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Abstract:

Anterior cruciate ligament injury is a very common sports injury, accounting for about 70 percent or more, and the
literature reports that the prevalence of ACL rupture in the general population of the U.S. is about 1 in 3,000, and the
injury can lead to instability of the patient’s knee and have a huge impact on his or her return to sports, and may even
induce osteoarthritis, among other things. In this article, three different modalities and two different Strength and Motor
Control Trainings are introduced and the specific effects of each method are described, then several common metrics are

summarized to compare the efficacy of each method, to derive some therapeutic guidelines for the use of more efficient
therapies in clinical practice. It is also hoped that it will have a beneficial impact on the recovery of patients after ACL
surgery, promoting the restoration and strengthening of their function.
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1. Introduction

An anterior cruciate ligament (ACL) is a crucial compo-
nent that keeps the knee stable. ACL injuries often result
in knee instability. The instability may increase the risk of
secondary osteoarthritis of the knee. In England, there are
thought to be 30,000 primary ACL repair surgeries carried
out each year, while data from the Swedish ACL registry
indicates that there are 71 surgeries performed for every
100,000 people annually [1]. Regarding the performance
of elite athletes upon their return to competition, six stud-
ies found that performance declined following surgery,
while five found that postsurgery performance was either
unchanged or improved from preinjury levels. Thus, post-
operative rehabilitation is very important for ACL injuries
[2].

Six distinct clinical practice guidelines indicate that ACL
rehabilitation can mitigate pain and discomfort, rehabili-
tate muscular strength and lower limb functionality, and
facilitate a safe return to competitive athletics without the
risk of re-injury [3]. Eighty percent of patients undergoing

ACL reconstruction successfully resume sports activities,
yet only sixty-five percent can return to competitive sports
and achieve their pre-injury performance level [4].

During anterior cruciate ligament reconstruction (ACLR),
the application of Kinesio-taping (KT) demonstrated ef-
ficacy in reducing edema and alleviating pain during the
initial stages of postoperative rehabilitation [5]. Early
application of NMES mitigates contractile dysfunction
and attenuates skeletal muscle atrophy following surgery
and the primary injury [6]. Enhancing knee extension is a
benefit of early rehabilitation following ACL restoration
using EMG-BFB therapy. The development of postoper-
ative knee extension can be significantly influenced by
improved vastus medialis innervation [7].

There are various clinical practices on rehabilitation after
ACL reconstruction surgery [4]. This review will focus on
a few of the more commonly used methods of the above
methods: NMES, Electromyographic biofeedback, Kine-
sio-taping, Eccentric training, Isokinetic training, and so
on to compare and analyze the effect of ACL rehabilitation
and discuss their applications.
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2. Modality

2.1 Neuromuscular Electrical Stimulation

Neuromuscular Electrical Stimulation(NMES) is part of a
rehabilitation program, it is a physical factor therapy, and
it is mostly used as an adjuvant to rehabilitation to prevent
future injuries and issues with nerve activation. It works
by creating an electric current through electrodes applied
to the muscles to trigger muscle contraction. To prevent
future problems such as arthropathy, it is necessary to
prolong the postoperative use of NMES or to use it more
frequently on a weekly or daily basis to prevent loss of
muscle size and strength as well as asymmetry of the limb
when returning to sports and When attempting to resume
the degree of activity before the injury [6]. According to
research findings, neuromuscular electrical stimulation
(NMES) can be effectively employed during the initial
two weeks following knee surgery, utilizing a frequency
of >50 Hz, the highest intensity available, biphasic current
waveform, large-sized electrodes, and a duty cycle rang-
ing from 1:2 to 1:3 (with slopes lasting for 2-3 seconds).
This approach demonstrates significant efficacy in restor-
ing quadriceps muscle strength [8]. Quadriceps muscle
weakness, as well as lower limb loading asymmetry, are
two major problems after ACLR, and according to some
studies, it can be found that incorporating a two-month
structured resistance training intervention in the early
stages of rehabilitation can be a great enhancement for the
quality of rehabilitation due to the superimposed function-
al function of neuromuscular electrical stimulation [9]. It
has also been shown that repetitive sit-stand-sit exercises
(STSTS) can effectively restore quadriceps strength and
symmetry during lower extremity loading when NMES
therapy is performed in the early postoperative period [10].

