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Abstract: It is necessary to apply methodologies for knee surgery and rehabilitation of adolescents so as not to influence their
growth and development after surgery. As the rate of knee injury among adolescents in developed countries increases, it is important
to minimize the risk to the epiphyseal plate for continuous growth and development. In this article, techniques are reviewed to
understand how to avoid damage to the epiphyseal plate and help the adolescent patient return to normal life in the shortest time
without complications. Excellent techniques are used with widely used rehabilitation methods but long-term and longitudinal studies
are still needed to observe the growth and development after knee surgery. Enough number of sample cases also needs to be secured
to generalize the results, while the biological mechanisms causing growth disturbances after knee surgery must be verified. It is still
necessary to conduct longitudinal studies to observe the growth and development after knee surgery. The biological mechanisms
causing growth disturbances after knee surgery also need to be studied. Based on the results, medical practices for surgery and
rehabilitation in adolescents can be standardized to improve the quality of treatment after knee surgery of adolescents.
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1. Introduction

The knee is the largest and one of the most complex joints and plays an important role in the movement and stability of the
human body. The knee supports the body's weight in walking, running, and jumping as the menisci in the knee absorbs shock to
reduce its impact on the bones [1], and involves flexion and extension for sitting, standing, and climbing. The leg is stabilized by
the knee which maintains the balance of the whole body [2]. The functionality of the knee is essential for daily activities so the pain
or injury occurring in the knee considerably affects one's quality of life as it limits mobility and independence [3]. Knee injuries
sometimes require surgical treatments, especially in the following incidents.

1. Ligament damage: Tears in the anterior cruciate ligament (ACL) or posterior cruciate ligament (PCL) require surgery.
Ligamentous injuries do not directly affect growth plates. However, surgical intervention to the proximity of the growth plates
must be carefully decided. Growth-sparing techniques are used to avoid damaging these plates [1,3].

2.  Tears: Damage to the meniscus that absorbs shock to the joint of the knee may need surgery. Tears damage the meniscus which
sometimes alters joint mechanics and affects the knee development and functions [1,3].

3. Fractures: Severe fractures of the knee bones, such as the patella, may require surgical fixation. Fractures interfere with the
normal growth of the affected bone. In adolescents, uneven bone development might be observed if left untreated or if treated
too late. Surgical intervention is conducted, but conservative treatment is preferred to preserve the bone's growth potential
[1,3].

4.  Osteoarthritis: Severe osteoarthritis requires knee replacement surgery. Osteoarthritis does not directly affect the growth of
bones. However, in adolescents, it affects joint function and overall physical activity. Chronic pain and inflammation hinder
adolescents from participating in sports and physical activities [1,4].

5. Dislocations: The dislocation of the knee joint damages the knee and requires surgical correction. Knee dislocations directly
influence bone growth. In a knee dislocation, damage to the bones and soft tissues occurs causing growth disturbances. [1,3].
Each country has different major knee injuries. For example, knee osteoarthritis is found at the highest rate in South Korea,

while ACL and knee contusions prevail in Australia. Knee injuries are common across various age groups but are particularly

prevalent among adolescents and young adults due to sports activities [5,6]. Common knee injuries in adolescents include ACL
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tears, medial collateral ligament (MCL) injuries, meniscal tears, patellar dislocations, Osgood-Schlatter disease, and patellar
tendonitis. These occur mainly by sudden changes in movements and overuse of the knee which occur commonly in sports activities
including soccer and basketball. Such injuries often result in acute trauma or repetitive stress and require appropriate diagnosis and
management to prevent long-term effects [7,8].

In OECD countries, knee surgeries are common, and 119 knee replacements per 100,000 population are conducted annually
[9] (Fig. 1). In South Korea, 150 knee replacements per 100,000 population were performed. In 2021, Switzerland and Finland
showed higher rates of 273 and 260 per 100,000 population. Countries with higher rates included Australia, Germany, Austria, and
others in which people are keen on outdoor activities and the population of the elderly is relatively large.
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Fig. 1. Cases of knee replacement in OECD countries [https://www.oecd-iIibrary.org/social-issues-mlgratlon-health/health-at-a-gIance-
2023 _ela77af6-en].

