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Strength and Function Across 
Maturational Levels in Young Athletes  
at the Time of Return to Sport  
After ACL Reconstruction
Matthew P. Ithurburn, PT, DPT, PhD,*† Adam Paljieg, PT, DPT,‡ Staci Thomas, MS,§ 
Timothy E. Hewett, PhD,|| Mark V. Paterno, PT, PhD,§¶# and Laura C. Schmitt, PT, PhD**††

Background: The impact of maturation on lower extremity strength and function after anterior cruciate ligament 
reconstruction (ACLR) may help guide future studies of age-specific rehabilitation.

Hypothesis: Pediatric ACLR patients would demonstrate higher thigh strength symmetry and knee-related function at return 
to sport (RTS) compared with adolescent and young adult participants who underwent traditional ACLR.

Study Design: Prospective cohort study.

Level of Evidence: Level 2.

Methods: A total of 144 young athletes at the time of RTS clearance post-ACLR were classified into 3 maturational groups 
(pediatric, n = 16 with physeal-sparing ACLR [mean age = 12.3 years; range = 9.2-14.6 years]; adolescent, n = 113 [mean age 
= 16.5 years; range = 14.1-19.8 years]; young adult, n = 15 [mean age = 22.0 years; range = 20.5-24.9 years]). Quadriceps and 
hamstring strength were measured using an electromechanical dynamometer. Knee-related function was measured using 
the International Knee Documentation Committee (IKDC) subjective form and single-leg hop tests. The Limb symmetry 
Index (LSI) was used in calculations for hop and strength tests. Group differences were compared with Kruskal-Wallis tests 
and Mann-Whitney U post hoc tests. Proportions of participants meeting literature-recommended RTS criterion cutoffs were 
compared among the groups using chi-square tests.

Results: The pediatric group demonstrated higher quadriceps LSI (P = 0.01), IKDC scores (P < 0.01), single-hop LSI (P < 
0.01), and crossover-hop LSI (P = 0.02) compared with the young adult group. In addition, the pediatric group demonstrated 
higher IKDC scores (P < 0.01) and single-hop LSI (P = 0.02) compared with the adolescent group. The adolescent group 
demonstrated higher IKDC scores (P < 0.01), single-hop LSI (P = 0.02), and crossover-hop LSI (P = 0.03) compared with the 
young adult group. The proportions of participants meeting all RTS criterion cutoffs were highest in the pediatric group and 
lowest in the young adult group (P = 0.03).

Conclusion: Young athletes at RTS clearance after pediatric ACLR demonstrated higher quadriceps strength symmetry and 
knee-related function than adolescents and young adults after traditional ACLR.

Clinical Relevance: These findings demonstrate the need for further study regarding the impact of these group differences 
on longitudinal outcomes after ACLR, including successful RTS and risk of second ACL injury.
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Participation in organized sports is a primary risk factor for 
anterior cruciate ligament (ACL) injuries in young 
athletes.3,31,39,41,54 With youth participation in organized 

sports at an all-time high, pediatric and adolescent individuals 
are currently at high risk for ACL injuries.3 The skeletally 
immature population presents a challenge for ACL reconstruction 
(ACLR) due to open growth plates. Historically, fear of damage 
to the open growth plates limited ACLR procedures primarily to 
adults.13 Typically, younger athletes with open growth plates 
were treated conservatively, including bracing and activity 
modification, and allowed to reach skeletal maturity before 
undergoing traditional, transphyseal ACLR.2,53 However, recent 
studies have shown that left untreated, ACL injuries in young 
individuals with open growth plates lead to significantly worse 
function and greater risk of secondary knee injuries, including 
intra-articular damage, medial meniscal tears, medial collateral 
ligament tears, and recurrent knee instability.31,37,39 The rising rate 
of ACL injuries in young athletes combined with the poor results 
from nonoperative management have led to the development of 
modern pediatric ACLR procedures.13,39 By avoiding the open 
growth plates, pediatric ACLR procedures mitigate the traditional 
surgical risks for the skeletally immature population, including 
growth arrest and deformity.13,39