2.2 Electromyographic Biofeedback

Electromyographic biofeedback (EMG-BFB) is used to
increase muscular activity and contraction. Patients must
participate at every level of the neural system to complete
the second learning process for the quadriceps contrac-
tion. Due to the increased vertical strength of the knee
after ACLR, which leads to a decrease in its motion and
stiffness of the knee, making the return to motor activity
sluggish, in one study, quadriceps strength and knee func-
tion were dramatically enhanced by isometric strength-
ening performed with an aided EMG-BF. It has been dis-
covered that when it comes to speeding up knee extension

recovery, biofeedback outperforms electrical stimulation
(ES) [11]. Patients commonly undergo quadriceps atrophy
in the early postoperative period; this is mainly caused
by a persistent condition known as atherogenic muscular
inhibition (AMI), which impairs muscle activation, causes
weakness, atrophy, and interferes with muscle strengthen-
ing. Using biofeedback as a therapeutic strategy to man-
age AMI after ACL repair surgery may prove beneficial.
The patient can modify their muscle activity thanks to the
real-time feedback of electrical muscle activation. Less
extreme stresses that exacerbate AMI may result from this
control [12]. Patients can also experience a loss of knee
extension. After arthroscopic knee surgery, patients may
experience torque, function, and range of motion activa-
tion via SEMG-triggered NMES during knee extension.
It helps people who have had knee surgery to improve
their knee extension AROM [13]. There’s also a study has
shown that EMG- BFB of the medial femoral muscle is
effective in improving innervation of the medial femoral
muscle and postoperative knee extension when compared
to other methods, such as electrical stimulation, aquatic
exercise, and proprioceptive training [7].

2.3 Kinesio Tape

Kinesio tape (KT) is a thin, elastic tape that is applied to
the skin’s surface to correct injured musculature by toning
or stimulating the underlying muscles. Following ACL
surgery, KT resulted in quicker improvements in knee ede-
ma, thigh circumference, and range of motion while using
less analgesics. Furthermore, KT has been shown in previ-
ous studies to lessen pain during the initial postoperative
phase. Additionally, KT somewhat mitigates the effects of
proprioception loss on the patient’s proprioception, bal-
ance, and functional performance [15] and enhances gait
patterns, subjectively reported joint function, and proprio-
ception [14, 15]. In one group of studies, the use of KT to
intervene in the recovery of patients was found to result
in a very significant improvement in the threshold of in-
juriousness in the face of mechanical stimuli, as well as a
reduction in the enlargement of the knee joint dimension
due to edema in the acute phase due to the effect of KT,
and a faster return to preoperative levels [16]. It is report-
ed that KT can not only lead to improved proprioception
but also result in both an enhanced walking pattern and an
improved knee joint’s subjective function. Additionally,
this study supports the conservative treatment of ACL rup-
tures by utilizing KT as a potential supporting assistance
[17].
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In Table 1, the same indicators that can be affected by the
three modalities are summarized and the effects of these
indicators are compared to the effectiveness of the three

methods. It should be noted that there are still some indi-
cators that cannot be compared because of the different
experimental methods, such as proprioception and so on.

Table 1 The effect of three modality methods [8-17]. 1: Increasing; |: Decreasing; —: No
normally effect.

