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Background: Anterior cruciate ligament (ACL) reinjury risk is high in young athletes, with graft failure rates as high as 23%. The
optimal autograft choice to minimize reinjury risk in this population is unclear.

Purpose: To compare graft failure rates between bone—patellar tendon-bone (BPTB), hamstring tendon (HT), and quadriceps ten-
don (QT) autografts in patients aged <18 years with a minimum follow-up (FU) of 24 months.

Study Design: Systematic review; Level of evidence, 4.

Methods: A systematic review of the literature between database inception and March 2022 encompassed PubMed/MEDLINE,
Cochrane CENTRAL, Embase, and Web of Science Core Collection databases. Studies on autograft ACL reconstruction (ACLR)
using HT, QT, or BPTB autograft in patients <18 years old with a minimum FU of 2 years were included. Graft failure rates were
pooled and estimated using random-effects models via the inverse variance method and logit transformations. Meta-analyses
were used to estimate failure rates and pairwise comparisons were conducted by autograft type when appropriate.

Results: A total of 24 studies comprising 2299 patients (HT: n = 1237, 44.8% female, 59.1-month mean FU; BPTB: n = 913,
67.3% female, 79.9-month mean FU; QT: n = 149, 36.4% female, 35.3-month mean FU) were included. HT exhibited the highest
failure rate at 11.8% (95% Cl, 9.0%-15.4%); failure rates for BPTB and QT were 7.9% (95% ClI, 6.2%-10.0%) and 2.7% (95% Cl,
1.0%-7.5%), respectively. HT had a significantly higher failure rate than both BPTB (Q = 5.01; P = .025) and QT (Q = 7.70; P =
.006); BPTB had a significantly higher failure rate than QT (Q = 4.01; P = .045). Male patients were less likely than their female
counterparts to experience graft failure after HT ACLR (odds ratio, 0.48; 95% ClI, 0.25-0.95).

Conclusion: While the HT remains a common choice for ACLR, the current aggregate data indicate that BPTB and QT demon-
strated significantly lower failure rates than HT ACLR in adolescent athletes <18 years old. The QT demonstrated the lowest fail-
ure rate in adolescents but also the lowest proportion of patients represented due to a paucity of published QT data, indicating
a need for future studies with larger sample sizes that include QT autografts, reduced risk of bias, and consistent reporting on
skeletal maturity and surgical technique to better determine the ideal autograft for active athletic populations <18 years old.
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In the United States alone, an estimated 100,000 to
i . 200,000 anterior cruciate ligament (ACL) injuries occur

The Orthopaedic Journal of Sports Medicine, 12(11), 23259671241289140 . .

DOI: 10.1177/23259671241289140 each year, corresponding to an estimated 64,000 to

© The Author(s) 2024 100,000 ACL reconstructions (ACLRs).®%%% ACL injury

This open-access article is published and distributed under the Creative Commons Attribution - NonCommercial - No Derivatives License (https://creativecommons.org/
licenses/by-nc-nd/4.0/), which permits the noncommercial use, distribution, and reproduction of the article in any medium, provided the original author and source are
credited. You may not alter, transform, or build upon this article without the permission of the Author(s). For article reuse guidelines, please visit SAGE’s website at
http://www.sagepub.com/journals-permissions.



2 Petit et al

rates are highest in young athletes due to participation in
high-risk sports such as soccer, basketball, and football
that involve cutting and pivoting motions with correspond-
ing deceleration and valgus knee moments.%® ACL injuries
in pediatric athletes continue to rise, likely attributable to
increased youth sport participation and early single-sport
specialization.'®1%*” ACL injuries result in significant
time lost from sport, increase the risk of developing
early-onset knee osteoarthritis, and alter the quality of
life for young athletes.’*® ACLR is the standard-of-care
for treatment in young ACL-injured athletes to restore
mechanical stability of the knee, irrespective of skeletal
maturity.'® Graft type surgical technique, management
of concomitant meniscal pathology, and graft fixation
strategy may contribute to postoperative outcomes.24¢7

Optimal graft type for ACLR remains a source of debate
and active research.?* Despite efforts to determine optimal
return-to-sport timing and requirements, graft failure con-
tinues to be a major burden, particularly among young ath-
letes. Patients <25 years old have graft failure rates as
high as 23%°%® and are 6 times more likely to reinjure their
knee within 2 years of returning to sport participation com-
pared with athletes who have no history of ACL injury.*®
These outcomes prompted exhaustive investigation into
risk factors for secondary ACL injury in this population,
leading to identification of young age, high activity level,
sex, and allograft use as contributors.23?2344:45:61.66 Ag gy
geons have recognized the important role of the meniscus
as a secondary knee stabilizer, propensity for meniscal
repair alongside ACLR has increased.265

