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Background: With sports specialization and level of competition on the rise, anterior cruciate ligament reconstruction (ACLR) in
athletes under the age of 20 has increased significantly in recent years. Reports have demonstrated that the revision ACLR rate is
higher and return to sport (RTS) rate is lower in this population.

Purpose: To evaluate the 2-year clinical outcomes of 3 cohorts of primary ACLR in pediatric and adolescent athletes under the
age of 20 based on skeletal age with a focus on RTS and the incidence of second surgery.

Study Design: Case series; Level of evidence, 4.

Methods: This is a prospective evaluation of 324 athletes younger than 20 years of age who underwent ACLR with minimum
2-year follow-up. The surgical technique was selected predicated on skeletal age, which includes the all-epiphyseal technique
with hamstring autograft in the youngest cohort in elementary and middle school (group 1), the partial transphyseal and complete
transphyseal with hamstring autograft performed for athletes in the middle cohort (group 2), and bone-tendon-bone autograft in
the skeletally mature high school athletes (group 3).

Results: The mean chronological age of the entire cohort was 15 years (range, 8-19 years) with 55% males. The 3 cohorts
included 49 patients (15%) in group 1 (mean age, 12 years), 66 (20%) in group 2 (mean age, 14.3 years), and 209 (65%) in group
3 (mean age, 16.2 years). Group 2 athletes had a significantly higher revision ACLR rate (20%) compared with group 1 (6%; P =
.039) and group 3 (6%; P = .001). Similarly, group 2 athletes had significantly lower RTS rates (85%) compared with group 1
(100%) and group 3 (94%).

Conclusion: The rate of revision ACLR was significantly higher and the RTS rates significantly lower in group 2 compared with
groups 1 and 3. This age-related risk profile may be used to counsel athletes and parents preoperatively regarding the expect-
ations of surgery with respect to revision ACLR and RTS rates.
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With increasing sports specialization and level of competi-
tion, there has been a marked increase in intrasubstance
tears of the anterior cruciate ligament (ACL) in both the
pediatric and adolescent populations.6,13,29,33 Dodwell
et al14 demonstrated that the rate of ACL reconstruction

(ACLR) in the young and adolescent population in New
York State increased from 17.6 per 100,000 people in 1990
to 50.9 per 100,000 people in 2009. Werner et al41 used
a national database to evaluate 44,000 pediatric and adoles-
cent patients with an ACL tear from 2007 to 2011 and noted
a 15.7% increase in ACLR rates in the 15- to 19-year-old
cohort and a 27.6% increase in the 10- to 14-year-old cohort.

Skeletally immature athletes with an ACL tear histori-
cally have been treated with initial nonoperative manage-
ment followed by an adult-type reconstruction once
skeletal maturity is reached.15 Studies have shown poor
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results with initial nonoperative management of this pop-
ulation, reporting long-term chondral and meniscal dam-
age and instability and diminished rates of return to
sport (RTS).17,26,30 Ramski et al38 reported in a recent
meta-analysis that multiple trends favored early surgical
stabilization over nonoperative or delayed treatment. As
a result, a consensus is that for this young cohort of
high-risk athletes, early surgical management is the treat-
ment of choice.

Regardless of the technique (physeal sparing, all-
epiphyseal, partial transphyseal, and complete transphy-
seal), ACLR performed in the skeletally immature athlete
has the potential to cause growth disturbances.7,11,17,25,38

Shifflett et al39 reported on a series of skeletally immature
athletes treated by experienced surgeons using a complete
transphyseal technique; the cases were complicated by
growth disturbances and required subsequent surgery.
Koch and colleagues25 reported on a series of skeletally
immature athletes treated with epiphyseal reconstruction
and found a 50% incidence of growth disturbance. To dimin-
ish the risk of growth disturbance in this young cohort of
high-risk, skeletally immature athletes, a menu of recon-
struction techniques has been developed.15,26,27,31,33 When
the skeletal age of the patient has been determined by 1
of several methods,20 it can be used to estimate the amount
of growth remaining. This information is then used to deter-
mine which reconstruction technique is most appropriate to
diminish the potential for growth disturbances, including
leg-length discrepancy and angular deformity.15

Based on the skeletal age and growth remaining, these
techniques can be broken down into 3 categories: physeal
sparing with a combined intra-articular and extra-articular
reconstruction (modified MacIntosh)26,44 and all-epiphyseal
reconstruction2,3,10-12,31,33 for prepubescent patients with sig-
nificant growth remaining, partial or complete transphyseal
reconstruction for young adolescents,6,27,32 and adult recon-
struction techniques such as bone-tendon-bone autograft for
older adolescents at or near skeletal maturity.13,15,23

ACLR techniques for the skeletally immature population
have shown reasonable outcomes with minimal complica-
tions,2,7,11-13,26,27,35 although second-surgery rates are highest
and RTS rates are lowest among these young athletes.15,23

The Multicenter Orthopaedic Outcomes Network (MOON)
cohort has reported significantly higher rates of graft failure
in younger patients compared with adults.23 Furthermore, it
has been shown that younger age is a risk factor not only for
rerupture of the reconstructed ACL graft but also for

a contralateral ACL injury.13,19,23,24 Thus, the general
assumption has been that the younger the athlete, the higher
the risk for reinjury. Evidence suggests, however, that the
youngest cohort of athletes with the greatest amount of
remaining growth may have better outcomes.9,11,12,26,44

The purpose of this study is to evaluate the clinical out-
comes of 3 cohorts of primary ACLRs in pediatric and ado-
lescent athletes under the age of 20 based on skeletal age,
school grade distribution, and ACLR technique, with
a focus on RTS and incidence of second surgery with a min-
imum of 2-year follow-up.

