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Background: Graft tears and contralateral anterior cruciate ligament (ACL) tears are common in pediatric athletes after ACL
reconstruction. Use of objective return-to-sports (RTS) criteria, in particular physical performance tests (PPTs), is believed to
reduce the incidence of secondary injury; however, pediatric norms for these tests are unknown.

Purpose: To establish a proof of concept for the creation of age- and sex-based norms for commonly used RTS PPTs in healthy
pediatric athletes, allowing the creation of growth curves for clinical referencing.

Study Design: Cross-sectional study; Level of evidence, 3.

Methods: A total of 100 healthy people who were between the ages of 6 and 18 years and involved in organized sports were
enrolled, with even distributions of age and sex. All participants underwent 9 common RTS PPTs: stork test, stork test on Bosu,
single-leg squat, single-leg squat on Bosu, clockwise and counterclockwise quadrant hops, single-leg hop for distance, 6-m timed
hop, and triple crossover hop for distance. Mean performance across limbs was calculated for each individual. Chronological age,
height, weight, sex, and self-reported Pubertal Maturational Observational Scale (PMOS) score were recorded. Univariable and
multivariable models were created for each PPT, assessing the importance of the recorded descriptive variables. Quantile
regression was used to create growth curves for each PPT.

Results: The cohort was 52% female, and the mean + standard deviation age was 11.7 + 3.6 years. PMOS was highly correlated
with age (r = 0.86) and was excluded from the regressions. In univariable regression, age, height, and weight were strong pre-
dictors of performance for all PPTs, whereas sex was a predictor of performance on the single-leg and triple crossover hops for
distance (with males outperforming females). Height and weight were excluded from multivariable regression because of multi-
collinearity with age. Multivariable regression showed predictive patterns for age and sex that were identical to those shown in the
univariable analysis. Given ceiling effects, quantile regression for the stork tests was not possible, but quantile regression growth
curves were successfully created for the 7 remaining PPTs.

Conclusion: Chronological age and sex accurately predicted performance on common RTS PPTs in pediatric patients. The growth
curves presented herein could assist clinicians with benchmarking pediatric patients postoperatively against a healthy athletic cohort.
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Sports medicine surgeons are frequently faced with the
difficult task of deciding when athletes are ready to return
to sports (RTS) after anterior cruciate ligament (ACL) recon-
struction. This decision is particularly challenging in the
pediatric athlete, in whom the rate of second ACL injury
after RTS approaches 35%.%:3%1® The majority of surgeons
and physical therapists use some combination of physical
performance tests (PPTs), most commonly hop tests, to
assess readiness for RTS. These tests are often used in
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conjunction with patient-reported outcomes® and psycholog-
ical metrics of readiness® to formulate a decision about
return to play. Unfortunately, the performance of PPTs in
predicting risk of reinjury is still highly contested.*®

A unique challenge in the pediatric population is that
age- and sex-based norms for common PPTs are unknown.
As a result, athletes are judged solely based on a limb
symmetry index (LSI), which compares their postopera-
tive limb to their unaffected limb, typically requiring LSIT
>90% for RTS. This is an intrinsically flawed strategy, as
recent data have shown that fewer than half of healthy
pediatric athletes can achieve LSI >90% on hop testing,
even in the absence of injury.® Additionally, it is well
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established that deconditioning of the nonoperative limb
occurs after ACL reconstruction, thereby inflating LSI at
the time of RTS.°

We therefore believe that benchmarking pediatric ath-
lete performance against age- and sex-based norms, in
addition to considering LSI, might improve the predictive
accuracy of RTS testing. The present study is aimed at
filling a critical gap in the literature by providing a proof
of concept to establish age- and sex-specific normative
data from healthy pediatric athletes for the most com-
monly used PPTs in ACL-related RTS decision making.
Clinically, this will allow the treating physician to plot
an individual patient’s performance against a standard
growth curve and thereby understand how that patient
is faring compared with age- and sex-matched healthy
athletes. This provides a more complete picture of recov-
ery than does a simple LSI and may inform clinical deci-
sions about return to play. This is particularly important
in the growing athlete, who often returns to sport with a
peer group that is developmentally 9 to 12 months ahead
of where the athlete was when he or she became injured,
making that athlete’s own baseline an improper metric of
readiness for return to competition. Our findings will also
enable future investigators to evaluate the predictive abil-
ity of norm-enhanced RTS testing.