Notably, given the risk of growth disturbance, ACLR in
skeletally immature patients provides a unique challenge,
due to the open distal femoral and proximal tibial physes. No
single graft type has been determined to be most appropriate
for this skeletally immature population.®” Hamstring tendon
(HT) remains a common graft type for young patients outside
of North America due to reduced risk of patellar fracture,
anterior knee pain, and quadriceps inhibition.?® HT auto-
graft has become the most commonly selected autograft
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among surgeons worldwide, with bone—patellar tendon—
bone (BPTB) the second most used but significantly less com-
mon choice for ACLR.?8%® However, HT has been questioned
for use in younger athletic populations due to the potential
for undersizing in small patients, tunnel widening, and evi-
dence indicating higher failure rates for HT autografts com-
pared with BPTB autografts in young patients.%2%26.30:43:52,37
BPTB has been considered the gold standard for ACLR in the
United States due to high rates of return to sport and lower
rates of failure.'®*® Over the past decade, the quadriceps ten-
don (QT) autograft has received increased interest for use in
ACLR in pediatric patient populations due to increased size
and strength of the graft and outcomes of reduced postoper-
ative anterior knee pain.?® However, few studies have com-
pared failure rates using QT with those of other autograft
types in these patients.?® Due to a paucity of published
data on the QT autograft, its widespread adoption for
ACLR has been limited.

While graft type is an identified risk factor for ACL
graft failure, the rising rates of primary ACL injury among
young patients underscore a need to understand how graft
selection and subsequent failure rates vary in this age
group.1® Therefore, the purpose of this review was to com-
pare graft failure rates between BPTB, HT, and QT auto-
grafts in patients aged <18 years with a minimum
follow-up (FU) of 24 months. The secondary aim of this
review was to stratify graft failure rates by sex, skeletal
maturity, and concomitant meniscal surgery. We hypothe-
sized that BPTB would demonstrate reduced failure rela-
tive to QT and HT autografts.

METHODS

Search Strategy

The PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) statement was used as the
guideline for performing this review. The protocol for the
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References removed (n = 630)
Duplicates identified manually (n = 28)
Duplicates identified by Covidence (n = 602)
Marked as ineligible by automation tools (n = 0)
Other reasons (n = 0)

Studies screened (n = 3480)

Studies excluded (n = 3188)

v

Studies sought for retrieval (n = 292)

Studies not retrieved (n = 0)

y

Studies assessed for eligibility (n = 292)

Screening

Studies included in review (N = 24)

Included

Studies excluded (n = 268)
<2y follow-up (n = 25)
No <18-y cohort (n = 18)
Retracted (n =2)
Book chapter (n= 1)
No age breakdown (n = 176)
Wrong study design (n = 1)
Conference abstract (n = 5)
No graft type + age reinjury (n = 33)
Data already in other manuscript that was
included (n=7)

Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flowchart for inclusion and exclusion

of articles.

review was not registered. An information specialist/librarian
(M.S.W.) searched PubMed/MEDLINE (National Library of
Medicine: 1946-), Embase (Elsevier: 1966-), Cochrane CEN-
TRAL (Cochrane Library 1996-), and Web of Science Core Col-
lection (Clarivate: 1900-) between origin of database and
March 3, 2022. A combination of controlled vocabulary and
text words related to autografts was combined with the Bool-
ean operator “AND” with controlled vocabulary and text
words associated with ligaments, tendons, and bone grafts
related to the patella (Appendix Table Al). Language was lim-
ited to English, and the following types of studies were
excluded: case reports, comment, commentary, editorial, any
type of review, or letter. Age filters were not added to the
searches to avoid inadvertent exclusion of relevant records.

Data Extraction

In total, 6220 records were retrieved and imported into
the citation manager EndNote 20.%2 EndNote’s “find dupli-
cates” feature was used to remove 2110 duplicates, and

4110 records were uploaded to Covidence (Veritas Health
Innovation; www.covidence.org). Covidence removed an
additional 602 duplicates; thus, along with 28 records
removed manually, a total of 3480 records were advanced
for the initial title/abstract screening. Of 3480 records
reviewed, 3188 studies were deemed irrelevant or out of
scope. Team members (C.B.P., Z.B.H.) reviewed the
records; for any records that were disputed, 3 additional
team members (J.D.L., A M., G.D.M.) provided conflict res-
olution. A total of 292 studies were determined to be eligi-
ble for full-text review, and ultimately 24 papers were
included for this study (Figure 1).