METHODS

After the institutional review board approved this study,
332 athletes under the age of 20 were prospectively evalu-
ated after primary ACLR in the senior authors’ (F.A.C.,
D.W.G.) practice with a focus on pediatric and adolescent
ACLR. The index ACLR was performed between 2011
and 2016. Athletes were included in this prospective anal-
ysis if they were indicated for a primary ACLR based on
their history, activity profile, and physical examination
and imaging findings. The study excluded patients with
previous ipsilateral knee surgery; those indicated for revi-
sion ACLR, multiligamentous knee reconstruction, or
extra-articular augmentation (iliotibial band tenodesis);
and those with a modified MacIntosh procedure.

For each patient, demographics, injury, sport, and sur-
gery information were collected as part of the routine intake
assessment. Preoperative imaging included knee radio-
graphs (anteroposterior [AP], lateral, and Merchant views)
and magnetic resonance imaging (MRI) to assess for con-
comitant injuries. Skeletally immature athletes (groups 1
and 2) were also assessed with preoperative standing hip
to ankle and posteroanterior left-hand radiographs. Demo-
graphics included sex as well as chronological age (all
groups) and skeletal age (groups 1 and 2), height, and
weight at the time of surgery. Surgical information included
the type of graft and reconstruction technique used, size of
graft, and additional procedures performed for associated
injury or abnormality.

Patients were divided into 3 cohorts (groups 1-3) based
on their skeletal age and remaining growth potential. Skel-
etal age was determined with the Greulich and Pyle
method as well as the Shorthand Bone Age Assessment.20

Group 1 included prepubescent athletes with 3 to 6 years of
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growth remaining who were typically in elementary or mid-
dle school through seventh grade. For this cohort, the all-
epiphyseal (AE) technique was used.3,31,33 An all-inside,
AE reconstruction was performed by use of a multistrand
hamstring autograft with suspensory fixation on the femur
and the tibia (Figure 1). Group 2 included a young adoles-
cent cohort with 2 to 3 years of growth remaining as evi-
denced on radiographs and MRI by the presence of an
open distal femoral physis and the beginning of closure
involving the central portion of the proximal tibial physis.
Group 2 athletes were typically in the eighth or ninth grade.
For this cohort, the partial transphyseal (PTP) and complete
transphyseal (CT) techniques were used (Figures 2 and 3).
A similar all-inside reconstruction was performed by use
of a multilimb hamstring autograft with suspensory fixation
on both the femur and tibia. The decision to proceed with
complete versus partial transphyseal reconstruction was
determined based on the skeletal age and physeal status
of the distal femur. If the patient had significant growth
remaining on the femur, an epiphyseal socket was used on
the femoral side, with a transphyseal socket used on the
proximal tibial side. Group 3 included a skeletally mature
cohort of athletes who were typically in high school or col-
lege. For this cohort, the complete transphyseal reconstruc-
tion with bone-tendon-bone (BTB) autograft was used. The
complete transphyseal technique performed for groups 2
and 3 was the same with regard to socket trajectory and
aperture location; the only difference was related to graft
choice (hamstring autograft and BTB, respectively) and
the associated fixation method.

Each athlete was routinely evaluated at the following
postoperative time periods: 10 days and 1, 3, 4.5, 6, 9, 12,
18, and 24 months. At the first postoperative visit, routine
AP and lateral radiographs of the knee were obtained to
assess for appropriate location of the tunnels, sockets,
and hardware. At each follow-up visit, all athletes were
assessed clinically. All skeletally immature athletes were
evaluated with standing radiographs and MRI every 6
months until reaching skeletal maturity.

All patients were included in the study if they had at
minimum 2 years of follow-up. Any patient who required
a second surgery before reaching the 2-year follow-up time
point was included in the study. When the athletes required
a second surgical procedure, they were categorized into the
following groups: revision ACLR, contralateral ACLR, and
ipsilateral second surgery excluding revision. Excluding
revision ACLR, ipsilateral second surgery subcategories
included meniscal repair, partial meniscectomy, debride-
ment and lysis of adhesions, hardware removal, and hemi-
epiphysiodesis. If multiple procedures were performed at
the time of a second surgery, only the most significant pro-
cedure was considered and categorized. All patients were
followed annually until skeletal maturity.

All athletes in groups 1 through 3 used a routine guide-
line established by our institution during the first 4 to 6
months of outpatient physical therapy; thereafter, their
care was coordinated with athletic trainers associated

Figure 1. The all-epiphyseal technique using a hamstring
autograft.

Figure 2. The partial transphyseal technique using a ham-
string autograft.

Figure 3. The complete transphyseal technique using a ham-
string autograft.
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with their teams or in their local communities. The progres-
sion of rehabilitation was based on quantitative and qualita-
tive benchmarks that the athletes were required to reach
before they were provided with RTS clearance. This concept
of using a neuromuscular assessment to address modifiable
risk factors before clearing an athlete for RTS has been
reported previously by several investigators.18,34,36 After
RTS clearance had been achieved, the athletes were ques-
tioned at all subsequent visits regarding the types of sports
and levels of competition in which they were participating.

Statistical Analysis

Continuous variables were reported as means and SDs,
while discrete variables were reported as frequencies and
percentages. One-way analysis of variance was used to
compare differences in continuous variables between sur-
gical techniques, with Bonferroni technique to adjust for
multiple pairwise comparisons. Chi-square analyses were
used to compare percentages of discrete variables between
surgical techniques. After the analysis of inferential statis-
tics, multivariate logistic regression models were used to
identify potential risk factors for ipsilateral revision and
contralateral ACLR. Variables analyzed in the regression
models included age, sex, surgical technique, concomitant
meniscal procedure, and return to a high-risk sport the
patient had played before injury (high risk defined as foot-
ball, soccer, lacrosse, and basketball). Those variables that
achieved a P value of .05 or lower were considered statisti-
cally significant. Variables in the regression models that
did not achieve statistical significance were retained and
adjusted for in the final models. All analyses were per-
formed by use of SPSS version 23.0 (IBM Corp).