Evaluation Index NMES E'eg{;’]{:gé’garjﬁh” K'”?f;'%tape
Knee flexor muscle strength i 1 —
Knee extensor muscle strength 1 1 —
Morphology of the thigh muscles and tendons 0 — 1
Symmetry of the lower limb loading T — —
Knee extension for the AROM - 1 1
Balance — 1 1
Pain Level — — 1

3. Strength and Motor Control Train-
ing
3.1 Eccentric Training

The eccentric exercise proved to be more efficacious in fa-
cilitating quadriceps recovery from strength losses follow-
ing ACL surgery due to its capacity for eliciting superior
enhancements in neural activation and muscle hypertro-
phy [18]. Utilizing concentric and eccentric cross-ed-
ucation (CE) to optimize quadriceps strength has been
demonstrated to enhance post-surgical recovery of quad-
riceps strength in the early stages of rehabilitation, owing
to the implementation of isokinetic training programs
involving both concentric and eccentric contractions [19].
Additionally, a study investigating the incorporation of
progressive eccentric and concentric training into the stan-
dard ACL rehabilitation protocol has suggested potential
enhancements in functional outcomes following autoge-
nous hamstring graft ACL reconstruction, as indicated by
improvements in the Lysholm knee scale, vertical leap
test performance, single hop-for-distance test results, and
scores on the ACL-QOL questionnaire [20]. In late-stage
ACL healing, eccentric-oriented exercise improves lower
body strength, vertical leap, injured leg single-leg hop,
injured leg triple-leg hop, and above-average single-leg
vertical jump for athletes [21]. Recently, in a Marlon et al
[22]. Open kinetic chain eccentric training was discovered
to be a secure and successful method for quadriceps mus-
cle recovery following ACL surgery in one study. Recre-
ational athletes undergoing ACL rehabilitation may see

an increase in quadriceps muscle mass and strength with
isokinetic and eccentric exercise. When training, a com-
prehensive approach should be considered, including both
concentric and eccentric training.

3.2 Isokinetic Training

The isokinetic rehabilitation system can provide multi-an-
gle isokinetic training, centripetal and centrifugal isokinet-
ic training, effectively promote muscle strength recovery
and neuromuscular control, to achieve early postoperative
rehabilitation, reduce the risk of re-injury, and improve
knee joint function. A study shows that postoperative
isokinetic training of the thigh muscle group plays a posi-
tive role in promoting muscle strength recovery and early
ligament shaping of patients after ACL reconstruction,
which may be more conducive to the long-term recovery
of patients [23]. According to earlier research, athletes
who have had an ACL repair benefit from isokinetic mus-
cular strength training in terms of their ability to regain
knee flexor and extensor muscle strength (60 °/s). Addi-
tionally, it might strengthen young athletes’ quadriceps
and other muscles. Regular isokinetic muscular strength
training has been demonstrated to increase knee flexion,
extensor strength, extensor endurance, kinaesthesia, 30°
position perception, and balance in randomized control
trials when compared with aerodynamic resistance train-
ing [24]. According to an alternative study, the 6-week
ECC isokinetic training demonstrated superior efficacy in
enhancing peak torques in both the quadriceps and ham-
strings compared to the CON isokinetic training [25].

In Table 2, the same indicators that can be affected by the
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two Strength and Motor Control Trainings are summarized
and the effects of these indicators are compared to com-
pare the effectiveness of the three methods. It is important

to note that other metrics could not be compared because
of the different test methods, such as the Hamstring Sym-
metry Index (LSI) and so on.

Table 2 The effect of two strength and motor control training methods [19-25]. 1: Increasing; |:
Decreasing; —: No normally effect.

Evaluation Index

Eccentric training

Isokinetic training

Knee flexor muscle strength

T i

Knee extensor muscle strength

Functional performance

Peak torque (PT)