Young athletes undergoing ACLR do not consistently recover 
adequate strength and function at the time of return-to-sport 
(RTS) clearance.9,48 Traditionally, RTS decisions after ACLR were 
often based on postoperative time, with 6 to 9 months used as a 
common benchmark for return to participating in sport 
activities.5,38 However, previous work demonstrated that despite 
being cleared for return to participation in sports activity, 
quadriceps femoris (QF) strength deficits and functional deficits 
are commonly observed in young athletes of all maturity levels at 
RTS.11,40,48 Because of the increased risk of second ACL injury and 
suboptimal function for young athletes after RTS participation 
post-ACLR,24,42,43 appropriate postoperative rehabilitation and 
objective RTS criteria along with time post-ACLR and subjective 
readiness for RTS are critical.13,20 While individuals undergoing 
pediatric, physeal-sparing ACLR procedures or individuals of 
varying maturational status after ACLR may require different 
rehabilitation approaches or different objective criteria for RTS 
decision making, information is lacking in the literature currently.

Recent work indicates that young patients undergoing 
pediatric ACLR demonstrate excellent functional outcomes 
between 3 and 4 years postsurgery44,53 and that younger age is a 
key factor associated with higher levels of recovery of muscle 
strength and function after traditional ACLR.28 As a first step 
toward the development of age-appropriate, objective 
rehabilitation guidelines and RTS criteria, it is important to 
understand differences in strength and function between 
maturity groups in young athletes at the time of RTS clearance 
after ACLR. Therefore, the purpose of this study was to examine 
thigh strength symmetry and knee-related function across 
maturational levels in young athletes after ACLR at the time of 
RTS. It was hypothesized that participants who underwent 
pediatric, physeal-sparing ACLR would demonstrate higher thigh 

strength symmetry and knee-related function at RTS after ACLR 
compared with adolescent and young adult participants who 
underwent traditional ACLR. It was also hypothesized that a 
higher proportion of those with pediatric, physeal-sparing ACLR 
would meet literature-recommended RTS criterion cutoffs 
compared with adolescents and young adults.

Methods

The institutional review board approved this study prior to 
recruitment, and all participants (and parents/guardians when 
appropriate) provided signed informed consent before participation.

Participants

Participants were between the ages of 9 and 25 years and were 
included from the ACL REconstruction Long-term outcomes in 
Adolescents and Young adults (ACL-RELAY) study between 2007 
and 2016. The ACL-RELAY study is an ongoing, prospective study 
of outcomes in young, active individuals after ACLR. All 
participants are recruited from orthopaedic surgeon practices and 
physical therapy clinics in the greater Cincinnati and northern 
Kentucky areas and are enrolled in the study at the time of RTS 
clearance after a primary, unilateral ACLR. Participants are 
included if they have completed their rehabilitation program, are 
cleared to return to high-level athletic competition by their 
surgeon and treating rehabilitation specialist, and plan to 
participate in high-level sports on a regular basis (more than 50 
hours per year). Participants are excluded if they have a history of 
back injury or surgery, a previous lower extremity injury 
(excluding their primary ACL injury), or a concomitant ligament 
injury along with their ACL injury (excluding medial collateral 
ligament grade 1 sprain). Participants with or without a meniscal 
tear are included in the ACL-RELAY study. In addition, the ACL-
RELAY study does not control rehabilitation or RTS clearance 
decision making, or whether any objective criteria are used in this 
decision. All data at the initial testing visit are collected within 4 
weeks of each participant’s RTS clearance.

For these analyses, participants were classified into 3 
maturational groups. The pediatric group (n = 16, age range = 
9.2-14.6 years) consisted of individuals who underwent an 
all-epiphyseal physeal-sparing ACLR procedure. The adolescent 
group (n = 113, age range = 14.1-19.8 years) consisted of 
individuals who underwent a conventional, transphyseal ACLR 
and were defined as adolescents using the World Health 
Organization (WHO) definition (14-19 years old).55 The young 
adult group (n = 15, age range = 20.5-24.9 years) consisted of 
individuals who underwent conventional, transphyseal ACLR and 
were older than the WHO definition of adolescence (>19 years 
old).55 A total of 161 potential participants post-ACLR completed 
the initial RTS testing visit. However, 8 participants were excluded 
from the current analyses because of a history of bilateral ACL 
injuries. Additionally, 9 participants were excluded from the 
current analyses due to not completing the entire RTS testing 
battery described below (muscle strength assessment; self-
reported function; functional performance testing).
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Muscle Strength Assessment at RTS