RESULTS

Of the original 332 patients prospectively evaluated, 301
patients had more than 2 years of follow-up and thus were
included in the study (91%). Twenty-three patients required
a second surgery before reaching the 2-year follow-up time
point and were included in the study, because the senior
authors (F.A.C., D.W.G.) determined that excluding those
patients would spuriously decrease the rates of revision
ACLR, contralateral ACLR, and ipsilateral second surgery
and increase the rates of RTS. Eight patients (2.4%) were
lost to follow-up. The results of this study therefore represent
a cohort of 324 of the original 332 athletes (97.6%) eligible for
this study.

A total of 324 athletes under the age of 20 who under-
went primary ACLR composed the study cohort for final
analysis. The mean chronological age of the study cohort
was 15.1 6 2.2 years (range, 8-19 years). Males comprised
55% of the cohort, while females accounted for 45%. Group
1 (AE) included 49 athletes (15%) with a mean skeletal age
of 12.0 6 1.5 years (range, 8-16 years). Group 2 (CT/PTP)
included 66 athletes (20%) with a mean skeletal age of
14.3 6 1.3 years (range, 12-17 years). Within this group
of 66 athletes, 23 were treated with a PTP ACLR and 43
were treated with a CT ACLR. Group 3 (BTB) included

209 athletes (65%) with a mean chronological age of 16.2
6 1.8 years (range, 12-20 years) (P \ .001). The school
grade distributions were collected for groups 1 and 2. The
median school grades for groups 1 and 2 were sixth grade
and ninth grade, respectively. Group 3 athletes were skel-
etally mature and were older high school or college stu-
dents. The mean postoperative duration of follow-up was
3.25 years (range, 2-7 years).

Comparison of patient and clinical characteristics
between study cohorts can be found in Table 1. The per-
centage of female athletes was statistically different
between the 3 groups, with 9 female athletes (18%) in
group 1, 21 female athletes (32%) in group 2, and 117
female athletes (56%) in group 3 (P \ .001). With regard
to mechanism of injury, no difference was found between
the 3 groups, with 30 athletes (88%), 39 athletes (74%),
and 137 athletes (84%), respectively, sustaining noncon-
tact mechanisms of injury (P = .156).

At the time of initial surgery, 185 (57%) of the athletes had
meniscal tears. Of these athletes, no difference was found
between the 3 groups regarding the percentage who under-
went partial meniscectomy (P = .302) (Table 1). A statistical
difference was noted in the percentage of patients who under-
went meniscal repair, with 13 athletes (27%) in group 1, 35
(53%) in group 2, and 104 (50%) in group 3 (P = .007). The
graft sizes in group 2, comprising the CT and PTP reconstruc-
tions, were statistically larger at 9.9 6 0.9 mm (range, 7.5-
11.5 mm) compared with the group 1 AE reconstructions at
9.0 6 1.0 mm (range, 7.0-10.5 mm) (P \ .001).

The most common sporting activities at the time of
injury were basketball, football, skiing, soccer, and lacrosse
(Table 2). A difference was found between the 3 groups
with respect to the number of athletes who played football
(P = .013) at the time of injury. No statistically significant
difference was found between the other sporting activities.

At the time of latest clinical follow-up (Table 3), a signifi-
cantly different rate of revision ACLR was found between
groups (P = .002). After adjustment for multiple comparisons,
post hoc analysis showed a significantly higher revision rate
in group 2 at 20% compared with group 1 at 6%
(P = .039) and group 3 at 6% (P \ .001). Within group 2,
the failure rate was not significant for PTP (6/23) versus
CT (7/43) (P = .340). No statistical difference was found
between the 3 groups in the rate of contralateral ACLR at
10%, 17%, and 11% (P = .423). No statistical difference was
noted between the 3 groups in the rates of second ipsilateral
surgery excluding ACLR at 14%, 11%, and 9%, respectively
(P = .552). For group 1, these additional procedures included
1 meniscectomy, 1 meniscal repair, 2 lysis of adhesions, 1
hardware removal, and 2 hemiepiphysiodeses. For group 2,
this included 1 meniscectomy, 3 meniscal repairs, 1 debride-
ment, 1 hardware removal, and 1 hemiepiphysiodesis; for
group 3, 5 meniscectomies, 4 meniscal repairs, 7 debride-
ments, 2 lysis of adhesions, and 1 hardware removal. Of
the patients who underwent meniscal repair at the time of
initial ACLR, no difference was found between the 3 groups
in regard to the number of patients who underwent an addi-
tional surgery for repeat meniscal repair (P = .533) or subse-
quent partial meniscectomy (P = .929). The average time to
any subsequent procedure was 18.3 6 12 months. No
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difference was noted between the 3 groups regarding the
time to a subsequent procedure (P = .955).

When participants were separated based on sex (Table
3), a statistically higher rate of revision ACLR was found
for males between groups (P = .003). After adjustment for
multiple comparisons, post hoc analysis showed a signifi-
cantly higher revision ACLR rate in group 2 at 24% com-
pared with group 1 at 8% (P = .045) and group 3 at 5%
(P = .0036). No difference was found in rates of revision
ACLR for females between groups (P = .491). No difference
was found for the contralateral ACLR rates for either
males (P = .455) or females (P = .245).

