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Anterior cruciate ligament (ACL) injuries seem to be 
increasing in the skeletally immature population.8,21 
Currently, there is no consensus in the literature 

regarding optimal management of these patients,11,12 as both 
early and delayed reconstruction pose inherent risks to the 
pediatric knee. However, the risks associated with delaying 

treatment and recent surgical advances have influenced many 
surgeons to favor earlier reconstruction within this 
population.5,11,18,21

The increase in surgical procedures performed within this 
population has led to a natural increase in the need for 
postoperative rehabilitation. Rehabilitation progression, 
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Background: In the skeletally immature population, the incidence of anterior cruciate ligament (ACL) injuries and ACL 
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Results: Complete data were available for 16 patients (mean age, 12.28 years; range, 8.51-14.88 years). By a mean 7 
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24.39 months) postoperatively, only 6 of 16 subjects (38%) were able to achieve satisfactory performance on all functional 
hop tests. At a mean 15.42 months (range, 8.58-24.39 months) postsurgery, only 4 of 16 (25%) subjects were able to achieve 
an LSI of ≥90% on all testing parameters.

Conclusion: For some pediatric patients, significant strength and functional deficits may be present at greater than 1 year 
after ACLR. This population may require more prolonged rehabilitation programs to allow for adequate recovery of strength 
and function because of unique characteristics of normal growth and development.
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functional performance measures, and outcomes after ACL 
reconstruction (ACLR) rehabilitation are well defined within the 
adult or skeletally mature population.3,6,9,20 However, at this 
time, there is a lack of performance-related measurements for 
skeletally immature individuals. The purpose of this study was 
to report the rate of strength recovery, degree of strength 
symmetry achieved, and limb symmetry in functional 
performance measures in a group of skeletally immature 
patients after an all-epiphyseal ACLR.

Methods

Institutional review board approval was obtained. A 
retrospective chart review was conducted to identify all patients 
7 to 15 years old who underwent an all-epiphyseal ACLR 
between the dates of January 2007 and September 2010. All 
patients were treated by a single, board-certified pediatric sports 
medicine orthopaedic surgeon (TJG) specially trained in 
performing all-epiphyseal ACLR. Information pertaining to 
patient demographics, concomitant injury, surgical information, 
strength, and functional rehabilitation progression was gathered. 
Strength recovery and functional performance were expressed 
as a limb symmetry index (LSI) comparing operated and 
nonoperated limbs for isokinetic data and functional hop scores, 
respectively. If multiple tests were available for an individual, 
the test that indicated the best performance at the earliest time 
point was utilized for analysis.

Isokinetic Strength Testing

Peak torque isokinetic testing (Biodex System 3 isokinetic 
dynamometer; Biodex Medical Systems, Shirley, New York) data 
for knee flexion and extension were collected in a seated 
position at a testing speed of 180 deg/s. Quadriceps and 
hamstring isokinetic strength data were expressed as a ratio by 
dividing the peak torque value of the involved leg by the peak 
torque value of the uninvolved leg, then multiplying by 100. 
Calculation of an LSI is representative of common practice in 
reporting strength symmetry after ACLR.6

Functional Hop Test Battery

Functional knee braces were utilized during testing when 
prescribed by the physician. For each portion of the testing 
battery (Figure 1), practice trials were permitted prior to the test 
to allow for task learning and patient confidence. For statistical 
analysis purposes, an average of each of the 4 functional test 
ratios was calculated, with 90% or higher being indicative of a 
“passing” score, as this percentage is representative of criteria 
utilized to assess for readiness for progressive return to 
unrestricted sport activities after ACLR.1,9

Single Hop for Distance4

The results of 3 hops were averaged, and side-to-side 
comparisons are expressed as a ratio of distance hopped in the 
surgical to the nonsurgical limb.

Triple Hop for Distance13

The results of 3 hops were then averaged, and side-to-side 
comparisons are expressed as a ratio of distance hopped in the 
surgical to the nonsurgical limb.

