Our results show that core stability training with increasing core endurance,
decreasing knee valgus, and increasing knee flexion helps to reduce the risk of ACL re-injury in athletes with
ACLR. Considering that an increased valgus angle and decreased knee flexion are associated with an increased
risk of ACL injuries, increasing the endurance of core muscles can decrease the risk of ACL injury by control-
ling the lower limb kinematics®'~>*. Also, strengthening the core stability muscles directly or indirectly affects
the strength of lower extremity muscles because in the kinetic chain, local control of the vertebrae, lumbopelvic
control, and positional control interact with each other®*. Therefore, it seems that core stability training used
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in this study can increase the stability of trunk and pelvis by increasing the endurance of the core muscles, this
causes the pelvis to have no extra movements and stabilizes the movements in the lower joints (e.g. the knees).

Due to the high rate of ACL re-injury, tertiary prevention programs should be designed which are applicable
in different places and can be done in a limited amount of time so that they do not interfere with the main train-
ing of sports teams. According to the results of this study, it is suggested that the proposed training protocol be
used in the daily warm-up program of athletes because these exercises (which are a selection of effective core
stability exercises) can be performed in a short and limited time. However, further RCTs with sufficient follow-up
should investigate if enhanced core muscle strength and endurance can really contribute to reduced re-/injury
risk reduction.

One of the limitations of this study was the lack of comparison of injured and healthy limbs of athletes, which
is suggested to be considered in future studies. Also, the absence of a control group consisting of non-injured
athletes was another limitation of this study. Thus, further studies are needed to compare ACLR athletes with
non-injured athletes. The present study was performed on ACLR athletes with hamstring tendon autograft and
the results are generalizable to this population. In addition, these results may vary in athletes with concurrent
ligament injuries. Hence, it is recommended that multiple injury studies be conducted. Finally, further studies
with sufficient follow-up should investigate whether increasing core muscle strength and endurance can really
contribute to reduced re-/injury risk reduction.

Conclusion

The results of this study showed that eight weeks of simple core stability training improves core muscle endur-
ance, hip abductor and external rotator strength, and knee kinematics in male athletes who had undergone ACL
reconstruction and completed conventional post-operative rehabilitation. Based on the findings and results of
the present study, performing simple core stability training prior to team routine training could reduce the risk of
secondary injury. It is recommended that trainers and physical therapists use core stability training in designing
exercises, prevention protocols, and regular rehabilitation schemes.

Data availability
The datasets collected during the current study are available from the corresponding author upon reasonable
request.
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References
1. Qiestad, B., Holm, I. & Risberg, M. The association between return to pivoting sport after ACL injury and knee osteoarthritis and
knee function after 15 years. Osteoarthr. Cartil. 25, S366 (2017).
2. Ardern, C. L. et al. Return to sport following anterior cruciate ligament reconstruction surgery: A systematic review and meta-
analysis of the state of play. Br. J. Sports Med. 45(7), 596-606 (2011).
3. Kaeding, C. C. et al. Risk factors and predictors of subsequent ACL injury in either knee after ACL reconstruction: prospective
analysis of 2488 primary ACL reconstructions from the MOON cohort. Am. J. Sports Med. 43(7), 1583-1590 (2015).
4. Wilkerson, G. B. & Colston, M. A. A refined prediction model for core and lower extremity sprains and strains among collegiate
football players. J. Athl. Train. 50(6), 643-650 (2015).
5. Dekker, T. J. et al. Return to sport after pediatric anterior cruciate ligament reconstruction and its effect on subsequent anterior
cruciate ligament injury. JBJS 99(11), 897-904 (2017).
6. Erhart-Hledik, J. et al. Knee kinetics during walking continue to change at eight years after ACL reconstruction. Osteoarthr. Cartil.
25,522 (2017).
7. Larwa, J. et al. Stiff landings, core stability, and dynamic knee valgus: A systematic review on documented anterior cruciate liga-
ment ruptures in male and female athletes. Int. J. Environ. Res. Public Health. 18(7), 3826 (2021).
8. Hewett, T. E. et al. Effectiveness of neuromuscular training based on the neuromuscular risk profile. Am. J. Sports Med. 45(9),
2142-2147 (2017).
9. Hewett, T. E. et al. Utilization of ACL injury biomechanical and neuromuscular risk profile analysis to determine the effectiveness
of neuromuscular training. Am. J. Sports Med. 44(12), 3146-3151 (2016).
10. Zazulak, B. T. et al. Deficits in neuromuscular control of the trunk predict knee injury risk: Prospective biomechanical-epidemi-
ologic study. Am. J. Sports Med. 35(7), 1123-1130 (2007).
11. Behm, D. G. et al. The use of instability to train the core musculature. Appl. Physiol. Nutr. Metab. 35(1), 91-108 (2010).
12. Colston, M. A. Core stability, part 2: The core-extremity link. Int. J. Athlet. Ther. Train. 17(2), 10-15 (2012).
13. Colston, M. A. Core stability, part 1: Overview of the concept. Int. J. Athlet. Ther. Train. 17(1), 8-13 (2012).
14. Hodges, P. W. & Richardson, C. A. Altered trunk muscle recruitment in people with low back pain with upper limb movement at
different speeds. Arch. Phys. Med. Rehabil. 80(9), 1005-1012 (1999).
15. Hodges, P. W. & Richardson, C. A. Contraction of the abdominal muscles associated with movement of the lower limb. Phys. Ther.
77(2), 132-142 (1997).
16. Leetun, D. T. et al. Core stability measures as risk factors for lower extremity injury in athletes. Med. Sci. Sports Exerc. 36(6),
926-934 (2004).
17. Shi, D.-L. et al. Specialized core stability exercise: a neglected component of anterior cruciate ligament rehabilitation programs. J.
Back Musculoskelet. Rehabil. 25(4), 291-297 (2012).
18. Kaji, A. et al. Transient effect of core stability exercises on postural sway during quiet standing. J. Strength Cond. Res. 24(2), 382-388
(2010).
19. Fallah Mohammadi, M., et al. Does core stability training improve hopping performance and kinetic asymmetries during single-leg
landing in anterior cruciate ligament reconstructed patients?. Res. Sports Med. 1-11 (2022).
20. Al Attar, W.S.A,, et al. The effectiveness of injury prevention programs that include core stability exercises in reducing the incidence
of knee injury among soccer players: A systematic review and meta-analysis. Isokinet. Exerc. Sci. (Preprint): 1-11 (2022).
21. De Blaiser, C. et al. Impaired core stability as a risk factor for the development of lower extremity overuse injuries: A prospective
cohort study. Am. J. Sports Med. 47(7), 1713-1721 (2019).