Selection Criteria

Included studies covered autograft ACLR using HT, QT
(comprising a combination of quadriceps tendon—bone
[QTB] and all-soft tissue quadriceps tendon [ASTQT]), or

bReferences 5, 7, 11, 12, 13, 17, 18, 20, 25, 27, 29, 32, 33, 35, 38, 41, 42,
46, 49, 50, 51, 54, 57, 63.
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TABLE 1
Inclusion/Exclusion Criteria®

Inclusion

Exclusion

Proportions of graft used and graft failures by graft type and age

All ages permitted in study, but study must include the
proportion of grafts and graft failures for younger population
(age <18 years)

Patient underwent ACLR using autograft (hamstring tendon,
quadriceps tendon-bone, all-soft tissue quadriceps tendon, or
bone—patellar tendon—bone)

Rates of clinical failure (grade 2+ or worse Lachman, grade 2+ or
worse pivot shift, overall IKDC grade C or D, instrumented
laxity with side-to-side difference of >5 mm)

Observational study

Therapeutic intervention

Human study

Peer-reviewed literature, articles published in scientific journals
Origin of database—date search was performed

English language

No proportion of grafts and graft failures for younger population
(age <18 years)
Revision ACLR

ACLR using allograft

ACLR with concomitant lateral extra-articular tenodesis

Multiligament knee injury (MCL, LCL, PLC, and/or PCL
repaired or reconstructed)

Concomitant cartilage repair or restoration surgery

Minimum follow-up <2 years

Laboratory or animal study

Reviews without original data

Non—peer reviewed study

General/systematic reviews, meta-analyses, case reports,
editorials, conference abstracts, book chapters

Non-English language

Data already reported in a separate, included manuscript

“ACLR, anterior cruciate ligament reconstruction; IKDC, International Knee Documentation Committee; LCL, lateral collateral ligament;
MCL, medial collateral ligament; PCL, posterior cruciate ligament; PLC, posterolateral corner.

BPTB autograft in patients <18 years old with a minimum
FU of 2 years. Included studies also had to report ACL
graft failure rates (indicated by revision ACLR, grade 2+
or worse Lachman, grade 2+ or worse pivot shift, overall
International Knee Documentation Committee grade C or
D, instrumented laxity with side-to-side difference of >5
mm)'* in patients <18 years old. Studies on outcomes of
revision ACLR, allograft, and/or allograft augmentation
ACLR; ACLR with concomitant lateral extra-articular
tenodesis; and studies without graft failure rates reported
by both graft type and young age (<18 years) were
excluded. If >1 study reported outcomes on the same
patient population, only the study with complete outcome
data was included in the meta-analysis. Inclusion and
exclusion criteria are also detailed in Table 1.

Assessment of Level of Evidence

Two independent reviewers (C.B.P., Z.B.H.) evaluated
each study and created a classification based on the level
of evidence reflecting published criteria.3

Methodological Quality Assessment

To assess the methodological quality and risk of bias of the
included studies, the Risk of Bias in Non-Randomized Stud-
ies of Interventions (ROBINS-I) tool was utilized.®° ROB-
INS-I tool criteria assessed by the 2 independent
reviewers (C.B.P., Z.B.H.) were biases (1) due to confound-
ing, (2) in selection of participants into the study, (3) in clas-
sification of interventions, (4) due to deviations from

intended interventions, (5) due to missing data, (6) in mea-
surement of outcomes, and (7) in selection of the reported
result. Each criterion was rated as low risk, moderate
risk, serious risk, critical risk, or no information in accor-
dance with the ROBINS-I tool.®°

Statistical Analysis

Graft failure rates were pooled and estimated using random-
effects models via the inverse variance method and logit
transformations.*%® For cells with zero counts, a continuity
correction of 0.5 was applied.®® The metaprop function within
the metafor package in the statistical software environment
(RStudio, Posit Software, PBC) was used to estimate the fail-
ure rates.* Subgroup analysis and pairwise comparisons
were conducted by graft type. The metabin function was
used to estimate the risk rates based on sex and odds
ratio (OR) for the HT versus BPTB comparison.®* Due to
the small sample size, QT was not included in the OR
comparison/estimation. Moderator analysis was conducted
using the metareg function with between-study variance
estimated using restricted maximum likelihood. Sensitivity
analysis was conducted to assess if the rate estimates were
similar utilizing only 2-arm studies. Statistical significance
was set at P < .05. Where applicable, 95% CIs were reported.