Unilateral Vertical Jump

A Just Jump (Probotic Inc, Huntsville, Alabama) was utilized to 
measure vertical jump height. The results of 3 hops were then 
averaged, and side-to-side comparisons are expressed as a ratio 
of vertical distance hopped in the surgical to the nonsurgical 
limb.

Unilateral Timed Lateral Hop

Two lines were placed on the floor 12 inches apart. The subject 
was allotted 20 seconds to perform a maximal number of 
1-legged lateral hops over this distance. The subject must fully 
clear the entire 12-inch distance. If the subject touched a line at 
any point, that hop within the test was not counted and it was 
considered an error. The subject was tested 1 time per side, 
allowing adequate rest time between testing of limbs to allow 
for recovery. The lateral timed hop is expressed in the amount 
of contacts performed minus the amount of errors recorded by 
the examiner. Side-to-side comparisons are expressed as a ratio 
of corrected contacts performed on the surgical to the 
nonsurgical limb.

Results

Of the 47 patients eligible for inclusion, complete data were 
available for 16 patients (mean age, 12.28 years; range, 8.51-
14.88 years) (Appendix 1, available at http://sph.sagepub.com/
content/suppl). All subjects’ physical maturity levels were 
Tanner Stage 2 or under. An autologous hamstring graft was 
utilized for all subjects included in this series.

To assess strength recovery, isokinetic strength was evaluated 
at a mean 7.1 months (range, 3.02-12.56 months) postsurgery 
(Appendix 2, available at http://sph.sagepub.com/content/

Figure 1. Schematic of the functional hop testing protocol.

http://sph.sagepub.com/content/suppl
http://sph.sagepub.com/content/suppl
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suppl). At that time, only 9 of 16 (56.25%) patients were able to 
achieve a satisfactory LSI for quadriceps strength (Figure 2). 
Over the same time interval, 15 of 16 (94%) patients 
demonstrated satisfactory hamstring strength. At a mean 12.8 
months (range, 5.39-24.39 months) postsurgery, only 6 of 16 
subjects (38%) were able to achieve satisfactory performance of 
≥90% on all functional tests (Appendices 3 and 4, available at 
http://sph.sagepub.com/content/suppl). Overall, at an average 
of 15.42 months (range, 8.58-24.39 months) postsurgery, only 4 
of 16 (25%) subjects were able to achieve an LSI of ≥90% on all 
testing parameters (strength and functional tests).

discussion

The results from this study demonstrate that significant 
quadriceps strength and overall lower extremity functional 
performance deficits may exist within this pediatric population 
after ACLR. These data suggest that it is more difficult to restore 
quadriceps strength symmetry than hamstring symmetry within 
this population. This observation is intriguing, as some studies 
have noted that utilizing an autologous hamstring graft, as was 
done with all subjects included in this study, may delay strength 
recovery of the hamstrings muscle group.22 While we are unable 
to firmly establish the cause of this delay in quadriceps strength 
recovery, physiological and psychological characteristics of the 
preadolescent patient likely contribute. Given the importance of 
full functional recovery prior to return to sports, these noted 
continued strength and functional deficits have significant 
implications for a safe return to play and subsequent potential 
reinjury in this population.

Impaired quadriceps strength is a significant deficit that occurs 
early after ACLR, and restoration is important to maximize 
functional ability.7,16 Early strength gains after ACLR are related to 
decreased muscular inhibition and improved motor unit 

functioning, while later strength gains are more related to true 
muscle hypertrophy.1 Prepubescent children lack circulating 
androgens. The majority of strength gains within this population 
are because of improved motor unit activation and coordination as 
opposed to true muscle hypertrophy.14,15 Only 56.25% (9 of 16) of 
the subjects were able to achieve the 90% quadriceps strength 
symmetry goal by a mean of 7 months postoperatively. These 
results are similar to those found by Wells et al19 in teenagers 
(mean age, 15.93 years) where 59% were able to achieve a 
threshold of 85% quadriceps LSI in less than 6 months. Strength 
recovery after ACLR in a group of adults showed that 55% and 78% 
were able to achieve at least 90% quadriceps strength symmetry as 
early as 3 and 6 months postoperatively, respectively.6