QF and hamstring (HS) muscle strength were both assessed 
using an electromechanical dynamometer (Biodex Medical 
Systems). QF strength and HS strength were assessed 
isokinetically, at 180 deg/s, from 90° of flexion to full available 
knee extension. Strength testing using similar methods has 
shown good reliability in healthy individuals and individuals 
after ACL injury/ACLR and is able to differentiate strength 
asymmetries between limbs.14,16,26,27,36,46 QF and HS peak 
torques were calculated from the 3 trials for each limb, 
normalized to body mass (Nm/kg), and used to calculate a Limb 
Symmetry Index (LSI) for QF and HS strength as follows:

         LSI 
Involved limb value

Uninvolved limb value
=








 ×100% 	 (1)

The LSI is the most frequently reported criterion used to 
quantify limb symmetry with measures of strength and hop tests 
after ACL injury and ACLR.4,15,33,48 An LSI < 100% indicates 
deficits of the involved limb, and an LSI ≤ 90% after ACLR is 
considered unsatisfactory.30,33,35,48

Self-Reported Knee Function 
Assessment at RTS

Self-reported knee function was measured using the 
International Knee Documentation Committee subjective knee 
form (IKDC). The IKDC is a knee-specific measure of 
symptoms, function, and sports activity. The IKDC has been 
found to be valid and reliable in individuals after ACL injury 
and ACLR.23 Additionally, the IKDC has been validated for use 
in a pediatric population after knee injury or surgery.49 The 
IKDC is scored from 0 to 100, with 100 indicating no knee-
related limitations.18

Knee-Related Functional Performance at RTS

Four single-leg hop tests were used as measures of knee 
functional performance. These hop tests are commonly 
performed in the clinical setting and have been shown to have 
good reliability in patients after ACLR.8,45 The single-leg hop 
tests were performed in the following order: single hop for 
distance (SH; cm), triple hop for distance (TH; cm), crossover 
hop for distance (CH; cm), and the 6-m timed hop (6m-TH; 
seconds). After a practice trial, participants completed 2 trials on 
both the involved and the uninvolved limbs, in random order. 
The 2 measurement trials were averaged and used to calculate 
an LSI for distance single-leg hops (SH, TH, CH) using Equation 
(1) and an LSI for the 6m-TH as follows:

     LSI for 6m-TH hops 
Uninvolved time

Involved time
=








 ×100% 	 (2)

Literature-Recommended RTS Criteria

Criterion-based objective measures to determine RTS readiness 
have been advocated. Based on published recommendations, 
the objective criterion cutoffs evaluated in this study included 

thigh muscle strength, the IKDC score, and single-leg hop test 
performance (SH, TH, CH, and 6m-TH).1,7,12,21,30,34,35 Meeting 
literature-recommended RTS criterion cutoffs were defined as 
demonstrating (1) an LSI ≥ 90% for QF and HS strength, (2) an 
IKDC score ≥ 90, and (3) an LSI ≥ 90% for all hop 
tests.17,30,32,33,35,48,51

Statistical Analyses

Prior to performing statistical analyses, equal group variance 
was confirmed using Levene tests.10 The data were assessed for 
normality using histograms and quantile-quantile plots within 
each maturational group, as well as across the entire cohort (n 
= 144). The independent variable was group assignment 
(pediatric, adolescent, young adult), and the dependent 
variables were participant demographic information, QF and HS 
strength data, knee functional performance data, and self-
reported function data at the time of RTS clearance. Because of 
strength and function data nonnormality and unsuccessful data 
transformations using natural log and square root 
transformations, along with disparate group sizes, differences in 
strength and knee-related function data were compared among 
the maturational groups using Kruskal-Wallis tests (α = 0.05). If 
significant group differences were identified, post hoc testing 
was performed using Mann-Whitney U tests between individual 
groups (α = 0.05). Categorical demographic data were 
compared among the groups with chi-square tests for 
independence (or Fisher exact tests, when minimum expected 
cell frequencies were not maintained). Similarly, proportions of 
participants meeting literature-recommended RTS criterion 
cutoffs were compared among the groups with chi-square tests 
for independence (or Fisher exact tests) (α = 0.05). IBM SPSS 
(version 24.0) was used for all statistical analyses.