Scientific Reports |

(2023) 13:2202 https://doi.org/10.1038/s41598-023-29126-6 nature portfolio



www.nature.com/scientificreports/

22.

23.

24.

25.

26.

27.

28.

29.

30.

De Blaiser, C. et al. The role of core stability in the development of non-contact acute lower extremity injuries in an athletic popula-
tion: A prospective study. Phys. Ther. Sport 47, 165-172 (2021).

Zahradnik, D. et al. Lower extremity mechanics during landing after a volleyball block as a risk factor for anterior cruciate ligament
injury. Phys. Ther. Sport 16(1), 53-58 (2015).

Alenezi, F. et al. The reliability of biomechanical variables collected during single leg squat and landing tasks. J. Electromyogr.
Kinesiol. 24(5), 718-721 (2014).

Herrington, L. & Munro, A. Drop jump landing knee valgus angle; normative data in a physically active population. Phys. Ther.
Sport 11(2), 56-59 (2010).

Khayambashi, K. et al. Hip muscle strength predicts noncontact anterior cruciate ligament injury in male and female athletes: A
prospective study. Am. J. Sports Med. 44(2), 355-361 (2016).

Dingenen, B. et al. Are two-dimensional measured frontal plane angles related to three-dimensional measured kinematic profiles
during running?. Phys. Ther. Sport 29, 84-92 (2018).

Schurr, S. A. et al. Two-dimensional video analysis is comparable to 3D motion capture in lower extremity movement assessment.
Int. J. Sports Phys. Ther. 12(2), 163 (2017).

Goncalves, B. A. et al. Reliability of hip muscle strength measured in principal and intermediate planes of movement. Peer] 9,
el1521 (2021).

Dalton, E.C,, et al. Neuromuscular changes after aerobic exercise in people with anterior cruciate ligament-reconstructed knees.
National Athletic Trainers’ Association, Inc (2011).

31. Saki, E, Rajabi, R. & Tabatabaei, F. Relationship between hip and knee strength and knee valgus angle during drop jump in elite
female athletes. Phys. Treat.-Spec. Phys. Ther. ]. 4(1), 39-46 (2014).

32. McGill, S. M., Childs, A. & Liebenson, C. Endurance times for low back stabilization exercises: Clinical targets for testing and
training from a normal database. Arch. Phys. Med. Rehabil. 80(8), 941-944 (1999).

33. Waldhelm, A. & Li, L. Endurance tests are the most reliable core stability related measurements. J. Sport Health Sci. 1(2), 121-128
(2012).

34. Nesser, TW. & W.L. Lee, The relationship between core strength and performance in division I female soccer players. J. Exerc.
Physiol. 12(2) (2009).

35. Mohammad Ali Nasab Firouzjah, E., Daneshmandi, H. & Norasteh, A. A. Effect of core stability training on the endurance and
strength of core in basketball players with trunk dysfunction. J. Rehabil. Sci. Res. 7(2), 80-86 (2020).