Adolescents have open growth plates (epiphyseal plates) for bone growth and development. Surgery involving the ligaments
of the knee can potentially damage the plates, which may cause disturbances or deformities in growth. Therefore, it is important to
study the impact of knee surgery on epiphyseal plates to prevent long-term complications and ensure continuous skeletal
development. In addition, healing and recovery processes in adolescents are different from those of adults due to ongoing growth
and higher metabolic activity. The psychological and physical development of adolescents must also be considered to plan medical
interventions and minimize the negative effects on their overall development. Adolescents can become vulnerable to psychological
effects caused by knee surgery and its effects which manifest emotional distress, anxiety, depression, changes in self-esteem, and
social isolation. Thus, adolescents who have undergone knee surgery and rehabilitation must have appropriate coping strategies to
recover psychologically Psychological support from family members, friends, and professionals is required to address their anxiety,
depression, and fear of re-injury [10-12].

In particular, ligament injuries of the knee are prevalent in adolescents, and the ACL is the most commonly injured ligament.
For such ligament injuries, surgical intervention is required, which may influence the open epiphyseal plates in the future. Research
on the effect of ligament surgery on adolescents' growth is essential due to the unique physiological and developmental
characteristics of this age group. Adolescents are in a phase of growth, and surgical interventions on ligaments can have considerable
effects on their musculoskeletal health. Therefore, it is necessary to review how surgery on the knee of adolescents impacts their
growth in terms and how to minimize the potential effects of knee surgery on the growth of adolescents. Thus, in this article, the
shortcomings of medical interventions and the considerations in the interventions are reviewed to provide recommendations based
on the literature review.

2. Current Research: Prospects and Limitations

Previous studies have focused on surgical techniques that minimize the risk to epiphyseal plates such as physeal-sparing
techniques in ACL reconstruction. These techniques are used to avoid damage to the plates while still providing stability to the knee
joint. Rehabilitation for adolescents to treat knee injuries has been studied extensively, too. In the rehabilitation process, the
differences in physical maturity are considered to optimize recovery and shorten the time to return to ordinary activities. The
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potential growth disturbances following ligament surgery have been found in studies that showed growth length discrepancies and
angular deformities after surgery. In this case, careful monitoring and follow-up are mandatory to prevent them [13-17].

In surgical procedures such as ACL reconstruction, drilling near the lesions potentially influences the growth of the knee and
may cause limb length discrepancies or angular deformities. Thus, to avoid disrupting the epiphyseal plate techniques and treat the
injury without impacting the growth of the patient, all-epiphyseal techniques are used to bypass the epiphyseal plate to avoid growth
disturbance. The results using techniques presented satisfactory outcomes with minimal impact on bone growth [18].

Recent advancements in surgery and rehabilitation have been proven effective in minimizing such damage after surgery for
knee injuries. For example, total knee arthroplasty (TKA), though it needs more research, shows its effectiveness and innovations
so the demand for TKA is increasing due to the rising prevalence of knee arthritis [19]. High tibial osteotomy (HTO) is also used
widely to realign the knee joint. HTO has shown prospective results in delaying the need for TKA [20]. Rehabilitation is mandatory
for recovery but kinesiophobia must be overcome for rapid and complete recovery outcomes [21]. Even though such advanced
methods are mainly used for adults, the demand for surgery for adolescents is increasing. Knee surgeries for adolescents require
thoughtful consideration to prevent damage to bone growth and development. The timing and type of surgery are important to
minimize any adverse effects [22].

When applying ligament surgery to adolescents, misalignment or drilling across the epiphyseal plate must be avoided as
damaging the plate causes growth disturbances through premature closure and limb length discrepancies or angular deformities.
Therefore, the exact tunnel placement is critical in fixing grafts. When a tunnel is placed imprecisely, normal growth patterns are
disrupted which causes deformities. Even with successful surgery, excessive scar can restrict joint movement and affect growth as
it may influence the alignment or movement of the epiphyseal plate. Post-surgery infections or inflammation must be prevented as
it can damage the epiphyseal plate, too. Infections to the epiphyseal plate result in significant growth of tissues. Rehabilitation is
essential for recovery and minimizing complications. Inadequate rehabilitation can cause joint stiffness or altered biomechanics
which potentially retard growth indirectly by affecting joint function and development. While ligament surgery for adolescents can
affect their growth, modern surgical techniques and careful planning can mitigate such risks. The key to successful outcomes of
knee surgery is avoiding the epiphyseal plates during surgery by using appropriate techniques considering the patient's age and
growth [18, 23-25].