Results
Participant Characteristics

Significant group differences were identified in age, height, 
weight, and preinjury Tegner Activity Scale scores among the 
pediatric, adolescent, and young adult groups. No group 
differences were identified for time from ACLR to baseline 
testing at the time of RTS clearance. Additionally, significant 
group differences were identified for sex and graft type 
distribution among the groups (Table 1).

QF and HS Strength

Significant group differences were identified for QF LSI among 
the groups (P = 0.03). Post hoc testing revealed that the 
pediatric group (mean ± SD; 94.5% ± 9.1%) demonstrated 
significantly higher QF LSI than the young adult groups (83.3% 
± 12.0%; P = 0.01) (Figure 1). However, no statistically 
significant differences were found for QF LSI between the 
adolescent (89.8% ± 11.1%) and young adult groups (P = 0.05) 
or between the pediatric and adolescent groups (P = 0.09). 
Additionally, no significant group differences were identified for 
HS LSI among the groups (P = 0.22) (Figure 1).
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Self-Reported Knee Function and 
Knee Functional Performance

For self-reported function, significant group differences were 
identified for the IKDC among the groups (P < 0.01). Post hoc 
testing revealed that the pediatric group (96.1 ± 4.2) 
demonstrated higher scores than both the adolescent group 
(89.4 ± 10.0; P < 0.01) and the young adult group (80.3 ± 11.1; P 
< 0.01) (Figure 1). Additionally, the adolescent group 
demonstrated higher IKDC scores than the young adult group  
(P < 0.01) (Figure 1). For knee functional performance, 
significant group differences were identified for the SH LSI 
among the groups (P < 0.01). Post hoc testing revealed that the 
pediatric group (98.5% ± 6.9%) demonstrated significantly higher 
SH LSI compared with both the adolescent group (94.5% ± 6.0%;  
P = 0.02) and the young adult group (89.7% ± 7.3%; P < 0.01) 
(Figure 2). Additionally, the adolescent group demonstrated 
higher SH LSI compared with the young adult group (P = 0.02) 
(Figure 2). Significant group differences were also identified for 
the CH LSI among the groups (P = 0.03). Post hoc testing 
revealed that the pediatric group (97.8% ± 7.1%) demonstrated 
significantly higher CH LSI compared with the young adult 
group (88.3% ± 14.0%; P = 0.02) and that the adolescent group 

(95.3% ± 7.0%) demonstrated significant higher CH LSI compared 
with the young adult group (P = 0.03). No significant group 
differences were identified among the groups for the TH LSI (P = 
0.05) or the 6m-TH LSI (P = 0.83) (Figure 2).

Proportions Meeting Literature-
Recommended RTS Criterion Cutoffs

The proportions of participants who demonstrated QF or HS LSI 
of 90% or greater did not statistically differ among the 
maturational groups (P = 0.182 and P = 0.082, respectively) 
(Table 2). For self-reported knee function, the highest proportion 
who reported an IKDC score of 90 or greater was the pediatric 
group, with the lowest proportion who met the cutoff being in 
the young adult group (P < 0.01) (Table 2). For the SH, TH, and 
CH tests, the pediatric group had a higher proportion who 
demonstrated an LSI of 90% or greater compared with the young 
adult group (P < 0.01, P = 0.02, and P = 0.03, respectively; Table 
2). When the proportion of participants who met all the criteria 
cutoffs was evaluated, nearly one-third (31%) of the pediatric 
group met all criterion cutoffs, which was higher than the 
adolescent group (12% met all criterion cutoffs) and the young 
adult group (0% met all criterion cutoffs) (P = 0.030) (Table 2).