RESULTS
Demographic Characteristics

Across all 24 included studies, there were 1237 patients
who underwent primary ACLR using HT (17 studies);
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913, BPTB (8 studies); and 149, QT (109 with QTB [3 stud-
ies]?%5163 gnd 40 with ASTQT [2 studies]*®*%). Mean ages
of patients by graft type were 14.2 years (range, 11.0-18.6
years) for HT, 15.6 years (range, 11.5-18.7 years) for
BPTB, and 14.6 years (SD, 10.0-18.0 years) for QT.
Mean FU duration was 59.1 months (range, 24.0-246.0
months) for patients who underwent HT ACLR, 79.9
months (range, 24.0-246.0 months) for BPTB autograft
ACLR, and 35.3 months (range, 24.0-116.4 months) for
QT autograft ACLR. On average, according to graft
type, the proportion of patients completing FU was
88.2% for patients who underwent HT ACLR, 71.4% for
patients who underwent BPTB ACLR, and 92.0% for
patients who underwent QT ACLR. On average, accord-
ing to graft type, 44.8% of HT, 67.3% of BPTB, and
36.4% of QT were in female patients (Table 2). Four per-
cent of patients receiving QT had concomitant meniscal
surgery, compared with 50% of patients receiving HT
and 56% receiving BPTB.

All 24 included studies reported graft failure data; 11
studies included graft failure data according to sex,® 6
included mean time to graft failure,”1%35424649 16 included
skeletal maturity (open/closed physes) data,® 7 studies
directly compared 2 graft types,>123841465154 anq 6
included concomitant meniscal surgery data.”!l:1%18:20:49
There were no level 1 studies, 1 level 2 study,?” 7 level 3
studies, 1182941465154 5119 16 level 4 studies.®

Methodological Quality Assessment

For each study, risk of bias levels for each bias category
using the ROBINS-I to0ol®® are displayed in Table 3 and
Figure 2.2* In total, 21 (87.5%) studies had “serious” risk
of bias due to confounding factors. The other bias catego-
ries were rated on average as low or moderate risk of bias.

Meta-analysis

Chi-Square Test for Overall Proportion of Patients
for Each Graft Type

There was a significant difference in the proportion of
patients undergoing QT, HT, and BPTB ACLR (x% =
814.5; df = 2; P < .01), with HT consisting of the most
data/patients (n = 1237), followed by BPTB (n = 913),
then QT (n = 149). All differences in pairwise comparisons
were significant (P < .001).

Overall Graft Failure Rates

Pooled failure rates for each graft type were 11.8% for
HT autografts (95% CI, 9.0%-15.4%) (Figure 3), 7.9%
for BPTB autografts (95% CI, 6.2%-10.0%), and 2.7% for
QT autografts (95% CI, 1.0%-7.5%). There was a signifi-
cant difference between group failure rates (x2 = 10.5;
P < .01).

°References 5, 12, 17, 20, 25, 27, 41, 49, 50, 57, 63.
“References 5, 7, 11-13, 17, 25, 27, 29, 32, 33, 35, 41, 42, 46, 50.
°References 5, 7, 11-13, 20, 25, 27, 32, 33, 35, 38, 42, 49, 50, 63.
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Pairwise Graft Failure Comparisons

HT demonstrated significantly increased failure rates rela-
tive to BPTB ACLR (Q = 5.01; P =.025) and QT ACLR (Q =
7.70; P = .006). BPTB had significantly increased graft fail-
ure rates relative to QT ACLR (Q = 4.01; P = .045), indicat-
ing QT demonstrated the overall lowest graft failure rates
in the current data set of pediatric patients.

Graft Failure by Sex

Male patients were less likely than their female counter-
parts to experience graft failure after ACLR with HT
(OR, 0.48; 95% CI, 0.25-0.95) (Figure 4). In contrast, there
were no differences in risk of graft failure by sex after
BPTB ACLR. There were insufficient data to evaluate
sex differences in graft failure after QT ACLR.

Sensitivity Analyses

Other Potential Moderators. There were no differences
between graft types with regard to mean FU (Q = 0.620;
P = .431), mean time to graft failure (Q = 0.242; P =
.623), mean age (Q = 0.571; P = .450), and sex by proportion
of female patients (Q = 0.017; P = .897). There was a statis-
tical influence between concomitant meniscal surgery and
graft type (Q = 7.843; P = .005). The proportion of patients
receiving concomitant meniscal surgery with QT reported
less meniscal pathology than BPTB and HT ACLR.