The RTS rate (Table 4) was higher in group 1 (100%) and
group 3 (94%) compared with group 2 (85%) (P = .005). The
rate of RTS at the same level of competition as preinjury
was 92% in group 1 and 80% in group 3 compared with
74% in group 2; however, this did not quite reach statistical
significance (P = .057). The patients in group 2 who were not
able to return to sport included 4 athletes who decided not
to participate in competitive sports postoperatively, 1 ath-
lete who could no longer play sports due to 2 concussions,
3 athletes who could not participate due to multiple subse-
quent procedures, 1 athlete who had a reinjury before being
cleared, and 1 athlete who had a persistently stiff knee and

TABLE 1
Demographics for the 3 Groupsa

Group 1 (AE) Group 2 (CT/PTP) Group 3 (BTB)

Characteristic n Mean SD n Mean SD n Mean SD P Value

Skeletal age groups 1 and 2 and chronological age group 3, y 49 12.0 1.5 66 14.3 1.3 209 16.2 1.7 \.001
Body mass index 30 19.2 2.3 47 22.2 3.6 146 22.9 3.1 \.001
Length of follow-up, mo 49 41.4 15.9 66 36.6 12.2 209 38.9 16.7 .272
Time to subsequent surgery, mo 11 19.4 13.2 24 18.3 8.8 46 18.2 12.7 .955
Graft diameter, mm 46 9.0 1.0 63 9.9 0.9 NA NA NA \.001

Total n % Total n % Total n %

Side
Right 49 26 53 66 34 52 209 105 50 .933
Left 49 23 47 66 32 48 209 104 50

Sex
Male 49 40 82 66 45 68 209 92 44 \.001
Female 49 9 18 66 21 32 209 117 56

Mechanism of injury
Noncontact 34 30 88 53 39 74 164 137 84 .156
Contact 34 4 12 53 14 26 164 27 16

Level of sport
Elementary and middle school 49 43 88 66 22 32 209 9 4 \.001
High school 49 3 6 66 40 61 209 151 72
College 49 0 0 66 1 2 209 39 19
Recreational 49 3 6 66 3 5 209 10 5

Additional procedures
Meniscal repair 49 13 27 66 35 53 209 104 50 .007
Meniscectomy 49 2 4 66 7 11 209 24 11 .302

aAE, all-epiphyseal; BTB, bone-tendon-bone; CT, complete transphyseal; NA, not applicable; PTP, partial transphyseal.

TABLE 2
Sports Played at Time of Injury in the 3 Groupsa

Group 1 (AE) (n = 49) Group 2 (CT/PTP) (n = 66) Group 3 (BTB) (n = 209)

Sport n % n % n % P Value

Basketball 4 8 8 12 42 20 .071
Football 10 20 11 17 16 8 .013b

Ski 6 12 3 5 9 4 .085
Soccer 12 24 13 20 71 34 .060
Lacrosse 5 10 16 24 35 17 .136
Nonathletic/other sports 12 24 15 23 37 18 .446

aAE, all-epiphyseal; BTB, bone-tendon-bone; CT, complete transphyseal; PTP, partial transphyseal.
bP \ .05.
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could therefore not participate. The athletes who did not
return to sport in group 3 included 3 athletes who were
unable to return as they retore their grafts before receiving
appropriate RTS clearance and 10 athletes who decided to
focus on academics.

Results of the multivariate logistic regression analyses
can be found in Tables 5 and 6. The technique used, age,

female sex, subsequent meniscal repair or meniscectomy,
and return to high-risk sport as inputs for the model. For
the outcome of revision ipsilateral ACLR (Table 5), group
2 (CT/PTP) athletes were more than 4 times more likely
to have a revision ACLR compared with group 3 (BTB) ath-
letes (odds ratio [OR], 4.21; 95% CI, 1.09-16.3; P = .037).
Athletes who returned to a high-risk sport were almost 2

TABLE 3
Second Surgery Rates in the 3 Groupsa

Group 1 (AE) Group 2 (CT/PTP) Group 3 (BTB)

Total n % Total n % Total n % P Value

Revision ACL rate
Total 49 3 6 66 13 20 209 12 6 .002b

Males 40 3 8 45 11 24 92 5 5 .003b

Females 9 0 0 21 2 9.5 117 7 6 .491
Second ipsilateral surgery (excluding revision ACLR)

Total 49 7 14 66 7 11 209 19 9 .552
Contralateral ACL rate

Total 49 5 10 66 11 17 209 23 11 .423
Males 40 4 10 45 5 11 92 5 5 .455
Females 9 1 11 21 6 29 117 18 15 .245

aACL, anterior cruciate ligament; ACLR, ACL reconstruction; AE, all-epiphyseal; BTB, bone-tendon-bone; CT, complete transphyseal;
PTP, partial transphyseal.

bP \ .05.

TABLE 4
Return to Sport in the 3 Groupsa

Group 1 (AE) Group 2 (CT/PTP) Group 3 (BTB)

Total n % Total n % Total n % P Value

Return to sport 49 49 100 66 56 85 209 196 94 .005b

Return to same level as before surgery 49 45 92 66 49 74 209 167 80 .057

aAE, all-epiphyseal; BTB, bone-tendon-bone; CT, complete transphyseal; PTP, partial transphyseal.
bP \ .05.

TABLE 5
Multivariate Logistic Regression: Ipsilateral Revision ACLRa

Variable Group Odds Ratio

95% CI

P ValueLower Upper

Technique CT/PTP 4.21 1.09 16.3 .037c

(Ref: BTB) AE 1.05 0.10 10.68 .964
Age Years 0.95 0.66 1.36 .775
Sex Female 0.96 0.31 2.97 .938
Additional procedures Meniscal repair 1.09 0.40 2.97 .866

Meniscectomy 0.51 0.06 4.18 .528
Returned to prior sport? High riskb 1.95 0.60 6.34 .268

aACLR, anterior cruciate ligament reconstruction; AE, all-epiphyseal; BTB, bone-tendon-bone; CT, complete transphyseal; PTP, partial
transphyseal.

bAthletes returned to the high-risk sport that they had played before injury (football, soccer, lacrosse, basketball).
cP \ .05.
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times as likely to have a subsequent revision ACLR com-
pared with athletes who did not return to this level of sport
(OR, 1.95; 95% CI, 0.60-6.34); however, this was not statis-
tically significant. For the outcome of contralateral ACLR
(Table 6), female athletes were nearly 3 times more likely
to have a contralateral ACLR compared with male athletes
(OR, 2.80; 95% CI, 1.11-7.06; P = .029).