The impact of ligament operations on the growth of adolescents is not significantly different across human races. However,
genetic, anatomical, and cultural factors need to be considered as they can indirectly influence the outcomes of the surgery. There
are variations in bone growth patterns in different ethnic groups, which are minor and do not significantly affect the impact of
ligament surgeries. Genetic factors influence the strength of the ligament, the susceptibility to injury, and healing capacity. However,
genetic differences are not presented by ethnic groups [26,27]. Variations can be found in the timing of epiphyseal plate closure
among different ethnic groups. For instance, African-American children may experience earlier skeletal maturation compared to
Caucasian children, which can potentially influence the timing of surgery. However, this difference is not considered as a direct
factor in surgical outcomes [28,29]. The quality of healthcare, the availability of rehabilitation, and follow-up treatment can
influence outcomes more significantly than racial differences. Therefore, socioeconomic factors play a more important role in the
growth of adolescents who undergo knee surgery [30—32].

The long-term outcomes of ligament surgery in adolescents have not been much explored yet. Therefore, it is necessary to
conduct longitudinal studies to trace the growth and development after knee surgery. It is also needed to have an appropriate number
of sample sizes to generalize the research results. There is still limited understanding of the biological mechanisms underlying
growth disturbances after knee surgery. Thus, it is demanded to explore how knee surgery influences the biological processes of
growth. There is still a lack of standardized medical practices for surgery and rehabilitation in adolescents, which help improve the
consistency and quality of treatment [18,33-37].

3. Advanced Technologies for Knee Surgery

Various technologies are being developed for knee surgery to avoid the serious effects of the surgery by protecting the
epiphyseal plate and accelerating recovery.

First, physeal-sparing techniques are used to avoid damage to the epiphyseal plate of the knee. These techniques allow
adolescents to grow after knee surgery by maintaining normal bone development and preventing disturbances in growth. Physeal-
sparing techniques are used for ACL and medial patellofemoral ligament (MPFL) reconstructions. In ACL reconstruction, the
epiphyseal plate in young patients is reserved by placing the graft within the epiphysis, thus sparing the physis. Knee laxity
restoration is excellent compared to partial and complete transphyseal approaches. In MPFL reconstruction, patellofemoral
stabilization is confirmed in young patients with recurrent patellofemoral instability. The MPFL is reconstructed without damage to
the epiphyseal plate. In extra-physical ACL reconstruction, ACL is reconstructed without drilling holes in the epiphyseal plate. The
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graft is placed in a way that avoids contact with the physes so growth disruption or deformity can be prevented. In all-epiphyseal
reconstruction, the graft is entirely replaced. This technique is regarded to be useful for young patients who have growth remaining.
When physeal involvement is unavoidable, smaller holes must be drilled into the epiphyseal plate. In partial transphyseal techniques,
joint stability is assured to sustain growth potential [14,38].

In such surgeries, computer-assisted surgery (CAS) is often used for precise surgical procedures. Using a navigation system,
robotic-assisted surgery, and preoperative planning software, the accurate placement of grafts and tunnels is allowed. In the methods,
advanced imaging and 3D modeling are used for surgeries of high precision, minimized human errors, and a detailed surgical plan
to optimize graft placement and determine appropriate tunnel angles [39]. With these techniques, biodegradable implants are used
in knee surgeries to prevent long-term complications. As biodegradable implants dissolve in the tissue, additional surgeries are not
necessary [40]. Growth modulation techniques are used when growth disturbances are expected after surgery. Special devices to
correct or prevent deformities as the patient grows. Staples, screws, tethers, and plates are used to apply pressure on the epiphyseal
plate and slow growth to correct deformities, modulate growth, and correct scoliosis. Tension band plates are fixed across the
epiphyseal plate to alter growth direction and correct angular deformities. Sometimes, guided growth devices are used to align the
physis for normal growth and prevent deformities [41,42].

These techniques are used to enable the growth and development of adolescents after knee surgery for precise and minimized
impact on the epiphyseal plate.

