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Adolescent anterior cruciate ligament (ACL) injury is
becoming more common due to earlier athletic participa-
tion, increased physical demands, and greater exposure to
at-risk activity.1–3 As a result, the number of ACL recon-
structions is increasing. In the United States, approximately
100,000 adolescent patients undergo ACL reconstruction

annually.4 While adult rates of surgical failure range from
3.2 to 11.1%, adolescent rates are reported to exceed 25%
with the highest rates occurring in female soccer
players.5–10

The underlying etiology of adolescent ACL injury is likely
multifactorial given inherent differences in anatomy and
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Abstract The objective of this study was to compare rates of anterior cruciate ligament (ACL) failure
amongadolescent patients to evaluatepatella alta as a high-risk variable. Demographic and
surgical data were retrospectively queried for patients �18 years of age with primary ACL
reconstruction performed at a single academic center between 2011 and 2016 and
minimum of 2-year clinical surveillance. Patellar height indices, including Caton–
Deschamps index (CDI) and Insall–Salvati index (ISI), were retrospectively calculated
from preoperative imaging to assess the presence of patella alta. Failure was defined as
(1)ACLgraft rerupture, (2) Lachman’s grade2þ , (3) presenceof pivot shift, and (4) side-to-
side difference of 3mm on KT-1000 arthrometer. A total of 184 patients (84 females and
100 males) and 192 knees were identified, with an average age of 16.2�1.8 years. Of
these, 30 (15.63%) experienced ACL failure. Male sex was the only significant risk factor for
rerupture (p¼0.026). Themean CDI was 1.06� 0.17 andmean ISI was 1.04�0.15. Of the
49 knees thatmet criteria for patella alta on radiographic evaluation, rerupture occurred in
seven (14.29%). Patella alta was not a significant risk factor for ACL failure among
adolescent patients (p¼0.359 and 0.277). Only male sex was associated with increased
rates of ACL failure. Age, graft selection technique, fixation construct, and presence of
patella alta were not risk factors for reinjury. This study is a therapeutic case series and
reflects level of evidence IV.
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biomechanics.11 Trochlear dysplasia, narrow intercondylar
notch width, quadriceps contractions, jump-landing me-
chanics, and patella alta are implicated in increased rates
of ACL injury.12,13 Patella alta is defined by an increased ratio
of patellar tendon length to patellar width, resulting in a
“high riding” patella above the trochlear groove. While there
are multiple methods to quantify increased patellar height,
the most common measurements for skeletally immature
patients include the Insall–Salvati index (ISI) and Caton–
Deschamps index (CDI), with ratios>1.2 indicative of patella
alta.14–16 Patients with patella alta are predisposed to ab-
normal knee extension and flexion mechanics, resulting in
progressive patellofemoral instability and recurrent patellar
dislocation.17

While several studies have examined this relationship
between patella alta and patellofemoral instability, few
studies have evaluated the role of patella alta in ACL inju-
ries.18,19 Thus, the purpose of the present study was to
compare rates of secondary ACL failure among adolescent
patients with and without patella alta, while controlling for
surgical variables. We hypothesized that the presence of
patella alta would confer an increased risk of adolescent
ACL failure, irrespective of other demographic or surgical
factors.

Methods

Study Design
After institutional review board approval, patients with �18
years of age undergoing primary ACL reconstruction (Current
ProceduralTerminology [CPT], code:29888) for theestablished
diagnosis of acute ACL injury (International Classification of
Disease, Ninth Revision [ICD-9], code: 844.2] between Janu-
ary 2011 and December 2016 were retrospectively identified.
Exclusion criteria were applied to multiligamentous knee
injuries, allograft augmentation or hybrid grafts, and/or indi-
viduals with less than two years of clinical follow-up (►Fig. 1).

The institution’s electronic medical record (EMR) was
then examined to confirm the accuracy of procedural coding
and to record laterality, graft type, surgical technique, fixa-
tion device, associatedmeniscal debridement, and indicators
of ACL failure. For the purposes of this study, ACL failure was
defined as (1) graft rerupture, (2) Lachman’s grade 2þ , (3)
presence of pivot shift, and/or (4) side-to-side difference of
3mm on KT-1000 arthrometer.