flexor endurance

extensor endurance

T 1
1 —
i 1
\ —
\ 1

4. Conclusion

In this article, the effects of three modalities and two
Strength and Motor Control Trainings are compared to
their effects after ACL reconstruction. From the results, it
can be found that: (1) Among the three modalities: NMES,
Electromyographic Biofeedback(EB), and KT, the effects
of NMES and EB have greater clarity regarding the resto-
ration of knee flexor and extensor muscle strength, while
EB and KT have a greater improvement in the patient’s
flexor AROM and balance function, also the combined
results show that EB has a certain degree of effect on the
recovery of various functions. The comprehensive com-
parison results show that EB has a certain effect on the
recovery of all functions, which is more comprehensive
than the other two methods, and its effect can be further
explored. (2) While both eccentric and isometric training
have a significant impact on the recovery of knee flex-
or and extensor strength in the two Strength and Motor
Control Trainings, eccentric training exhibits a greater
influence on the rehabilitation of knee flexor and extensor
muscle groups, leading to improved functional perfor-
mance. On the other hand, isokinetic training demon-
strates superior enhancement in endurance specifically for
the extensor muscle groups. In conclusion, incorporating
eccentric training alongside other modalities would be
preferable for patients aiming to restore functional perfor-
mance. It is recommended that future studies include ad-
ditional experiments to further validate these conclusions,
with potential implications for clinical treatment.

References
[1]Beard D J, Davies L, Cook J A, et al. Rehabilitation versus

surgical reconstruction for non-acute anterior cruciate ligament
injury (ACL SNNAP): a pragmatic randomised controlled trial.
The Lancet, 2022, 400(10352): 605-615.

[2]Lai C C H, Ardern C L, Feller J A, et al. Eighty-three percent
of elite athletes return to preinjury sport after anterior cruciate
ligament reconstruction: a systematic review with meta-analysis
of return to sport rates, graft rupture rates and performance
outcomes. British Journal of Sports Medicine, 2018, 52(2): 128-
138.

[3]Culvenor A G, Girdwood M A, Juhl C B, et al. Rehabilitation
after anterior cruciate ligament and meniscal injuries: a best-
evidence synthesis of systematic reviews for the OPTIKNEE
consensus. British Journal of Sports Medicine, 2022, 56(24):
1445-1453.

[4]Kotsifaki R, Korakakis V, King E, et al. Aspetar clinical
practice guideline on rehabilitation after anterior cruciate
ligament reconstruction. British Journal of Sports Medicine,
2023, 57(9): 500-514.

[5]Toth M J, Tourville T W, Voigt T B, et al. Utility of
Neuromuscular Electrical Stimulation to Preserve Quadriceps
Muscle Fiber Size and Contractility After Anterior Cruciate
Ligament Injuries and Reconstruction: A Randomized, Sham-
Controlled, Blinded Trial. The American Journal of Sports
Medicine, 2020, 48(10): 2429-2437.

[6]Labianca L, Andreozzi V, Princi G, et al. The effectiveness
of Kinesio Taping in improving pain and edema during early
rehabilitation after Anterior Cruciate Ligament Reconstruction:
A Prospective, Randomized, Control Study. Acta Bio Medica,
2022, 92(6): €2021336.

[7]1Christanell F, Hoser C, Huber R, et al. The influence of
electromyographic biofeedback therapy on knee extension
following anterior cruciate ligament reconstruction: a
randomized controlled trial. Sports medicine. arthroscopy.



Dean&Francis

rehabilitation. therapy and technology, 2012, 4(1): 41.
[8]Conley C E W, Mattacola C G, Jochimsen K N, et al. A
Comparison of Neuromuscular Electrical Stimulation Parameters
for Postoperative Quadriceps Strength in Patients After Knee
Surgery: A Systematic Revie. Sports Health: A Multidisciplinary
Approach, 2021, 13(2): 116-127.

[9]Labanca L, Rocchi J E, Giannini S, et al. Early Superimposed
NMES Training is Effective to Improve Strength and Function
Following ACL Reconstruction with Hamstring Graft regardless
of Tendon Regeneration. Journal of Sports Science and
Medicine, 2022: 91-103.

[10]Labanca L, Rocchi J E, Laudani L, et al. Neuromuscular
Electrical Stimulation Superimposed on Movement Early after
ACL Surgery. Medicine & Science in Sports & Exercise, 2018,
50(3): 407-416.

[11]Norozian B, Arabi S, Marashipour S M, et al. Recovery of
Quadriceps Strength and Knee Function Using Adjuvant EMG-
BF After Primary ACL Reconstruction. Journal of Lasers in
Medical Sciences, 2023, 14: e6.