DISCUSSION

Increased participation in competitive sports and the trend
to start sporting activities at an early age have been accom-
panied by a significant increase in the rate of ACL tears
and reconstructions.14 Although historically these injuries
were managed nonoperatively until skeletal maturity to
avoid potential growth disturbances, studies have shown
that delayed treatment results in significant meniscal
and articular cartilage abnormality and subsequent poor
outcomes.15,30,38 With the development of reconstruction
techniques tailored for the skeletally immature athlete,
the trend has moved toward early surgical treatment of
these young athletes.2,7,27,31,33 Ramski et al38 performed
a meta-analysis of nonoperative versus operative treat-
ment that included 11 studies and nearly 600 patients.
The authors concluded that early surgical stabilization
was favored over nonoperative and delayed treatment
due to unacceptable levels of recurrent instability and
functional deficits. Some clinicians recommend an initial
period of nonsurgical treatment consisting of a focused
and high-quality rehabilitation program, reserving surgi-
cal treatment for those patients who do not respond to
rehabilitation and bracing alone.22

The literature would lead one to conclude that surgery
is considered the treatment in this young cohort of high-
risk athletes. However, each surgical technique that has
been used to manage skeletally immature athletes with
ACL tears carries potential complications of growth distur-
bance. The literature is notable for small series or case
reports of growth disturbances in this context. Shifflett
et al39 reviewed a series of 4 patients treated with CT

ACLR using hamstring autografts. Two patients developed
genu valgum and 2 patients developed tibial recurvatum.
One patient underwent distal femoral guided growth, 2
patients were treated with proximal tibial epiphysiodesis,
and 1 patient was skeletally mature at the time of presen-
tation and elected to defer treatment. Koch and col-
leagues25 reported on a series of 12 skeletally immature
patients treated with an AE ACLR. Six (50%) of these
patients demonstrated overgrowth and 2 of these 6
patients had greater than 20 mm of overgrowth. Cordasco
et al11 reported a series of 23 AE ACLRs and found over-
growth of more than 5 mm and less than 20 mm in 6 cases
(26%). Studies have reported the relative safety of these
surgical techniques when performed appropriately given
the athlete’s skeletal age.# In a meta-analysis that
reviewed 55 articles reporting on 935 patients, Frosch
et al17 noted that the weighted rate of leg-length differen-
ces or axis deviations was 1.8%. Nawabi et al35 performed
a physeal-specific MRI technique to quantify the zone of
physeal injury after AE and PTP techniques and concluded
that these reconstructions result in minimal growth plate
compromise that does not approach the published thresh-
olds for growth arrest. The current series included 3 ath-
letes who required a second surgery as a result of
a growth disturbance, and these were all managed with
a hemiepiphysiodesis. As noted in the Results section,
this included 2 athletes in group 1 and 1 athlete in group
2. The hemiepiphysiodesis was indicated for progressive
valgus malalignment as a result of compromise of the lat-
eral aspect of the distal femoral physis during the creation
of the femoral socket. These 3 athletes comprise 2.6% of the
115 skeletally immature athletes in groups 1 and 2. Our
experience has demonstrated that these growth disturban-
ces are identified within the first 6 to 18 months during our
standardized routine follow-up including standing radio-
graphs and MRI. At minimum 2 years’ follow-up, we
have not identified additional athletes with growth distur-
bances warranting a second surgery. Nevertheless, we
have subsequently introduced advanced imaging

TABLE 6
Multivariate Logistic Regression: Contralateral ACLRa

Variable Group Odds Ratio

95% CI

P ValueLower Upper

Technique CT/PTP 2.28 0.73 7.1 .155
(Ref: BTB) AE 1.23 0.21 7.27 .819
Age Years 0.96 0.72 1.28 .758
Sex Female 2.80 1.11 7.06 .029c

Additional procedures Meniscal repair 0.47 0.21 1.09 .080
Meniscectomy 0.96 0.25 3.64 .950

Returned to prior sport? High riskb 1.42 0.58 3.43 .433

aACLR, anterior cruciate ligament reconstruction; AE, all-epiphyseal; BTB, bone-tendon-bone; CT, complete transphyseal; PTP, partial
transphyseal.

bAthletes returned to the high-risk sport that they had played before injury (football, soccer, lacrosse, basketball).
cP \ .05.

#References 2, 6, 7, 11, 12, 17, 26, 27, 35.
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intraoperatively using a Ziehm imaging system, which we
believe will lower these potential complications to as close
to zero as possible. We continue to follow all skeletally
immature athletes until they reach skeletal maturity.

The skeletal age of the athlete is used to determine the
reconstruction that is most appropriate while minimizing
the risk for physeal damage and potential growth disturban-
ces that include angular deformities (valgus and recurvatum)
or leg-length discrepancies.15 The Greulich and Pyle method
has traditionally been used to assess skeletal age, and more
recently the Shorthand Bone Age Assessment has been intro-
duced to simplify this determination; the current series of
athletes were evaluated with the Shorthand Bone Age
Assessment.20 The menu of surgical options include the mod-
ified MacIntosh popularized by Kocher et al26 and the trans-
epiphyseal reconstruction originally described by Anderson2,3

and more recently modified and referred to as the AE recon-
struction,10,11,31,33 the PTP reconstruction,32 and the CT
reconstruction.6,27 A recent review of current concepts pro-
vided a proposed treatment guideline for selecting 1 of these
options predicated upon skeletal age.15

The more recently published reports regarding the out-
comes of ACLR in the skeletally immature athlete have gen-
erally reviewed the experience of a given surgical technique
in a select population of patients. Kocher et al26 reported the
results of the modified MacIntosh in 2005. Those authors
reviewed a series of 44 skeletally immature patients with
a mean chronological age of 10.3 years. The overall second
surgery rate was 13.6% (6/44), with 2 (4.5%) of these 6
patients requiring revision ACLR. Willimon et al44 reported
a series of 21 male patients with a mean chronological age of
11.8 years treated with what was termed the ‘‘Micheli
reconstruction.’’ Six (29%) of the 21 patients required reop-
eration, 3 (14%) of whom required revision ACLR.