Radiographic Analysis
CDI and ISI were retrospectively calculated from preopera-
tive lateral radiographs to determine the presence of patella

Fig. 1 Study exclusion criteria. ACL, anterior cruciate ligament. �EPIC: Epic systems Inc. (Madison, WI, USA)
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alta. All plain radiographs were performed with the knee
flexed to 30 degrees. Deidentified images were evaluated by
the principal author using ImageJ software (LOCI, University
of Wisconsin, WI). CDI was calculated by dividing the length
from the patellar tip to the anterior tibial plateau (yellow
line) by the diameter of the patellar articulating surface
(green line). Patella alta was defined by a ratio >1.2
(►Fig. 2). To calculate ISI, the patellar tendon length was
measured from the patellar apex to the tibial tuberosity
attachment point (yellow line) and divided by the patellar
superoinferior diameter (green line). Patella altawas defined
by a ratio>1.2 (►Fig. 3). Two measurements were made for
each patient and the average was used to increase intrarater
reliability.

Statistical Analysis
Univariate analysis was used to determine the association of
the independent patient demographic (listed in ►Table 1)
and surgical variables with ACL failure (►Table 2). Variables
found to have a p-value of<0.2 were utilized in the multi-
variate analysis. Significant independent predictor variables
were established as those that sustained p-values<0.05
with odds ratio (OR) and 95% confidence interval (CI) exclu-
sive of 1. All statistical analyses were performedwith the use
of SAS software, version 9.4 (SAS Institute, Cary, NC).

Results

Demographics
Among 184 patients (84 females and 100 males), a total of
192 knees with arthroscopy-verified complete ACL rupture

were identified within the study period. The mean patient
age at the time of surgery was 16.24�1.82 years and mean
follow-up from time of surgery was 2.82�0.74 years.

Surgical Outcomes
Of the 192 included knees, 30 (15.63%) experienced subse-
quent failure defined by rerupture (n¼22), laxity>2þ
(n¼6), or positive pivot test (n¼2). Rerupture occurred
in 16 (11.85%) hamstring autografts and 6 (10.53%) patellar
tendon autografts. The number of reruptures was equiva-
lent between anteromedial portal (n¼11, 12.22%) and
outside-in and all-inside techniques (n¼11, 10.78%).

Fig. 2 Caton–Deschamps index (CDI) measurement.

Fig. 3 Insall–Salvati index (ISI) measurement.

Table 1 Patient demographics for ACL reconstruction
(n¼ 184)

n or n (%) or mean� SD

Patients 184

Female 84 (45.7)

Male 100 (54.3)

Knees 192

Right 104 (54.2)

Left 88 (45.8)

Age (y) 16.2� 1.8

Abbreviations: ACL, anterior cruciate ligament; SD, standard deviation.
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When assessing fixation, rerupture occurred in 11 (13.92%)
hybrids, 6 (9.67%) interference screws, and 5 (9.62%) fixed
length cortical suspensory buttons. While cortical button
fixation was only used in patients with hamstring auto-
grafts (n¼52), interference screw fixation was used with
both hamstring (n¼16) and patellar tendon autografts
(n¼46). Hybrid fixation, which was defined as the use of
both an interference screw and a cortical button, was
utilized in 67 patients with hamstring autografts and 11
patients with patellar tendon autografts. Rate of rerupture
was also evaluated in relation to concomitant meniscal
debridement (n¼78). Of these 78 knees, 9 (11.54%) under-
went rerupture (►Table 2).

On radiographic evaluation, 60 knees had either CDI>1.2
(n¼31) or ISI>1.2 (n¼29) and 11 knees had both CDI>1.2
and ISI>1.2. Themean CDIwas 1.06�0.17 andmean ISI was
1.04�0.15. In patients who experienced ACL failure, mean
CDI was 1.06�0.20 and ISI was 1.07�0.16. Patients who did
not experience ACL failure had a similar mean CDI of
1.06�0.17, but a lower ISI of 1.04�0.15. Of the 49 knees
with patella alta determined by patellar height indices, 7
(14.29%) experienced rerupture (►Table 3).

Multivariate analysis demonstrated an increased rate of
ACL rerupture inmales (OR¼3.72; 95% CI: 1.32, 10.48) when
compared with females. There was no significant increase
with age, graft selection, technique, fixation device, or pres-
ence of patella alta (►Table 4).