DISCUSSION

This study yielded several important findings, most nota-
bly that HT autograft provides a significantly higher graft
failure rate than BPTB autograft in pediatric patients.
However, the data did not support our hypothesis that
BPTB would demonstrate reduced failure relative to QT
autografts after ACLR in patients <18 years old. Specifi-
cally, despite limited available data, QT autografts were
associated with significantly lower graft failure rates
than BPTB autografts. In addition, male patients were sig-
nificantly less likely than female patients to experience
graft failure after ACLR, specifically with HT grafts. Inter-
estingly, there was an unequal proportion of patients <18
years old that underwent HT, BPTB, and QT ACLR. The
highest proportion of patients underwent HT ACLR, fol-
lowed by BPTB ACLR, and last, QT ACLR. However, an
increased sample size of patients with QT ACLR in addi-
tion to more consistent reporting on skeletal maturity
and surgical technique are needed to better determine
the ideal graft for adolescent athletes.

The meta-analysis indicated that QT autografts com-
prised the lowest proportion of patients <18 years old
who underwent ACLR. Despite growing interest in the
QT autograft due to its increased size and biomechanical
strength, a paucity of QT ACLR patient-reported outcome
measures in the literature has prevented its widespread
adoption. Although the QT data were limited, the meta-
analysis found that QT autografts had significantly lower
failure rates than both BPTB and HT autografts. This find-
ing aligns with previous work, in which a meta-analysis of
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TABLE 2
Study Demographics®
Mean Follow-up
Patients, Mean Age,y Sex (% Follow-up, Completion Level of
Study (Year) N (Range) Female) mo (Range) (%) Evidence Study Design
Bone—patellar tendon—bone autograft
Britt et al (2020)° 41 15.4 (NR-18) 100 37.4 (24-NR) 78.9 4 Retrospective case series
Ellis et al (2012)%7 59 16 (14-18) NR 50.4 (24-135.6) 84.3 3 Retrospective cohort study
McCarroll et al (1994)33 60 14.2 (13-17) 51.7 50.4 (24-84) NR 4 Retrospective case series
Morgan et al (2016)8 48 16 (13-18) NR 198 (180-246) 84.0 4 Retrospective case series
Nelson et al (2016)*! 55 15.2 (11.5-16.9) 54.5 34.8 (24-NR) NR 3 Retrospective cohort study
Rauck et al (2021)*° 53 16.6 (14.2-18.7) 71.7  45.36 (31.2-59.3) 37.0 4 Retrospective case series
Schilaty et al (2017)%* 69 NR (NR-18) NR 163.2 (24-NR) 66.0 3 Retrospective case series
Shelbourne et al (2009)%” 528 NR (14-18) 58.7 60 (60-NR) 78.0 2 Retrospective cohort study
Hamstring tendon autograft
Britt et al (2020)® 30 15.4 (NR-18) 100 46.1 (24-NR) 78.9 4 Retrospective case series
Calvo et al (2015)” 27 13 (12-16) 40.7  127.2 (120-156) 100.0 4 Retrospective case series
Cohen et al (2009)'* 26 13.3 (11-15) 57.7 45 (24-84) NR 4 Retrospective case series
Cordasco et al (2019)'? 66 14.3 (12-17) NR 36.6 (24-84) 97.6 4 Retrospective case series
Cordasco et al (2019)!2 49 12 (8-16) NR 41.4 (24-84) 97.6 4 Retrospective case series
(physeal sparing cohort)
Courvoisier et al (2011)!3 37 14 (11-15) 54.1 36 (24-48) 100.0 4 Retrospective case series
Engelman et al (2014)'® 35 15.6 (12.7-18.6)  34.3 50.9 (24-NR) 65.0 3 Retrospective case series
Larson et al (2016)%7 22 14.4 (12.3-16) 59.1 48 (24-84) NR 4 Retrospective case series
Mariscalco et al (2013)%° 85 NR (13-18) NR 24 (24-NR) 82.2 3 Retrospective cohort study
Matava and Siegel (1997)%2 8 14.4 (11.8-15.6) 25 32 (27-44) 100.0 4 Retrospective case series
MeclIntosh et al (2006)3° 16 13.6 (11.2-14.9) 31 41.1 (24-112) NR 4 Retrospective case series
Morgan et al (2016)%® 194 16 (13-18) NR 198 (180-246) 84.0 4 Retrospective case series
Nelson et al (2016)*! 388  14.8(11.5-16.9) 31.7  34.8 (24-NR) NR 3 Retrospective cohort study
Nikolaou et al (2011)*2 94 13.7 (11.6-15.9) 40 38 (24-60) NR 4 Retrospective case series
Pennock et al (2019)*6 56 14.8 (NR-18) 31  34.8 (24-NR) 92.0 3 Retrospective cohort study
Redler et al (2012)%° 18 14.2 (NR-18) 33.3 43.4 (24-86.6) 94.7 4 Retrospective case series
Runer et al (2020)%! 51 NR (NR-15) NR 24 (24-NR) NR 3 Retrospective cohort study
Schilaty et al (2017)%* 35 NR (NR-18) NR 163.2 (24-NR) 66.0 3 Retrospective case series
Quadriceps tendon autograft
Gagliardi et al (2020)%° 81 15.9 (10-18) 48.1 37.2 (24-36) 84.0 4 Retrospective case series
Kohl et al (2014)%® 13 12.8 (6.2-15.8) 15.4 52.9 (25.2-116.4) NR 4 Retrospective case series
Pennock et al (2019)%¢ 27 14.8 (NR-18) 32 28.8 (24-NR) 92.0 3 Retrospective cohort study
Runer et al (2020)%! 6 NR (NR-15) NR 24 (24-NR) NR 3 Retrospective cohort study
Vaughn et al (2022)% 22 15 (12-17) 50 33.6 (24-60) 100.0 4 Retrospective case series