Several reports have been published regarding the AE
ACLR.2,7,11,12 Anderson3 provided a preliminary report in
2004 on a series of 12 patients with an average age of
13.3 years treated with a transepiphyseal ACLR with ham-
string autograft. The investigator found no growth distur-
bances, the KT-1000 arthrometer result was 1.5 mm, and
International Knee Documentation Committee score aver-
aged 96.5, with 7 patients rated normal and 5 patients
rated nearly normal. Subsequently, several reports from
multiple centers have demonstrated rates of revision
ACLR ranging from 4.3% to 15%.7,11,12,25 In only 1 of these
reports did the authors discuss the RTS in detail.11 Cor-
dasco et al11 published a series of 23 AE ACLRs (average
skeletal age for females was 11.3 years and for males
was 12.6 years) that used a hamstring autograft and noted
that 1 patient (4.3%) required a revision ACLR and the
RTS rate was 96% (21/23). The group from Children’s Hos-
pital of Philadelphia, reporting a series of 103 patients
with an average age of 12.1 years who underwent AE
ACLR, noted rerupture in 11 of 103 (10.7%).12

The outcomes of PTP and CT ACLR in skeletally imma-
ture athletes have been published by several authors, who
reported rates of revision ACLR ranging from 3.4% to
11%.6,27,32 Lipscomb and Anderson32 described a series of
24 athletes with an age range from 12 to 15 years who
were managed with a PTP (transphyseal tibial tunnel and

all-epiphyseal femoral tunnel). The athletes were followed
for an average of 35 months, and outcomes demonstrated
16 excellent results, 7 good results, and 1 fair result. Revi-
sion ACLR was not required in any of the 24 athletes, and
1 case of a growth disturbance was noted. Calvo et al6 pub-
lished a 10-year follow-up of 27 skeletally immature
patients with an average age of 13 years and noted that 3
patients (11%) required a revision ACLR. Kocher et al27

reported a series of 59 patients who had undergone CT
ACLR with hamstring autograft with a mean chronological
age of 14.7 years and average follow-up of 3.6 years. The
authors noted that 8 patients required a second surgery
(13.6%) and that 2 revision ACLRs were required (3.4%).

We believe there are 2 primary outcomes that signifi-
cantly affect young athletes after ACLR; the first relates
to the incidence of second surgery and the second is RTS.
There are 2 causes for a second surgery that have the
greatest effect on the athlete: One is ipsilateral graft fail-
ure and the attendant need for revision ACLR, and the
other is a contralateral ACL injury. Other etiological fac-
tors are related to the need for second surgery, and these
include meniscal surgery (repair or partial meniscectomy,
which may indicate an intact but functionally deficient
graft), hardware removal, postsurgical loss of motion and/
or arthrofibrosis, infection, and, in skeletally immature
athletes, the possible need for surgery related to growth
disturbances (epiphysiodesis, implant-mediated guided
growth, osteotomy, and limb lengthening).

The incidence of either an ipsilateral graft failure or con-
tralateral ACL injury in this population of high-risk athletes
under the age of 20 years has been reported to range as high
as 21% to 32%.13,36,40,42 In a study that reviewed 84 athletes
younger than 18 years, Dekker et al13 found a risk of sub-
sequent ACL tear of 32% (19% ipsilateral and 13% contrala-
teral). In a systematic review, Wiggins et al42 reported a 21%
rate of second ACL reinjury in patients younger than 25
years with ipsilateral retears (10%) and contralateral ACL
tears (11%). In those patients younger than 25 who also
returned to sport, the second ACL injury rate was 23% (ipsi-
lateral rate of 10% and contralateral rate of 12%). These sec-
ond injuries were found to occur early after the athlete was
cleared for return to play. In addition, Wiggins et al42 noted
that this high rate of post-ACLR reinjury after RTS equates
to a 30 to 40 times greater risk of an ACL injury compared
with an uninjured adolescent cohort. In a recent systematic
review and meta-analysis that included 20 studies and 717
athletes, Kay et al24 reported a 27% rate of second injury
in the form of either a ruptured graft or contralateral ACL
tear. Webster et al40 reported on 561 patients with mean
4.8-year follow up. Those patients younger than 20 years at
the time of surgery were 6 times more likely to sustain a graft
retear than were the patients who were older than 20. In the
under-20 group, 29% had a graft retear or contralateral ACL
injury. Kaeding et al,23 reporting for the MOON group, noted
that the odds of an ipsilateral ACL retear decreased by 0.09
for every yearly increase in age. Unfortunately, many of
these studies lack details regarding the surgical technique
used in the skeletally immature cohort (AE, PTP, CT, etc)
and do not stratify rates of ipsilateral and contralateral
injury based on the type of ACLR.
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The second primary outcome for this young cohort of
high-risk athletes is RTS. The literature varies somewhat
with respect to RTS among post-ACLR patients and ath-
letes.4,6,12,15,23 Ardern et al4 performed a systematic review
and meta-analysis including 69 articles and 7556 patients
and reported that on average 81% of patients returned to
any sport, 65% returned to their preinjury level of sport,
and 55% returned to a competitive level sport after
ACLR. The RTS outcomes after ACLR for skeletally imma-
ture athletes have reportedly been slightly better than
RTS outcomes for their adult counterparts.9,13,18,24 Chicor-
elli and colleagues9 at Boston Children’s Hospital reported
a 96% RTS among 75% (250/333) of skeletally immature
athletes who responded to a survey. Graziano et al18