METHODS
Cohort Selection

This study included healthy, uninjured volunteers (n =
100) between the ages of 6 and 18 years. Participants were
recruited from the local community using email correspon-
dence and public flyers and were required to be actively
participating in an organized sport at the time of study
participation. Individuals were excluded if they exhibited
any of the following: (1) prior ligamentous injury to the
knee, hip, or ankle, (2) prior spine or lower extremity sur-
gery, (3) any lower extremity injury within the previous 6
months, (4) inability to participate in neuromuscular test-
ing because of pain or cognitive impairment, (5) ongoing
use of any brace or lower extremity orthosis, or (6) any
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condition or illness that would cause severe shortness of
breath with 1 hour of exercise. We made efforts to ensure
an even distribution in chronological age of participants.
Before enrollment, written informed consent and assent
were obtained from a parent and the participant, respec-
tively, for all participants aged 6 to 17 years, and written
informed consent was obtained from all 18-year-old parti-
cipants. The study protocol was approved by the biomedi-
cal institutional review board at Duke University Health
System.

Data Collection

This study used a prospective, nontherapeutic design. All
testing sessions were administered by 1 of 6 licensed phys-
ical therapists (including J.R.M., H.S.M., L.P., and
M.R.M.). The testing protocol was designed to include a
battery of PPTs that could be administered in any clinical
or athletic environment to ensure robust external validity.
Before administering the testing protocol, investigators
recorded descriptive information including age (years),
height (centimeters), weight (pounds), leg length (centi-
meters), and primary sport. Because chronological age
alone has been demonstrated to be an insufficient metric
of development, participants also completed the Pubertal
Maturational Observational Scale (PMOS),? a validated
questionnaire assessing pubertal maturation.®

The performance testing protocol consisted of 9 func-
tional tasks commonly used in rehabilitation and RTS test-
ing, including balance, squatting, and hopping tasks.
Detailed descriptions of each of these tasks and procedures
for testing are provided in Table 1. All participants com-
pleted the study protocol on a firm surface in a physical
therapy clinic. All tasks were performed bilaterally and in
the same consecutive order. However, the task with which
each participant started (tasks 1-9) and the extremity
tested first (left or right) were randomized a priori using
a random number generator. For each task, the number of
errors was recorded according to the error classification
system described in Table 1. Participants completed 2 trials
on each leg for each test with the exception of the single-leg
hop tests, which were performed 3 times. We developed a
composite score for each test by averaging trials across
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TABLE 1
Description of Neuromuscular Testing Protocol®
No. of

Task Trials per

No. Task Description Scoring Metric Limb Error Classification

1 Single-leg stork The participant is asked to balance Time (s) (60-s 2 Timer stopped if loss of balance
on a single leg. maximum) and contralateral foot

touches ground.

2 Single-leg stork on Bosu The participant is asked to balance Time (s) (60-s 2 Timer stopped if loss of balance
on a single leg on a Bosu ball. maximum) and contralateral foot

touches ground.

3 Single-leg squat The participant is asked to balance No. of 2 Must achieve 45° of knee flexion
on a single leg while performing a squat repetitions in to classify as a successful
deep enough to create a 45° of flexion angle 60 s repetition.
at the knee. The tester predetermines the
angle of the knee using a goniometer and
then places a target dowel to ensure
adequate depth and alignment.

4 Single-leg squat on Bosu A Bosu ball is placed (flat side up) under the No. of 2 Must achieve 45° of knee flexion
stance leg, and the task is performed as repetitions in to classify as a successful
described for the single-leg squat. If the 60 s repetition.
participant loses his or her balance, he or
she may resume within the 60-s period.

5 Quadrant The participant is asked to hop on a single No. of 2 Must not allow foot to touch

hop—clockwise leg in a clockwise direction for 30 s. The repetitions in tape to classify as a
number of correct hops (at least 50% of 30s successful repetition.
the foot surface lands in the correct
quadrant) is counted. Each quadrant is
40 cm?.
6 Quadrant Same as for the quadrant hop-clockwise, No. of 2 Must not allow foot to touch
hop—counterclockwise only in a counterclockwise direction. repetitions in tape to classify as a
30 s successful repetition.
7 Single-leg hop for The participant is asked to hop as far as Distance (cm) 3 No contralateral foot touchdown
distance possible on 1 foot without losing his or or double hop on landing.
her balance during landing.