Table 1.  Participant characteristics by maturational groupa

Pediatric Adolescent Young Adult P

Number of participants 16 113 15  

Age, y 12.3 ± 1.8 16.5 ± 1.5 22.0 ± 1.5 <0.01b,c,d

Height, cm 155.9 ± 16.3 168.3 ± 8.3 172.6 ± 12.9 <0.01b,c

Weight, kg 52.5 ± 23.7 67.3 ± 12.7 79.8 ± 22.9 <0.01b,c

Time from ACLR to RTS, mo 8.5 ± 2.3 8.3 ± 2.4 8.3 ± 2.4 0.74

Preinjury Tegner Activity Scale score 7.4 ± 1.2 8.8 ± 0.7 8.7 ± 1.4 <0.01b,c

Sex distribution, n <0.01b,c,e

  Females 2 83 8

  Males 14 30 7

Graft type distribution, n <0.01b,c,d,e

  Hamstring autograft 16f 61 4

  BPTB autograft — 46 6

  Allograft — 6 5

ACLR, anterior cruciate ligament reconstruction; BPTB, bone–patellar tendon–bone; RTS, return to sport.
aData are mean ± SD unless otherwise indicated.
bIndicates significant differences between the pediatric and adolescent groups.
cIndicates significant differences between the pediatric and young adult groups.
dIndicates significant differences between the adolescent and young adult groups.
eDistribution compared among groups using chi-square tests.
fAll-epiphyseal physeal-sparing procedure.
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Discussion

The findings from the current study supported the first 
hypothesis, as participants after pediatric, physeal-sparing ACLR 
demonstrated generally higher isometric QF strength symmetry, 
higher single-leg hop test symmetry, and higher self-reported 
function on the IKDC at the time of RTS compared with 
adolescent and young adult participants that underwent 
traditional ACLR. In addition, for the IKDC and single-leg hop 
tests, the adolescent group also demonstrated higher function 
than the young adult group. A higher proportion of the 
pediatric group also met RTS criterion cutoffs on self-reported 
and physical performance measures of knee function compared 
with the adolescent and young adult groups. Importantly, the 
groups also did not differ in the amount of time between ACLR 
and the initial testing visit at the time of RTS clearance, which 
indicated that no group took part in rehabilitation for a longer 
period than another prior to the testing session. Overall, the 
differences between maturity groups identified in the current 
study appear to demonstrate that there may be a need to 
develop maturity and procedure-specific rehabilitation 
guidelines and RTS criteria in young athletes after ACLR.

Younger individuals and those with pediatric ACLR may 
demonstrate higher strength and function than their older 
counterparts. Krych et al28 reported that 6 months after traditional 
ACLR, younger age was a primary factor associated with excellent 
strength and functional recovery (defined as strength LSI > 85% 
and hop test LSI > 90%). Previous work examining specific 

pediatric ACLR outcomes demonstrated that skeletally immature 
participants demonstrated excellent functional outcomes at 
approximately 3 years53 (mean IKDC score of 96.5) and at 3.5 
years44 (mean IKDC score of 92.4) after physeal-sparing ACLR. In 
contrast, in a retrospective study by Greenberg et al19 at a mean of 
7.1 months after physeal-sparing ACLR, relatively low proportions 
of participants demonstrated strength and hop test symmetry 
>90%. Specifically, only 56% of participants met the 90% LSI cutoff 
for QF strength, while 94% met the 90% LSI cutoff for HS 
strength.19 The current study found that a higher proportion of 
participants with pediatric ACLR met the 90% LSI cutoff for QF 
strength (69%) than the 90% LSI cutoff for HS strength (38%). A 
recent study by Toole et al52 evaluated the proportions of young 
athletes meeting recommended criterion cutoffs after previous RTS 
clearance (excluding those with pediatric, physeal-sparing 
procedures). This study found that a much higher proportion of 
participants met the cutoff for HS strength versus QF strength.51 
While it may be hypothesized that less of the pediatric participants 
that underwent physeal-sparing ACLR in the current study met the 
HS cutoff due to graft type (all HS autograft), the study by 
Greenberg et al19 also reported that all participants underwent 
physeal-sparing ACLR with HS autograft. These contrasting 
findings indicate that further research regarding the interactions 
between muscle strength recovery and graft type in those with 
pediatric ACLR is warranted.