reported an 83% RTS among a group of 42 skeletally imma-
ture athletes after AE and PTP ACLR. Dekker and col-
leagues13 at Duke University reviewed a series of 85
patients who were younger than 18 years (77% of whom
had open physes) and found a 91% RTS. The authors dem-
onstrated a correlation between earlier RTS and the risk of
subsequent ACL injury. Kay et al,24 in a systematic review
and meta-analysis that included 20 studies and 1156 ath-
letes, reported a pooled 92% rate of return to any sport
and a pooled 78.6% rate of return to preinjury level of
sport. Investigators have also reported on the interval of
time between index ACLR, RTS, and reinjury.19,34,36

Paterno et al36 demonstrated an increased rate of second
ACL injury (both ipsilateral graft injury and contralateral
ACL injury) within the first 2 years (especially for females)
and found that 30% of injuries occurred within 20 games
after return to play. Nagelli and Hewett34 advocated defer-
ring return to competitive sports for at least 2 years to
diminish the recurrent and contralateral ACL injury
rate. Hamrin Senorski et al19 suggested that modifying
the treatment, rehabilitation, and RTS after pediatric
and adolescent ACL injury may be necessary to account
for the risks associated with returning to pivoting and
strenuous sports.

Our prospective study is unique in that this population of
324 patients under the age of 20 represents 3 separate
cohorts of athletes who have been grouped by skeletal age,
school grade distribution, surgical technique, and graft
selection. They were treated at the same institution by the
senior authors with a standardized surgical guideline, reha-
bilitation, and RTS program. The data that were evaluated
included demographics, sports participation distribution,
revision ACLR, contralateral ACLR, other conditions
requiring a second surgery, and RTS. The preoperative
workup was the same for the 3 groups with the exceptions
that for the skeletally immature groups 1 and 2, preopera-
tive imaging included a posteroanterior radiograph of the
left hand, standing 3-joint radiographs, and a physeal-
specific MRI and postoperative imaging included standing
3-joint radiographs and physeal-specific MRI every 6
months until these athletes achieved skeletal maturity.
All 3 groups were treated postoperatively with the same
rehabilitation guideline and were evaluated with the same
RTS process before being cleared to return to competition.
Our principal outcomes of interest were revision ACLR, con-
tralateral ACLR, and RTS.

In this series, the athlete’s skeletal age determined the
choice of surgical technique, but the grade levels demarcated
the 3 surgical cohorts as well, with only a few outliers. For
group 1, the mean skeletal age was 12 years and the median
school grade distribution was sixth grade, whereas for group
2, the mean skeletal age was 14.3 years and the median
school grade distribution was ninth grade. In this series,
grade level can also be used to group these athletes with
respect to surgical technique for the purpose of discussion.
In group 1, the AE reconstruction with hamstring autograft
was performed for those athletes in elementary school and
early middle school through seventh grade. For group 2 ath-
letes, the PTP and CT reconstruction with hamstring auto-
graft was performed. The majority of athletes in group 2
were in the eighth and ninth grades. The CT reconstruction
with BTB autograft in the skeletally mature high school and
collegiate athlete composed group 3.

The revision ACLR rate of 6% for group 1 (3/49) and
group 3 (12/209) in this series compares favorably with
rates in the literature.11,12,23,31,36,40,42 We believe this is
one of the first reports to clearly demonstrate that younger
patients who undergo an AE ACLR with a hamstring auto-
graft have a lower reinjury rate than older children treated
with a PTP or CT hamstring autograft technique.

Group 2 athletes demonstrated a significantly higher
revision ACLR rate of 20% (13/66, P = .002) compared
with groups 1 and 3. In addition, group 2 athletes demon-
strated a more than 4 times increased risk of sustaining
a revision ACLR as group 3 athletes. Although a 20% revi-
sion ACLR rate may be consistent with some reports in the
literature,13,40,42 it is also higher than rates in other pub-
lished series.6,27 Our study provides compelling data in
that 1 in 5 of these young athletes, who are bridging middle
school and high school, will likely miss an additional 9
months or more, which will affect adolescent development
and sports participation.29 In addition, this second injury
will likely influence the long-term natural history of the
affected knee.13 Female athletes were nearly 3 times
more likely to sustain a contralateral ACLR than were
male athletes, which is consistent with reports in the liter-
ature.36 Excluding revision ACLR, the rate of second ipsi-
lateral surgery between the 3 groups was not statistically
significant and was consistent with that published in the
literature, as noted above.

The potential cause for the higher rate of revision ACL
in group 2 may be the result of multiple factors, which
include surgical technique (AE, PTP/CT, CT BTB), graft
choice (hamstring autograft for groups 1 and 2, BTB auto-
graft for group 3), and school grade level as it relates to the
level of competition and the physical and sport-specific
development of the athlete.

The surgical techniques are clearly different between
groups 1 and 2 with respect to socket trajectory; however,
both techniques used an all-inside approach with adjust-
able loop buttons for suspensory fixation. Groups 1 and 3
also underwent clearly different surgical approaches using
different grafts, and yet they had similar revision ACLR
rates (6%). Some overlap was found between groups 2
and 3 in that 43 of the 66 athletes in group 2 (65%) had
a CT approach, which was no different than the CT
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approach performed for the group 3 athletes with respect
to the surgical technique and trajectory of the sockets (per-
formed via an anteromedial portal with a flexible reamer).
The senior authors chose not to use more vertical trans-
physeal sockets for group 2 CT athletes, and thus the
same approach was used as for the group 3 athletes. These
points would suggest that the surgical technique differen-
ces are not likely to explain the significantly poor outcomes
noted in group 2 athletes.