8 6-m timed hop The participant is asked to hop, as quickly as Time (s) 3 No contralateral foot touchdown.
possible, on 1 foot for a distance of 6 m.

9 Triple crossover hop for The participant is asked to hop as far as Distance (cm) 3 No contralateral foot touchdown

distance
measure 3 times.

possible on 1 foot while crossing the tape

or double hop on landing;
entire foot must cross tape line
during crossover.

“Testing protocol originally compiled by Daniel Cooper, MD, and David Surprenant, ATC, of the Carrell Clinic (Dallas, Texas).

sides. This composite score (1 score per participant for each
test) was used for analyses.

Statistical Analysis

We used a stepwise approach to the analysis of our data.
First, we developed descriptive statistics and plots of the
raw data. We then performed univariable regression of all
available descriptive data as a screen for meaningful pre-
dictors of performance. We used the information from the
univariable analysis to build a more robust multivariable
model that allowed for estimates of the isolated effects of
individual descriptive predictors on athlete performance.
Therefore, we based our required sample size on the rec-
ommendation that 10 to 20 subjects per variable allows for
the optimal assessment of multivariable regression

parameters, and we set out to enroll 100 participants (sub-
jects per variable = 20).2 Finally, because ordinary regres-
sion allows only an estimation of relationships to the
mean, we performed quantile regression. Quantile regres-
sion fits models for specific percentiles of a data set, allow-
ing a more thorough investigation of the response variable
and allowing for different models based on the percentile.
This provides much richer information about the data
than does a simple regression, in which the variability of
athletes’ performance at a given age is reduced to the
mean. Additionally, the use of quantile regression allows
for the creation of growth curves by allowing modeling of
any given percentile of the cohort.

Categorical descriptive variables were summarized
using counts and percentages, and continuous descriptive
variables were presented as means, standard deviations,



4 Magill et al

The Orthopaedic Journal of Sports Medicine

TABLE 2 TABLE 3
Characteristics of the Study Population (N = 100)* Results of Performance Testing (N = 100)*
Variable Value Variable Value
Age,y Stork test

Mean + SD (range)

Median (Q1, Q3)
Female sex, n (%)
Height, cm

Mean + SD (range)

Median (Q1, Q3)
Weight, kg

Mean + SD (range)

Median (Q1, Q3)
Pubertal age, PMOS score

Mean + SD (range)

11.7 + 3.6 (6.0-18.0)
11.5 (9.0, 14.5)
52 (52.0)

59.3 + 8.1 (40.0-76.0)
60.0 (53.0, 65.0)

99.9 + 38.2 (40.0-195.0)
96.0 (67.0, 132.0)

4.0+ 3.3 (0.0-9.0)

Median (Q1, Q3) 3.0 (1.0, 8.0)
Sport played, n (%)

Basketball 11 (11.1)
Football 1(1.0)
Gymnastics 5(5.1)
Running 3(3.0)
Soccer 52 (52.5)
Swimming 4 (4.0)
Volleyball 2 (2.0)
Wrestling 1(1.0)
Other 20 (20.2)

“PMOS, Pubertal Maturational Observational Scale; Q, quartile.
bn = 99 participants.

medians, 25th and 75th percentiles, and ranges. We con-
structed univariable linear models to assess the effects of
descriptive variables on PPT performance, creating sepa-
rate models for each PPT variable as well as for each pre-
dictor (sex, age, height, weight). Then, multivariable linear
models were created to test for adjusted effects of descrip-
tive data (sex and age) for each PPT. Of note, because age,
height, and weight were highly correlated with one
another, we decided to include only age in the multivariable
models. All models were constructed using robust standard
errors. For the stork test and stork test on Bosu, the log-
normal distribution was assumed for the errors because of
an observed ceiling effect at a value of 60. All other models
assumed the normal distribution.

To create reference growth curves for clinical use, we
performed quantile regression for each PPT as a factor of
age, holding other covariates (in this case, sex) constant.
This analysis was performed using SAS Version 9.4 (SAS
Institute). Age was centered at the mean of 12 years and
was modeled by also including a quadratic interaction
term. For those PPTs where sex was not predictive of
performance in multivariable regression, reference charts
for male participants only were created. For those PPTs
where sex was predictive of performance in multivariable
regression (single-leg hop for distance and triple cross-
over hop for distance), charts for both male and female
participants were created. Predicted norms were reported
for the 5th, 10th, 25th, 50th, 75th, 90th, and 95th
quantiles.