Psychological factors may also play a role in the recovery of 
pediatric patients after ACLR. Pediatric patients often exhibit 
significant anxiety, both pre- and postoperatively, which may 
limit their motivation or ability to work through some painful 
situations during the rehabilitation process. In addition, the 
recovery from ACLR is a long and arduous process. While many 
pediatric athletes are used to extended sports seasons, they 
often have difficulty maintaining the sustained effort over the 
complete postoperative period required to achieve a full 
functional recovery. Insurance limitations necessitating transition 
to an unsupervised rehabilitative home exercise program can 
also delay the final phases of recovery.

Finally, differences in the postoperative protocol for skeletally 
immature patients may also impact the time frame for strength 
recovery after ACLR. The current postoperative protocol 
(Appendix 5, available at http://sph.sagepub.com/content/suppl) 
involves a period of limited weightbearing for the first 4 to 6 
weeks postoperatively to allow for bony accommodation within 
the epiphysis from the tunnels. This delay in weightbearing may 
limit functional activation of the quadriceps muscle and lead to 
delayed recovery of muscular function after surgery.

Many have advocated for the use of isokinetic strength and 
unilateral hop testing LSI of at least 85% to 90% to return to 
sports after ACLR.2,9 Our results indicate that only 25% (4 of 16) 
of patients were able to meet passing criteria by 15 months 
postoperative. These results were compared with a prior study 
in a group of adults using the Fisher exact test. Significant 
differences (P < 0.001) existed between these 2 age groups, 
with 73% of the adult group achieving ≥90% performance on 
strength and similar functional measures at 12 months 
postoperatively.6 In addition, 10 of 16 (63%) subjects in this 
study failed to pass return-to-sport criteria because of 
inadequate performance on the functional hop test 
conglomerate. This result strengthens the standpoint that 
multiple modes of testing are necessary to determine the true 
functional ability and readiness to return to sports after ACLR.

The results of the current investigation suggest that a more 
prolonged postoperative rehabilitation course may be warranted 
in the skeletally immature population after ACLR to achieve 
satisfactory criteria for return to unrestricted activity.

Although the factors related to ACL rerupture are not fully 
understood, incomplete rehabilitation resulting in decreased 

Figure 2. Kaplan-Meier curves for not passing limb 
symmetry index (LSI) criteria of at least 90% on quadriceps 
isokinetic strength test.

http://sph.sagepub.com/content/suppl
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limb function may predispose athletes to reinjury.2 Utilizing only 
self-reported scales as a sole determinant for functional activity 
progression without assessing strength deficits and abnormal 
movement patterns may place the athlete at greater risk of 
reinjury. With the significant delay in functional recovery after 
ACLR noted in this pediatric population, extended times for 
return to play should be expected. Early return to unrestricted 
activity without adequate recovery of muscular function and 
performance may be 1 factor contributing to the higher retear 
rate in younger patients.10,17

There are several limitations within our study. Because of the 
retrospective nature of this investigation, the rehabilitation that 
each patient received was not ideally controlled. Though the 
same surgeon treated each patient and a copy of a 
postoperative protocol (Appendix 5) was issued to each treating 
therapist, the degree in which the recommended treatment 
outline was adhered to remains unknown. In addition, because 
of the tertiary referral nature of the practice and insurance 
issues, 31 of 47 patients who underwent all-epiphyseal ACLR 
within the given time frame were not included in the analysis 
because of inconsistent physician follow-up and/or incomplete 
strength and functional testing data. Likewise, postsurgical 
strength and functional testing was not standardized in relation 
to time from surgery, which could have allowed for a more 
thorough and more precise time-based analysis.
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