Regardless of maturational status, individuals after traditional 
ACLR demonstrate deficits in strength and function at the time 
of RTS. Previous studies have recommended achievement of 

Figure 1.  Quadriceps and hamstring LSI and IKDC by maturational groups.a

HS, hamstring; IKDC, International Knee Documentation Committee subjective knee form; LSI, Limb Symmetry Index; QF, quadriceps femoris.
**P < 0.05 for post hoc comparisons; solid gray—pediatric group; lined gray—adolescent group; dotted gray—young adult group.
aValues are LSI (%) for QF LSI and HS LSI and score (range 0-100) for IKDC.
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self-reported function values greater than 90 (out of 100) and 
muscle strength and single-leg hop test symmetry greater than 
90% as desired outcomes for individuals after ACLR.30,35,50 
However, young athletes at the time of RTS after ACLR 
commonly demonstrate deficits in QF strength, self-reported 
function, and measures of functional performance.11,25,29,40,48,56,57 
In the current study, both the adolescent and the young adult 
groups demonstrated group mean values below literature-
recommended RTS criterion cutoffs (90 for self-reported 
measures; 90% LSI for strength) for QF strength symmetry and 
the IKDC. Additionally, less than 50% of both the adolescent 
and young adult groups met the 90% LSI cutoff for QF strength, 
and a very small proportion of each of these groups met the 
cutoffs for all recommended criteria (12% and 0%, respectively). 
Importantly, deficits in self-reported knee function appear to 
persist over time and are commonly reported in longitudinal 
studies of individuals years after ACLR.6,22 Additionally, deficits 
in QF strength at the time of RTS have been linked with altered 
landing mechanics as well as increased risk for re-injury over 
time after RTS post-ACLR.20,25,47 Thus, development and 
implementation of more effective rehabilitation interventions for 
individuals of all ages and maturity levels after ACLR to restore 
function and QF strength remains a critical need in this patient 
population.

There are many significant limitations to this study. First, the 
role of graft type was not considered in the current analyses. 
Specifically, the pediatric group all underwent all-epiphyseal 
physeal-sparing ACLR procedures with HS autografts, while the 
adolescent and young adult groups included a mix of HS 
autografts, patellar tendon autografts, and allografts. Thus, the 

differences between the maturational groups may be driven by 
the differences in graft type distribution among the groups. In 
addition, surgical technique data (tourniquets or nerve blocks) 
were not collected. Second, the group sizes varied significantly, as 
there were many more participants in the adolescent group (n = 
113) compared with the pediatric group (n = 16) and the young 
adult group (n = 15). Because of the relatively small samples in 
the pediatric and young adult groups (n = 16 and n = 15, 
respectively), this study is underpowered to identify all 
differences among the groups in strength and function at the time 
of RTS. Third, there were significant differences in sex distribution 
among the groups; the current analyses did not control for sex 
distribution. Fourth, the young adult group was relatively young 
(mean age of 22 years) and active (mean Tegner score of 8.1). 
Thus, the findings of the current study may not be generalizable 
to middle-aged adults after ACLR. Fifth, the effect of objective 
sexual maturation (ie, Tanner stage) or specific growth plate 
status (open vs closed) were not collected or evaluated by the 
current study. Individuals in the adolescent group may have had 
open growth plates, but still underwent transphyseal ACLR. 
Furthermore, while all individuals in the pediatric group 
underwent physeal-sparing ACLR, the pediatric and adolescent 
group participants did overlap in age (oldest in pediatric group, 
14.6 years; youngest in adolescent group, 14.1 years). Last, the 
current study did not control the overall rehabilitation experience 
(ie, total number of rehabilitation visits, rehabilitation focus, or 
guidelines used) or factors that contributed to allowing clearance 
for RTS (ie, whether objective criteria were used). While the time 
from ACLR to RTS clearance was very similar among the groups, 
differences in specific factors related to rehabilitation or RTS 

Figure 2.  Single-leg hop test LSI by maturational groups.
6m-TH, 6-meter timed hop; CH, crossover-hop for distance; LSI, Limb Symmetry Index; SH, single-hop for distance; TH, triple-hop for distance.
**P < 0.05 for post hoc comparisons; solid gray—Pediatric group; lined gray—Adolescent group; dotted gray—Young Adult group.
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decision making may have contributed to the differences in 
strength and function among the groups.

Conclusion

Young athletes at the time of RTS clearance after all-epiphyseal 
physeal-sparing ACLR demonstrated higher QF strength 
symmetry, higher knee functional performance, and higher self-
reported knee function than adolescents and young adults after 
traditional ACLR. Additionally, young athletes after physeal-
sparing ACLR met literature-recommended RTS criterion cutoffs 
established for adults, at higher proportions than adolescents 
and young adults after traditional ACLR. However, study 
limitations clearly limit the generalizability of these conclusions.
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