Mean * SD (range)
Median (Q1, Q3)
Stork test on Bosu
Mean * SD (range)
Median (Q1, Q3)
Single-leg squat
Mean + SD (range)
Median (Q1, Q3)
Single-leg squat on Bosu
Mean * SD (range)
Median (Q1, Q3)
Quadrant hop—clockwise
Mean + SD (range)
Median (Q1, Q3)
Quadrant hop—counterclockwise
Mean * SD (range)
Median (Q1, Q3)

50.3 + 13.8 (6.3-60.0)
59.5 (44.0, 60.0)

50.3 = 13.8 (0.3-60.0)
59.5 (5.0, 48.1)

48.0 + 12.4 (16.0-79.8)
46.9 (38.9, 56.0)

31.9 +£15.0 (0.0-64.3)
33.0 (23.9, 40.6)

42.0 £ 16.1 (8.5-73.8)
43.3 (29.3, 53.3)

38.9 + 15.8 (6.0-73.5)
38.8 (26.0, 50.4)

Single-leg hop for distance
Mean + SD (range)
Median (Q1, Q3)

6-m timed hop
Mean * SD (range)
Median (Q1, Q3)

Triple crossover hop for distance
Mean + SD (range)
Median (Q1, Q3)

102.1 £ 29.9 (32.0-185.7)
105.0 (78.1, 123.5)

2.7+ 0.8 (1.7-7.0)
2.6 (2.2, 3.0)

287.9 + 106.2 (97.0-557.3)
294.1 (208.9, 368.7)

“Q, quartile.

RESULTS
Cohort Characteristics

The characteristics of the cohort are summarized in Table 2,
and results of the performance tests are shown in Table 3.

Performance as a Factor of Age and Sex

The raw performance data for all individuals were plotted
for each PPT as a factor of age and sex (Figure 1). In our
cohort, there was an almost perfect linear correlation
between PMOS and chronological age (Pearson r = 0.86);
therefore, only chronological age was used for all subse-
quent analyses and regressions. Predicted ceiling effects
occurred at 60 seconds for the stork test and stork test on
Bosu, as both tests were stopped if the individual reached
60 seconds. Plots of performance as a function of height and
weight were not included because age, height, and weight
were highly correlated with each other.

Univariable Regression

Univariable regression of the performance data revealed
that age, height, and weight were significant predictors of
performance for all of the 9 PPTs evaluated in this study
(Table 4). In contrast, sex was predictive of performance
only for the single-leg hop and triple crossover hop for



The Orthopaedic Journal of Sports Medicine

Norms for Pediatric Return-to-Sports Physical Performance Tests

5

Sex Female ® Male
A Stork Test B Stork Test on BOSU C Single Leg Squat
70 70 a0
60 EEX N ENEEK JE: s oo.o?g ® :
et e © | $9°%°¢0 8w > '::..'.
40 ‘. 3 40 20000 ig..:.g.‘z - ®
30 30
20 g . ® ® 20 5 ‘ 30{ @ . ® * L4 e e
. % o ®eele 4 ‘ e (29
10
0 JHgeee ¢ o
6 8 10 12 14 16 18 6 8 10 12 14 16 18 6 8 10 12 14 [ 18
@ D Single Leg Squat on BOSU E Quadrant Hop Clockwise F Quadrant Hop Counter-Clockwise
3 ®| 80 80
- 50 ®
s L~ ®| 70 *8 ¢ ©
> 50 b 60 go _88ee® ®0 409
= 40 N d 8ge ® .. ..".. 50 ® LN ] @
o b B B ) egg e
B % 58 PP 3;. goeoe~ "o 10 §.98° & .
L J 301 @ . 0| e
o 20 g0 @ - ® 2 ' 2 L Y
o [ ] 20 » 20 ‘
o g e ® 10 ’ 10 !
a e 8 e 0 0
> 6 8 10 12 14 16 18 6 8 10 12 14 16 18 6 8 10 12 14 16 18
< G Single Leg Hop H Single Leg Timed Hop I Single Leg Crossover Triple Jump
1804 [ . {® 600 P
1501 . J Y 61 500 L] ®
3 ® ®g o
b ] ' ®e . 400 . . 8
120 ® ® ® ®qo @ &
8°8 s s.° ® 2 300 ev8 e
0. o8 o0 * 88g ¢
Z L B 200
® 83 z ¢g e
501 @ 1@ ' e ' 100/ 8 b
§° o , e 8y ! §é 4
301 < e
6 8