“NR, not reported.

21 studies reported a 2.1% graft failure rate for QT in
patients of all ages.?® In addition to lower failure rates,
QT autografts offer clinical and biomechanical benefits
over BPTB autografts, such as increased cross-sectional
area, increased ultimate load to failure, and increased stiff-
ness.’® Moreover, histological analysis revealed that QT
autografts have more collagen fibrils and fibroblasts per
cross-sectional area than BPTB autografts.?? QT auto-
grafts also confer a lower risk of donor-site morbidity and
easier graft harvesting procedures, which can result in
less tissue damage and pain.!®®® However, previous
research demonstrated equivalent patient-reported out-
comes after ACLR with a QT autograft compared with
BPTB and HT autografts.!® Further, although the results
of this meta-analysis support a benefit of QT autograft, it
is important to note the smaller sample size representing
QT in the included studies compared with those represent-
ing BPTB and HT autografts. Larger studies of QT ACLR

in high-risk patient populations are needed to resolve
these findings.

ACLR in a pediatric population involves unique consid-
erations including factors such as graft type, graft fixation,
and skeletal maturity.?*®” The current meta-analysis did
not detect differences in graft type failure rates with
respect to skeletal maturity. Specifically, there were no sig-
nificant differences in failure rates between graft types for
mean time to graft failure or patient age. However, conclu-
sions should be tempered considering inconsistencies in
how data were reported in the included studies. Limited
available data on skeletal maturity prevented a compre-
hensive analysis of how this factor affects graft failure
rates (chronologic age was similar between groups). While
there was no statistical difference, soft tissue autografts
(QT and HT) were used more commonly in younger
patients. Future studies should report both skeletal matu-
rity and graft failure rates to overcome the small sample
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TABLE 3
Risk of Bias Assessments for Included Nonrandomized Studies Using the ROBINS-I*

Deviations for Selection of

Participant Classification of Intended Missing Outcome Reported
Study (Year) Confounding Selection Interventions Interventions Data Measurements Results
Britt et al (2020)° Serious Moderate Low Low Serious Moderate Low
Calvo et al (2015)7 Serious Moderate Low Low Moderate Moderate Moderate
Cohen et al (2009)!? Serious Moderate Low Low Moderate Moderate Moderate
Cordasco et al (2019)'? Moderate Moderate Low Low Moderate Moderate Moderate
Courvoisier et al (2011)'3 Serious Moderate Low Moderate Serious Moderate Serious
Ellis et al (2012)7 Serious Moderate Low Low Moderate Moderate Moderate
Engelman et al (2014)!8 Moderate Serious Low Low Serious Moderate Moderate
Gagliardi et al (2020)%° Serious Serious Low Low Serious Moderate Serious
Kohl et al (2014)%° Serious Moderate Low Low Moderate Moderate Moderate
Larson et al (2016)%7 Serious Moderate Low Low Moderate Moderate Serious
Mariscalco et al (2013)%° Serious Moderate Low Moderate Moderate Serious Serious
Matava and Siegel (1997)%? Serious Serious Low Low Moderate Moderate Moderate
McCarroll et al (1994)%2 Serious Moderate Moderate Moderate Moderate Moderate Moderate
MeclIntosh et al (2006)3° Serious Moderate Low Low Moderate Serious Moderate
Morgan et al (2016)38 Serious Serious Low Moderate Serious Moderate Serious
Nelson et al (2016)*! Serious Serious Moderate Moderate Moderate Serious Moderate
Nikolaou et al (2011)*2 Serious Moderate Low Moderate Serious Moderate Serious
Pennock et al (2019)*¢ Serious Moderate Low Moderate Moderate Moderate Moderate
Rauck et al (2021)*° Serious Serious Low Moderate Serious Moderate Moderate
Redler et al (2012)%° Serious Moderate Low Low Serious Moderate Serious
Runer et al (2020)%! Moderate Moderate Low Low Moderate Moderate Moderate
Schilaty et al (2017)%* Serious Moderate Low Moderate Serious Serious Moderate
Shelbourne et al (2009)%” Serious Moderate Low Low Moderate Moderate Moderate
Vaughn et al (2022)%3 Serious Moderate Low Moderate Moderate Moderate Serious
“ROBINS-I, Risk of Bias in Non-Randomized Studies of Interventions.
Confounding |
Participant selection I
Classification of interventions [ EEIEEEE—
Deviations from intended interventions [ NNNENEGEEES
Missing data |
Outcome measurements | ]
Selection of reported results [NNNEGEGN