36. Bagherian, S. et al. The effect of core stability training on functional movement patterns in college athletes. J. Sport Rehabil. 28(5),
444-449 (2019).

37. McCaskey, A., The effects of core stability training on star excursion balance test and global core muscular endurance. University of
Toledo (2011).

38. Bien, D. P. Rationale and implementation of anterior cruciate ligament injury prevention warm-up programs in female athletes.
J. Strength Cond. Res. 25(1), 271-285 (2011).

39. Romero-Franco, N. et al. Effects of proprioceptive training program on core stability and center of gravity control in sprinters. J.
Strength Cond. Res. 26(8), 2071-2077 (2012).

40. Brumitt, J. et al. The lower-extremity functional test and lower-quadrant injury in NCAA Division III athletes: a descriptive and
epidemiologic report. J. Sport Rehabil. 25(3), 219-226 (2016).

41. Salavati, M., et al., Comparative study of biodex dynamic balance and limits of stability test in normal subject and patient with chranic
lowback pain (2003).

42. Akuthota, V. et al. Core stability exercise principles. Curr. Sports Med. Rep. 7(1), 39-44 (2008).

43. Faries, M. D. & Greenwood, M. Core training: stabilizing the confusion. Strength Cond. J. 29(2), 10 (2007).

44. Sato, K. & Mokha, M. Does core strength training influence running kinetics, lower-extremity stability, and 5000-M performance
in runners?. J. Strength Cond. Res. 23(1), 133-140 (2009).

45. Kibler, W. B., Press, J. & Sciascia, A. The role of core stability in athletic function. Sports Med. 36(3), 189-198 (2006).

46. Jamison, S. T. et al. The effects of core muscle activation on dynamic trunk position and knee abduction moments: implications
for ACL injury. J. Biomech. 46(13), 2236-2241 (2013).

47. Comerford, M. J. & Mottram, S. L. Movement and stability dysfunction-contemporary developments. Man. Ther. 6(1), 15-26
(2001).

48. Behm, D. G. & Anderson, K. G. The role of instability with resistance training. J. Strength Cond. Res. 20(3), 716 (2006).

49. Jeong, J., Choi, D.-H. & Shin, C. S. Core strength training can alter neuromuscular and biomechanical risk factors for anterior
cruciate ligament injury. Am. J. Sports Med. 49(1), 183-192 (2020).

50. Willson, J. D., Ireland, M. L. & Davis, I. Core strength and lower extremity alignment during single leg squats. Med. Sci. Sports
Exerc. 38(5), 945-952 (2006).

51. Cinar-Medeni, O. et al. Core stability, knee muscle strength, and anterior translation are correlated with postural stability in anterior
cruciate ligament-reconstructed patients. Am. J. Phys. Med. Rehabil. 94(4), 280-287 (2015).

52. Dai, B. et al. Anterior cruciate ligament injuries in soccer: Loading mechanisms, risk factors, and prevention programs. J. Sport
Health Sci. 3(4), 299-306 (2014).

53. Hewett, T. E. et al. Biomechanical measures of neuromuscular control and valgus loading of the knee predict anterior cruciate
ligament injury risk in female athletes: a prospective study. Am. J. Sports Med. 33(4), 492-501 (2005).

54. Izraelski, J. Assessment and treatment of muscle imbalance: The Janda approach. J. Can Chiropr. Assoc. 56(2), 158 (2012).

Acknowledgements

We would like to express our thanks to all of the people who have participated in this research.

Author contributions

H.Sh. collected the data, ER. assessed the outcomes of the research, and reviewed the paper. ES. and H.Sh.
recruited the patients and performed the statistical analyses. B.T. assessed the outcomes of the research and
reviewed the paper. All the authors contributed to the writing of the paper. All authors read and approved the
final manuscript.All the persons in the pictures have provided written consent for publication.

Funding

This research project did not receive any funds from any funding bodies.

Competing interests
Farzaneh Saki, Hossein Shafiee, Behdad Tahayori, and Farzaneh Ramezani declare that they have no conflicts of
interest relevant to the content of this review.

Scientific Reports |

(2023) 13:2202

https://doi.org/10.1038/s41598-023-29126-6 nature portfolio



www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to ES. or B.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:2202 https://doi.org/10.1038/s41598-023-29126-6 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The effects of core stabilization exercises on the neuromuscular function of athletes with ACL reconstruction
	Methods
	Study design and participants. 
	Testing procedure. 
	Intervention. 
	Statistical analysis. 
	Ethical approval. 

	Results
	Knee kinematics. 
	Isometric hip muscle strength. 
	Core muscle endurance. 

	Discussion
	Conclusion
	References
	Acknowledgements