Discussion

While patella alta is associatedwith abnormal knee extensor
mechanics, a well-established risk factor for ACL injury, few
studies have evaluated abnormal patellar height in patients
with ACL injuries.17,20,21 In a prospective study of 217
patients undergoing arthroscopic knee surgery, Lin et al
demonstrated an association between patella baja and ACL
tears. The study included an adult patient population and
utilized a control group with knee abnormalities including
meniscal tears, plicae, and other chondral lesions.22

However, existing literature does not evaluate patellar height
in an adolescent patient population or include surgical out-
comes. The current investigation sought to compare rates of
ACL failure among adolescent patients to evaluate patella alta
as a high-risk variable.

Table 3 Rerupture rates by radiographic and clinical prognosticators (n¼192)

Rerupture (n¼22)
n (%)

No rerupture (n¼ 170)
n (%)

CDI> 1.2 (n¼31) 5 (16.13) 26 (83.87)

ISI<0.8 (n¼ 9) 0 (0.00) 9 (100.00)

ISI>1.2 (n¼ 29) 5 (17.24) 24 (82.76)

CDI >1.2 AND ISI> 1.2 (n¼11) 3 (27.27) 8 (72.73)

Laxity>2þ (n¼ 9) 3 (33.33) 6 (66.67)

Positive pivot test (n¼4) 2 (50.00) 2 (50.00)

Abbreviations: CDI, Caton–Deschamps index; ISI, Insall–Salvati index.

Table 2 Rerupture rates by surgical parameters (n¼ 192)

Rerupture (n¼22)
n (%)

No rerupture (n¼ 170)
n (%)

Graft selection Hamstring autograft (n¼ 135) 16 (11.9) 119 (88.1)

Patellar tendon autograft (n¼ 57) 6 (10.5) 51 (89.5)

Technique Anteromedial portal (n¼ 90) 11 (12.2) 79 (87.8)

Outside-in/all-inside (n¼102) 11 (10.8) 91 (89.2)

Fixation Cortical button (n¼52) 5 (9.6) 47 (90.4)

Interference screw (n¼ 62) 6 (9.7) 56 (90.3)

Hybrida (n¼78) 11 (14.1) 67 (85.9)

Meniscal debridement Meniscal debridement (n¼ 78) 9 (11.5) 69 (88.5)

Medial debridement (n¼32) 5 (15.6) 27 (84.4)

Lateral debridement (n¼37) 4 (10.8) 33 (89.2)

Bilateral debridement (n¼ 9) 0 (0.0) 9 (100.0)

No meniscal debridement (n¼114) 13 (11.4) 101 (88.6)

aBoth cortical button and interference screw fixation.
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The present study retrospectively measured CDI and ISI
from preoperative radiographs with the knee in a standard-
ized 30degrees of flexion. While radiography does not
directly visualize the patellar tendon, the adolescent patient
population has a lower incidence of tendon laxity and
patellar tendon length can be reliably inferred.23 Degnan
et al reported an association between an increased Insall–
Salvati ratio and ACL injury in a pediatric cohort. The inves-
tigators found an ISI of 1.16 in patients with ACL tears and
0.99 in the control group.24 Similarly, the current study
demonstrated a MARGINALLY higher mean ISI in patients
with ACL failure when compared with those who did not
experience failure.

To control for potential confounding factors, the present
study also examined sex, age, graft choice, surgical tech-
nique,fixation construct, and presence ofmeniscal tears. The
current investigation identified male sex as a risk factor for
ACL failure but did not demonstrate an association with the
other demographic or surgical variables. The association
between female sex and increased risk of ACL failure is
well reported, with published rates upward of two- to six-
fold higher than male counterparts. Several early studies
have also shown increased laxity, graft failure rates, and
higher self-reported pain scores when compared with male
patients.24–28 These findings are multifactorial but
often attributed to neuromuscular differences, including
decreased hamstring strength and increased recruitment
of the quadriceps in response to anterior tibia translation.29

However, more recent studies have described higher rates of
ACL rerupture in males when compared with females.30,31

Schlumberger et al reported male patients were more than
twice as likely to suffer from graft rupture after primary
reconstruction than females.32,33 The current study supports
these updated findings, with male patients almost three
times as likely to rerupture when compared with female
patients (risk ratio [RR]¼2.71).