4. Rehabilitation Methods after Knee Surgery

After knee surgery, rehabilitation processes are mandatory to minimize the impact of the surgery on the growth and possible
deformities of the patient. In the process, function restoration and complication prevention are emphasized through customized
protocols considering the patient’s physiological characteristics.

In rehabilitation, gentle and guided movements are instructed as early controlled motions to enhance joint mobility, reduce
stiffness, and prevent muscle atrophy. By balancing healing and appropriate stress, recovery can be accelerated. Starting with
assisted movements by a therapist or a device, passive range of motion (PROM) is practiced to maintain joint flexibility without
stressing the healing structure of the body. Then, the rehabilitation process transitions to active range of motion (AROM) to move
the joint in a safe range to promote muscle engagement and strength. Then, continuous passive motion (CPM) is practiced to
maintain joint movements enabled in the early rehabilitation process for securing consistent and controlled motions [43,44].

With such motion practices, neuromuscular training is accompanied to improve proprioception, balance, and coordination.
Through neuromuscular training, the control and stability of the muscle are increased to return to normal activities. In rehabilitation,
it is important to improve balance and exercise to maintain stability [45]. Training programs must be planned for adolescents to
increase muscle strength considering the growth and development phases of the patient. Gradual resistance improvement is required
but excess load on the epiphyseal plates and soft tissues must be avoided [46,47]. It is important to provide customized rehabilitation
programs for each adolescent's specific needs based on precise assessments and feedback. These rehabilitation methods are vital
after surgery for continuous growth and complication prevention.

Psychological rehabilitation is also crucial for adolescents due to the emotional challenges accompanying recovery. It is
necessary to educate them on the different stages of recovery to reduce anxiety and improve compliance with rehabilitation. Regular
consultations are recommended to let them understand progress, adjust expectations, and keep them engaged in their recovery. Then,
they can have a mindset to learn and foster resilience to cope with possible frustrations from social isolation they worry [48].

5. Longitudinal Studies and Direction

The long-term effects of knee surgeries, especially ACL reconstruction or meniscal repairs remain under-explored.
Longitudinal studies considering technological advancements are mandatory to better understand and validate the impact of knee
surgery on adolescent growth. Longitudinal studies are essential for monitoring individuals who undergo knee surgery over several
years to assess growth disturbances, length discrepancies, or any deformities [50]. As adolescents experience rapid growth, the
timing of surgery is important to avoid disrupted growth. Technological advancements in imaging, such as magnetic resonance
imaging (MRI) and 3D imaging need to be used to monitor growth patterns after surgery and diagnose complications. Wearable
devices and sensors and Al and machine learning technologies can be used to monitor and analyze the indicators of complications
and knee functions [50].

6. Conclusions
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Knee injuries such as ligament damage, tears, fractures, and dislocations sometimes require surgical interventions. In
developing countries, knee surgeries become common due to popular outdoor sports activities. Though the rate of knee injury among
adolescents in the countries is increasing, medical interventions for such injuries have been mainly focused on adults. For
adolescents, it is important to minimize the risk to epiphyseal plates and secure continuous growth and development after surgery.
Advanced techniques are used to avoid damage to the epiphyseal plate and stabilize the knee joint after surgery. Rehabilitation is
critical to return to normal activity with the main purpose of shortening the time. To prevent growth discrepancies and angular
deformities after surgery, careful monitoring and follow-up are necessary considering the differences in physical maturity of
adolescent patients. When treated and rehabilitated appropriately, damage can be minimized or avoided for adolescents. Techniques
including TKA and HTO are used widely to avoid ia must be overcome for rapid and complete recovery outcomes. Then, the impact
of knee surgery on the growth of adolescents is not significant. There are variations in bone growth patterns in different ethnic
groups, which are minor and do not significantly affect the impact of ligament surgeries. As long-term research on knee surgery in
adolescents has not been conducted widely, it is necessary to conduct longitudinal studies to observe the growth and development
after knee surgery. An appropriate number of sample cases are also needed to obtain generalized results. The biological mechanisms
causing growth disturbances after knee surgery also need to be studied. The research on such topics helps standardize medical
practices for surgery and rehabilitation in adolescents and improves the consistency and quality of treatment.
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