0%  10%

® Low risk of bias

20%

30%

40% 50% 60% 70% 80% 90% 100%

Moderate risk of bias  ® Serious risk of bias

Figure 2. Risk-of-bias assessments for included studies using the Risk of Bias in Non-Randomized Studies of Interventions tool,
with green representing low risk for a given criteria, yellow representing moderate risk, and red representing serious risk.

size limitation encountered in this analysis of the effect of
skeletal maturity on graft failure rates in pediatric
patients.

Applying the ROBINS-I tool in the present meta-analy-
sis revealed that 91.7% of the studies had an overall seri-
ous risk of bias. The domain most consistently rated as
a serious risk was bias due to confounding factors. This
assessment suggests that future studies should carefully
consider and attempt to mitigate potential confounding
factors, such as sex, age, sport, and level of activity, to
reduce bias and improve reproducibility.

Limitations

The results of this meta-analysis should be interpreted in
the context of its limitations. Overall, this study’s primary
outcome of interest was graft failure, although it is known
whether there are other factors, such as return to sport,
contralateral ACL injury, anterior knee pain, and donor-
site morbidity, that should be considered when determin-
ing the ideal autograft for pediatric patients. The unequal
proportion of patients undergoing HT, BPTB, and QT
ACLR could have influenced failure rate calculations,
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Study Events Total

Graft Type = BTB
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Proportion

95%-Cl Weight

Britt et al 2020 A 4 4 L 0.098 [0.027; 0.231] 3.6%
Ellis et al 2012 2 59 —— 0.034 [0.004; 0.117] 2.4%
McCarroll et al 1994 3 60 — 0.050 [0.010; 0.139] 3.2%
Morgan et al 2016 A 4 48 L 0.083 [0.023; 0.200] 3.7%
Nelson et al 2016 A 3 55 — 0.055 [0.011; 0.151]  3.1%
Rauck et al 2021 4 53 i 0.075 [0.021; 0.182] 3.7%
Schilaty et al 2017 A 0 69 — 0.000 [0.000; 0.052] 0.8%
Shelbourne et al 2009 46 528 —— 0.087 [0.064;0.114]  7.5%
Random effects model 913 g 0.079 [0.062; 0.099] 28.0%
Heterogeneity: /2 = 0%, t° = < 0.0001, p = .49

Graft Type = HT

Britt et al 2020 B 4 30 L 0.133 [0.038; 0.307] 3.5%
Calvo et al 2015 4 27 0.148 [0.042; 0.337] 3.5%
Cohen et al 2009 3 26 L 0.115 [0.024; 0.302] 3.0%
Cordasco et al 2019 B 13 66 il 0.197 [0.109; 0.313] 5.8%
Cordasco et al 2019 C 3 49 L 0.061 [0.013;0.169] 3.1%
Courvoisier et al 2011 5 37 i 0.135 [0.045; 0.288] 4.0%
Engelman et al 2014 4 35 i 0.114 [0.032; 0.267] 3.6%
Larson et al 2016 2 22 L 0.091 [0.011;0.292] 2.3%
Mariscalco et al 2013 13 85 L 0.153 [0.084; 0.247] 5.9%
Matava et al 1997 1 8 0.125 [0.003; 0.527] 1.3%
Mclntosh et al 2006 2 16 = 0.125 [0.016; 0.383] 2.3%
Morgan et al 2016 B 38 194 —— 0.196 [0.142;0.259] 7.3%
Nelson et al 2016 B 29 388 —— 0.075 [0.051; 0.106] 7.1%
Nikolaou et al 2011 4 94 — 0.043 [0.012; 0.105] 3.8%
Pennock et al 2019 B 12 56 ] 0.214 [0.116; 0.344] 5.6%
Redler et al 2012 0 18 0.000 [0.000; 0.185]  0.8%
Runer et al 2020 A 3 51 L 0.059 [0.012;0.162] 3.1%
Schilaty et al 2017 B 0 35 —_— 0.000 [0.000; 0.100] 0.8%
Random effects model 1237 _ 0.118 [0.090; 0.154] 66.8%
Heterogeneity: /* = 56%, 12 = 0.1777, p < .01