The graft choice was the same for groups 1 and 2. The
average graft diameter was smaller for group 1 than for
group 2 (9.0 mm vs 9.9 mm, respectively; P \ .001), yet the
revision ACLR rates were significantly different (6% vs
20%, respectively). Group 3 athletes received what some
investigators (including our group) would argue is the pre-
ferred BTB autograft for skeletally mature, high-risk ath-
letes under 25 years of age, but their revision ACLR rate of
6% was equal to that of group 1 athletes. If graft choice is
partly responsible for the significantly poor outcomes noted
in group 2 athletes, a possible explanation is that while ham-
string autograft is a suitable option for the younger group 1
athlete, it may not be up to the task in the higher risk
(with respect to level of competition) group 2 athlete.

We believe that grade level is especially relevant to the
risk of revision ACLR, as this will most often dictate the
level of competition to which the athlete is exposed after
recovery and full return to sport. The competitive milieu
to which the group 2 athletes returned entailed a skeletally
mature group of high school athletes who had not lost
nearly a year of competition and the associated develop-
mental growth, both physical and sport specific. We believe
this may have been the most important factor associated
with group 2 athletes’ statistically significant, higher rate
of revision ACLR.

The results for group 1 of 100% RTS and 92% RTS at the
preinjury level are comparable with reports in the litera-
ture for this age group by Chicorelli et al,9 Cordasco
et al,11 and Dekker et al.13 For group 3, 94% RTS and
80% RTS at the preinjury level are favorable to the rates
reported in the literature for this age group.4,28 The 85%
rate of RTS and 74% rate of RTS at the preinjury level
for group 2 were statistically lower than those for groups
1 and 3 and are difficult to compare with the published
reports in the literature.6,17,24,27,32

This study has several limitations. All 324 athletes were
not followed beyond 2 years. The senior authors deter-
mined that the 23 athletes who required a second surgery
before reaching the 2-year follow-up time point should be
included, as excluding them would otherwise decrease
the second surgery rates and increase the RTS rates.
Although the 3 groups are nicely divided by skeletal and
chronological age, there are confounding variables of surgi-
cal technique, graft type, and school grade distribution.

This unique prospective study also has several strengths.
The study group of 324 high-risk athletes under the age of 20
represents 3 separate cohorts grouped by skeletal age, school
grade distribution, and surgical technique. They were treated
at the same institution by the senior authors with a standard-
ized preoperative assessment, surgical selection guideline,
surgical techniques, postoperative rehabilitation, and RTS

program. The patients were followed carefully for a minimum
of 2 years after ACLR or until they required a second sur-
gery. These 3 groups of athletes encompass a wide range of
development from middle school through college. We believe
that this is the first report to identify a particularly high-risk
subgroup of eighth-and ninth-grade athletes within what has
been otherwise described as a high-risk group of young ath-
letes under 20 years of age. We also believe this is one of
the first reports to clearly demonstrate that younger athletes
who undergo an AE ACLR with a hamstring autograft have
a lower reinjury rate than older athletes treated with a PTP
or CT hamstring autograft technique.

Although what follows is unrelated to the subject of this
study, it does represent future directions. We have found
the group 2 outcomes of 20% revision ACLR and 74%
RTS at preinjury level compared with their cohorts in
groups 1 and 3 to be sobering and unacceptable, as these
findings mean that 1 of every 5 athletes in this cohort
will likely lose another year of middle school or high school
sports participation. As a result of these significantly
poorer outcomes in group 2 athletes, the senior authors
have made 2 significant changes in their approach with
this cohort. Quadriceps autografts without a superior
patellar bone plug have been used routinely for group 2
athletes during the past 2 years. Evidence suggests that
quadriceps autografts may be a superior choice to ham-
string autografts in this population.1,5,8,16,21 We have also
developed a guideline regarding the treatment of nonmodi-
fiable risk factors for group 2 athletes and have begun to
use a lateral extra-articular augmentation in the form of
a modified Lemaire iliotibial band tenodesis43 for recurva-
tum greater than 10�, increased lateral tibial slope greater
than 5�, 31 pivot, excessive anterior translation, and
a Beighton score greater than 5.37 Although we are advo-
cating these changes in our own practice, we acknowledge
that we do not have high-level evidence to recommend
these alterations in approach to our sports medicine col-
leagues for this high-risk group of young athletes. We
plan to reevaluate our 2-year outcomes in group 2 athletes
treated with quadriceps autograft ACLR.

CONCLUSION

This unique prospective study evaluated the 2-year clinical
outcomes following primary ACLR in 3 groups of pediatric
and adolescent athletes under the age of 20 based on skel-
etal age, school grade distribution, and ACLR technique,
with a focus on RTS and incidence of second surgery.
Our hypothesis was correct in that groups 1 and 3, com-
prising the youngest and oldest cohorts, had lower revision
ACL rates and higher RTS rates compared with group 2
athletes, representing the cohort bridging late middle
school and early high school. We believe this is the first
report identifying a particularly high-risk group of pre-
dominantly eighth and ninth graders within what is
already considered to be a high-risk group of young ath-
letes. We also believe this is one of the first reports to
clearly demonstrate that younger athletes who undergo
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an AE ACLR with a hamstring autograft appear to have
a lower reinjury rate than older athletes treated with
a PTP or CT hamstring autograft technique. This age-
related risk profile may be used to counsel athletes and
parents preoperatively regarding the expectations of sur-
gery with regard to RTS and the risk of second surgery.
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