10

10

U Age (years)

Figure 1. Physical performance test (PPT) results as a factor of age and sex. (A) Stork test; y-axis represents time in seconds.
(B) Stork test on Bosu; y-axis represents time in seconds. (C) Single-leg squat test; y-axis represents number of repetitions.
(D) Single-leg squat on Bosu; y-axis represents number of repetitions. (E) Quadrant hop—clockwise; y-axis represents number
of repetitions. (F) Quadrant hop—counterclockwise; y-axis represents number of repetitions. (G) Single-leg hop for distance; y-axis
represents hop distance in centimeters. (H) 6-m timed hop; y-axis represents total hop time in seconds. Of note, a shorter time
denotes better performance. (I) Triple crossover hop for distance; y-axis represents total hop distance in cm.

distance, with male participants performing better than
their female counterparts performed (Table 4).

Multivariable Regression

Significant multicollinearity existed among age, height,
and weight, so height and weight were eliminated from the
final multivariable model. In this model, age was predictive
of performance for all 9 PPTs, with increasing age predict-
ing improved performance. Consistent with the univariable
regression, sex was found to be predictive of performance
for only the single-leg hop and triple crossover hop for dis-
tance, with male athletes performing better than female
athletes performed (Appendix Table Al).

Quantile Regression

Quantile regression was used to create growth curves of
predicted performance for each PPT as a factor of age, con-
trolling for sex. Of note, given the strong ceiling effects for

the stork test and stork test on Bosu, these were not appro-
priate for quantile regression. These growth curves are
shown for the squat tests in Figure 2, for the quadrant hop
tests in Figure 3, and for the linear hop tests in Figure 4.

DISCUSSION

The principal finding of this study is that chronological age
is a strong predictor of performance on common RTS PPTs,
allowing for the creation of growth curves using quantile
regression that can help clinicians benchmark their
patients against a healthy, uninjured pediatric normative
group when making return-to-play decisions.

The decision to clear a child for sports participation after
ACL reconstruction is one of the most challenging clinical
situations we face in pediatric sports medicine. Although
historically a period of 6 months was used as a blanket
criterion for RTS,® ample data have shown that in children,
the requisite time for successful RTS is significantly longer,
often upward of 1 year.%"° Although time alone is not a
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TABLE 4
Univariable Regression of PPT Results as a Factor of Descriptive Variables®

Physical Performance Test Sex® Age Height Weight
Stork test’

exp(P) 1.10 1.07 1.03 1.005

95% CI 0.95 to 1.29 1.04 to 1.09 1.02 to 1.04 1.003 to 1.007

P value .202 <.001 <.001 <.001
Stork test on Bosu®

exp(B) 1.18 1.24 1.09 1.02

95% CI 0.72 to 1.95 1.18 to 1.31 1.06 to 1.11 1.01 to 1.02

P value 503 <.001 <.001 <.001
Single-leg squat

B -0.640 1.48 0.610 0.109

95% CI -5.566 to 4.287 0.82 to 2.15 0.306 to 0.913 0.041 to 0.177

P value 197 <.001 <.001 .002
Single-leg squat on Bosu

B 4.26 2.24 0.822 0.152

95% CI -1.65 to 10.17 1.55 to 2.94 0.490 to 1.153 0.084 to 0.221

P value .156 <.001 <.001 <.001
Quadrant hop—clockwise

B 0.084 3.23 1.14 0.223

95% CI —6.253 to 6.420 2.58 to 3.87 0.08 to 1.48 0.153 to 0.293

P value 979 <.001 <.001 <.001
Quadrant hop—counterclockwise

B -1.11 2.93 1.09 0.210

95% CI —7.30 to 5.08 2.20 to 3.65 0.76 to 1.43 0.143 to 0.277

P value 723 <.001 <.001 <.001
Single-leg hop for distance

B -14.56 5.24 2.32 0.405

95% CI —26.12 to -3.01 3.65 to 6.80 1.67 to 2.97 0.251 to 0.558

P value 014 <.001 <.001 <.001
6-m timed hop

B 0.192 -0.136 -0.058 -0.011

95% CI —-0.123 to 0.506 —0.185 to —0.086 —-0.079 to —0.038 —0.015 to —0.007

P value .230 <.001 <.001 <.001
Triple crossover hop for distance

B -77.44 20.76 9.58 1.76

95% CI —116.80 to —38.07 16.09 to 25.43 7.68 to 11.49 1.32 t0 2.19

P value <.001 <.001 <.001 <.001

“Bolded P values indicate statistical significance. PPT, physical performance test.
bEstimate of female vs male participants.
‘Log-normal distribution for the errors; all other outcomes assumed normal distribution.