While autograft is widely accepted as superior to allograft
for the young athlete under 25 years of age, there is less
consensus on the use of bone-patellar-tendon-bone (BPTB)
autograft versus hamstring autograft, particularly in an
adolescent population.33–36 Several studies report an in-
creased risk for revision among patients who underwent
hamstring tendon autograft reconstruction when compared

with BPTB.37–39However, these studies did not adjust for sex,
age, race, or body mass index (BMI). When accounting for
demographic confounders, Bourke et al demonstrated no
significant difference in rates of failures between patellar
tendon and hamstring autografts.30 The current study also
elucidated no difference in rates of ACL failure when com-
paring the two types of autograft. Furthermore, the potential
morbidity of patella alta on clinical outcomes after ACL
reconstruction with either hamstring or BPTB autograft is
underdeveloped and ill defined. While several technical
modifications have been described for management of
graft-tunnel mismatchwith autograft BPTB and long patellar
tendons (i.e., >50mm), the rates of rerupture do not seem to
be affected by elevated CDI in a high-risk adolescent popula-
tion in the current study.40 Additionally, the quadriceps
tendon is becoming an increasingly popular soft tissue graft
choice for this age group and requires additional studies to
evaluate failures.

Prior studies have indicated that graft fixation device does
not influence rates of surgical failure after ACL reconstruc-
tion, allowing personal experience and institutional prefer-
ence to guide selection.41–44 Persson et al studied the risk of
revision based on graft fixation in 38,666 patients undergo-
ing ACL reconstruction in Scandinavia. The study found that
fixation with fixed length cortical suspensory buttons
resulted in the highest 5-year revision rates in patients
undergoing ACL reconstruction with hamstring autograft
when compared with patellar tendon autograft.45 However,
the current study demonstrated no significant difference in
rates of surgical failure between interference screw, cortical
suspensory button, or hybrid fixation devices, regardless of
autograft selection.

Meniscal status represents one of the most important
predictors of patient-reported outcomes and radiographic
findings after ACL reconstruction. Trojani et al analyzed the
influence of meniscectomies on functional outcomes in
patients undergoing primary ACL reconstruction or revision.
The study found that patients with preserved menisci had
better functional results and knee stability than those who
underwent concomitant meniscectomy.46 However, the
study did not assess the relationship betweenmeniscectomy
and rates of ACL failure. The present study demonstrated no
significant difference in rates of ACL failure among patients

Table 4 Multivariate logistic regression of variables related to re-rupture

Odds ratio Confidence interval p-Value

Sex 3.72 1.32, 10.48 0.026

Age (y) 1.02 0.78, 1.33 0.896

Patellar tendon autograft (versus hamstring autograft) 0.76 0.18, 3.29 0.715

Anteromedial portal technique (versus outside-in and all-inside techniques) 1.46 0.54, 3.94 0.458

Interference screw fixation (versus button and hybrid fixation) 0.97 0.16, 5.89 0.978

Meniscal debridement (vs. no meniscal debridement) 1.03 0.42, 2.55 0.099

CDI> 1.2 1.65 0.56, 4.87 0.359

ISI>1.2 1.81 0.61, 5.38 0.277

Abbreviations: CDI, Caton–Deschamps index; ISI, Insall–Salvati index.
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who underwent concomitant meniscectomy when com-
pared with those who did not.

Strengths and Limitations

The current study includes a consistent rehabilitation proto-
col at a single, high-volume, academic center and offers
unique insight regarding ACL failure in a previously under-
reported adolescent population. However, there are limita-
tions. First, the retrospective nature of the study limited
available information and did not include patient reported
outcomes. Second, the modest sample size of the study did
not provide desired power and likely contributed to the
potential for type II error on several variables. A post hoc
power analysis was conducted with G�Power 3.1.9.7 (Erd-
felder, Faul, & Buchner, 1992). The maximum calculated
power (1-β) was 0.584 with a required sample size ranging
between 322 and 28,631 to achieve a desired power of 0.80.
Third, several surgeries performed prior to the implementa-
tion of the institution’s electronic medical record system in
2013 did not have accessible operative notes and were
subsequently excluded. Fourth, the study included multiple
operative surgeons with differing surgical techniques. Final-
ly, the present study did not account for additional con-
founding factors of open tibial tubercle apophysis, graft size,
or graft alignment.

Conclusion

Approximately 11% of adolescent patients undergoing ACL
reconstruction experienced subsequent failure. While fur-
ther research is needed on this topic, the present study found
no significant differences in rates of ACL rerupture between
patients with and without patella alta. Of the demographic
and surgical variables studied, only male sex was associated
with increased rates of rerupture.
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