[12]Ananias J, Vidal C, Ortiz-Mufioz L, et al. Use of
electromyographic biofeedback in rehabilitation following
anterior cruciate ligament reconstruction: a systematic review
and meta-analysis. Physiotherapy, 2024, 123: 19-29.
[13]Boucher T, Wang S, Trudelle-Jackson E, et al. Effectiveness
of surface electromyographic biofeedback-triggered
neuromuscular electrical stimulation on knee rehabilitation.
North American Journal of Sports Physical Therapy, 2009, 4(3):
100-109.

[14] Bischoff L, Babisch C, Babisch J, et al. Effects on
proprioception by Kinesio taping of the knee after anterior
cruciate ligament rupture. Eur J Orthop Surg Traumatol, 2018,
28: 1157-1164

[15]Gholami M, Kamali F, Mirzeai M, et al. Effects of kinesio
tape on kinesiophobia, balance and functional performance of
athletes with post anterior cruciate ligament reconstruction:
a pilot clinical trial. BMC Sports Science, Medicine and
Rehabilitation, 2020, 12(1): 57.

[16]Valladares J R, Carvalho L C, Yanagihara G R, et al. Effect
of kinesio-taping on the acute phase of the post-operative
reconstruction of the anterior cruciate ligament: A randomized
controlled trial. Journal of Bodywork and Movement Therapies,

2023, 35: 320-325.

[17]Bischoff L, Babisch C, Babisch J, et al. Effects on
proprioception by Kinesio taping of the knee after anterior
cruciate ligament rupture. European Journal of Orthopaedic
Surgery & Traumatology, 2018, 28(6): 1157-1164.

[18]Lorenz D, Reiman M. The role and implementation of
eccentric training in athletic rehabilitation: tendinopathy,
hamstring strains, and acl reconstruction. International Journal
of Sports Physical Therapy, 2011, 6(1): 27-44.

[19]Harput G, Ulusoy B, Yildiz T I, et al. Cross-education
improves quadriceps strength recovery after ACL reconstruction:
a randomized controlled trial. Knee Surgery, Sports
Traumatology, Arthroscopy, 2018, 27(1): 68-75.

[20]Kinikli G I. The effect of progressive eccentric and
concentric training on functional performance after autogenous
hamstring anterior cruciate ligament reconstruction:
a randomized controlled study. Acta Orthopaedica et
Traumatologica Turcica, 2014, 48(3): 283-289.

[21]Stojanovi¢ M D M, Andri¢ N, Miki¢ M, et al. Effects of
Eccentric-Oriented Strength Training on Return to Sport Criteria
in Late-Stage Anterior Cruciate Ligament (ACL)-Reconstructed
Professional Team Sport Players. Medicina, 2023, 59(6): 1111.
[22]Vidmar M F, Baroni B M, Michelin A F, et al. Isokinetic
eccentric training is more effective than constant load eccentric
training for quadriceps rehabilitation following anterior cruciate
ligament reconstruction: a randomized controlled trial. Brazilian
Journal of Physical Therapy, 2020, 24(5): 424-432.

[23] Liu H, Lu W, Liang D, et al. Effects of isometric training
of thigh muscle groups on graft contouring after anterior
cruciate ligament reconstruction. Chinese Journal of Repair and
Reconstruction Surgery, 2019, 33(09): 1088-1094.

[24] Wang Kun, Cheng Liang, Wang Bingcheng, et al. Effect
of isokinetic muscle strength training on knee muscle strength,
proprioception, and balance ability in athletes with anterior
cruciate ligament reconstruction: a randomised control trial.
Frontiers in Physiology, 2023, 14: 1237497.

[25]0ng M T-Y, Chan J S-Y, Man G C-W, et al. Effect of
eccentric isokinetic exercise on muscle strength and functional
recovery after anterior cruciate ligament reconstruction. Asia-
Pacific Journal of Sports Medicine, Arthroscopy, Rehabilitation
and Technology, 2024, 35: 20-26.