sufficient criterion for clearance, there is evidence in this
population that each additional month of rehabilitation
before RTS decreases the risk of second ACL injury by
13%,%?2 a finding corroborated in young adults.'®?° This
has led to evidence-based guidelines recommending that
rehabilitation be pursued for 9 to 12 months in the young,
active population.**?

Although there is agreement that RTS timelines
should likely be extended in children, there is no agree-
ment in the literature about what specific criteria define
a safe cutoff to end rehabilitation and resume sporting
activities.*1* LSI values >90% on hop tests and/or iso-
kinetic quadriceps strength testing are frequently used
criteria,®!® although LSIs have intrinsic limitations,
including baseline limb asymmetries that exist in chil-
dren® and deconditioning of the nonoperative leg after
ACL reconstruction,'”2! which can lead to erroneous

interpretation of LSIs. In this study, we included a popu-
lation of healthy athletic people between the ages of 6
and 18 years in order to develop growth curves that doc-
ument predicted performance on 9 common RTS tests
based on chronological age. This was supported by the
finding that in multivariable regression, age was an
independent predictor of performance on all PPTs. Addi-
tionally, sex was an independent predictor of perfor-
mance in only 2 of 9 PPTs (single-leg hop and triple
crossover hop for distance), eliminating the need for
sex-specific growth curves for the majority of PPTs.
Because our results were generated in a healthy popula-
tion, we cannot draw any conclusions about the predic-
tive value of including norm-based benchmarking in RTS
decision making; however, we expect the data presented
herein to facilitate future prospective studies that specif-
ically address this question.
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Quantile fit plot of Squat Test for Age (holding other covariates constant)
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Figure 2. Quantile regression plots for the squat tests: (A) single-leg squat and (B) single-leg squat on Bosu. The x-axis represents
participant age, and the y-axis represents predicted performance (number of repetitions). Regression curves are shown for the 5th,
10th, 25th, 50th, 75th, 90th, and 95th percentiles. Physical performance test results were modeled using age (the linear term,
centered at the mean age of 12 years, and a quadratic interaction term) and sex as predictors. (A) Clinical use of the growth curve is
demonstrated for male participants. Assume a hypothetical 11-year-old male athlete who performed 50 single-leg squat repeti-
tions during testing. A vertical line is drawn from the “11-year” mark on the x-axis, and a horizontal line is drawn from the “50” mark
on the y-axis. The intersection of these lines falls at the 50th percentile growth curve, informing the clinician that the male
participant performed at the expected 50th percentile for his age.

The sex-specific differences in our data set are interest-
ing. Sex was predictive of performance for only the
single-leg and triple crossover hop for distance. This is
concordant with previously published studies showing that
male athletes outperform female athletes in measures of
lower extremity power,'! including improved performance
on single-leg hop testing in high school-aged male ath-
letes.'® Interestingly, we saw no sex-based differences in
tests that focused on balance (Bosu-based tests and stork
tests), agility (quadrant hops), or muscular endurance
(squat tests). Therefore, during ACL rehabilitation, young
female athletes should be held to the same standards as
male athletes in terms of absolute performance on balance,
agility, and muscular endurance tests. It will be interesting

to see whether these sex-based patterns hold true in a post-
ACL reconstruction clinical cohort, as female sex is a known
predictor of second ACL injury.!?

We were somewhat surprised to find that the PMOS
was so strongly correlated with chronological age (r =
0.86) that chronological age alone could be used for the
predictive regression and quantile analyses. This could
be because of inherent limitations in self-reporting
of pubertal maturation that have been previously
described.'® Unfortunately, Tanner staging for large epi-
demiological studies is both inconvenient and known to be
inaccurate when performed by orthopaedic surgeons.*® In
light of these limitations, we believe that our findings of
strong correlation between self-reported pubertal
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Figure 3. Quantile regression plots for the quadrant hop tests: (A) quadrant hop—clockwise and (B) quadrant hop—counter-
clockwise. The x-axis represents participant age, and the y-axis represents predicted performance (number of repetitions).
Regression curves are shown for the 5th, 10th, 25th, 50th, 75th, 90th, and 95th percentiles. Physical performance test results
were modeled using age (the linear term, centered at the mean age of 12 years, and a quadratic interaction term) and sex as
predictors. These curves represent growth curves for male participants.

maturity and chronological age provide justification for
using chronological age alone in pediatric and adolescent
benchmarking, greatly simplifying the process for future
prospective studies.

In addition to potentially helping guide ACL RTS deci-
sions, our data also have value for the more general
assessment of functional capacity or injury risk in the
pediatric population. Indeed, hop testing and functional
movement screens have been assessed in numerous stud-
ies for their injury prediction abilities, with mixed suc-
cess.'? In fact, the predictive value of these tests was
worse in younger than in older athletes.'? It is possible
that by accounting for age-specific norms described in this
study, PPTs might provide meaningful risk stratification
tools for the pediatric athlete, perhaps even warranting
inclusion in preparticipation physicals.'*

Our study has several limitations, including a compar-
atively small cohort size, a predominance of soccer ath-
letes (approximately 50% of the cohort), and a
narrow geographic distribution of participants, all of
which can affect the external validity of our findings. All
efforts were made to optimize the internal validity via a
single testing surface, a small and consistent group of
assessors, rigorous statistical modeling, and strict inclu-
sion and exclusion criteria. However, given the small sam-
ple, the results should be interpreted with some caution. A
robust population sample is the foundational element in
the establishment of normative values. Therefore, this
study should be viewed as a successful proof of concept for
the feasibility of creating normative growth curves. Given
our analysis, we recommend future large-scales studies be
done to continue the creation of this normative data.
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Figure 4. Quantile regression plots for the linear hop tests: (A) single-leg hop for distance (male participants), (B) single-leg hop for
distance (female participants), (C) triple crossover hop for distance (male participants), and (D) triple crossover hop for distance (female
participants). In each plot, the x-axis represents participant age, and the y-axis represents predicted performance (distance in cen-
timeters). Regression curves are shown for the 5th, 10th, 25th, 50th, 75th, 90th, and 95th percentiles. Physical performance test results
were modeled using age (the linear term, centered at the mean age of 12 years, and a quadratic interaction term) and sex as predictors.

CONCLUSION

In this study, we provided potential benchmarks for clinicians
treating pediatric patients (in particular, those recovering
from ACL reconstruction) to interpret the results of common
PPTs within the context of age- and sex-specific norms. We
hope that these results will serve as a springboard for ongoing
prospective research assessing the value of PPT benchmark-
ing in children and adolescents for risk stratification in vari-
ous clinical settings, including ACL-related return to play.
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APPENDIX
TABLE Al
Multivariable Regression of Physical Performance Test Results as a Factor of Sex and Age®
Physical Performance Test Sex® Age
Stork test’
exp(B) 1.09 1.07
95% CI 0.96 to 1.24 1.04 to 1.09
P value .165 <.001
Stork test on Bosu®
exp(B) 1.14 1.24
95% CI 0.77 to 1.70 1.18 to 1.31
P value 507 <.001
Single-leg squat
B 0.888 1.49
95% CI —5.314 to 3.539 0.82 to 2.15
P value .692 <.001
Single-leg squat on Bosu
B 3.89 2.23
95% CI —1.08 to 8.86 1.52 to 2.94
P value 124 <.001
Quadrant hop—clockwise
B -0.454 3.23
95% CI —4.824 to 3.916 2.59 to 3.87
P value .837 <.001
Quadrant hop—counterclockwise
B -1.60 2.93
95% CI —6.17 to 2.98 2.21 to 3.65
P value .490 <.001
Single-leg hop for distance
B -15.45 5.30
95% CI —24.22 to —6.67 3.79 to 6.80
P value .001 <.001
6-m timed hop
B 0.214 -0.136
95% CI —0.029 to 0.458 —0.185 to —0.087
P value .083 <.001
Triple crossover hop for distance
B -80.94 21.03
95% CI —106.35 to —55.53 16.76 to 25.29
P value <.001 <.001

“Bolded P values indicate statistical significance.

bEstimate of females vs males.

‘Log-normal distribution for the errors; all other outcomes assumed normal distribution.
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