Graft Type = QT

Gagliardi et al 2020 1 81 B 0.012 [0.000; 0.067] 1.4%
Kohl et al 2014 0 13 0.000 [0.000; 0.247]  0.8%
Pennock et al 2019 A 1 27 0.037 [0.001; 0.190] 1.4%
Runer et al 2020 B 0 6 0.000 [0.000; 0.459] 0.8%
Vaughn et al 2021 0 22 0.000 [0.000; 0.154]  0.8%
Random effects model 149 e 0.027 [0.010; 0.075] 5.2%
Heterogeneity: 1% = 0%, 12 = 0, p = .87

Random effects model 2299 - 0.093 [0.073; 0.118] 100.0%
Heterogeneity: 2 =54%, 1° = 0.2117, p<.01 f T T T !

Test for subgroup differences: xg =10.54,df =2 (p <.01) 0 0.1 0.2 0.3 0.4

Re-rupture Rate

Figure 3. Pooled risk of graft failure by graft type for all included studies. BTB, bone—patellar tendon-bone; HT, hamstring ten-
don; QT, quadriceps tendon. A/B/C designations were added to author groups that included more than one autograft type in ther
study in order to distinguish between graft type groups when performing statistical analysis.

Study or Male Female Risk Ratio Risk Ratio
Subgroup Events Total Events Total Weight IV, Random, 95% CI IV, Random, 95% CI
Kohl et al 2014 o M 0 2 0.0%
Larson et al 2016 0 9 2 13 5.4% 0.284[0.015; 5.273]
Nelson et al 2016 15 265 14 123 36.2% 0.497 [0.248; 0.998] ——
Redler et al 2012 0 12 0 6 0.0%

———
Nelson et al 2016 1 25 2 30 8.0% 0.600[0.058; 6.235] -
Rauck et al 2021 1 15 3 38 9.0% 0.844[0.095; 7.491] =
Shelbourne et al 2009 23 218 23 310 41.5% 1.422[0.819; 2.468] ——

i

Total (95% Cl) 555 522 100.0% 0.794 [0.388; 1.624] —i—
Heterogeneity: Tau? = 0.2423; Chi® = 6.15, df = 4 (P = 0.19); I? = 35% I T I T !
Test for subgroup differences: Chi? = 5.35, df = 1 (P = 0.02) 0.1 05 1 2 10

Lower in Males Re-rupture Risk Ratio Lower in Females

Figure 4. Risk of graft failure by sex for each graft type. BTB, bonepatellar tendonbone; HT, hamstring tendon; QT, quadriceps
tendon.
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with a greater proportion of HT autografts included lead-
ing to increased capture of graft failures and vice versa
for QT autografts. Moreover, only 7 studies directly com-
pared 2 different graft types, which makes definitive con-
clusions more difficult. Additionally, inconsistent
reporting of skeletal maturity hindered the ability to accu-
rately pool and assess the effect of skeletal maturity on
graft failure. Future studies should more carefully assess
and report skeletal maturity. With these data focused on
a pediatric population, who are at most risk of graft failure,
we acknowledge that there is likely some variance in phys-
eal status of subsets of the data reported and that physeal
sparing techniques may have been employed. These data
were not commonly reported and thus not included in mod-
erator analyses, and results should not be generalized to
specific physeal status or physeal sparing techniques.
However, given similar chronologic ages between groups,
it is unlikely that significant differences exist with regard
to physiologic ages for the entire population. Additionally,
while this analysis investigated the effect of graft type and
other associated risk factors on graft failure, return-to-
sport and functional knee outcomes after ACLR before
graft failure were not considered. Rehabilitation programs
and return-to-sport guidelines that differ between studies
could influence graft failure rates. Heterogeneity in the
definitions of graft failure used by each study also compli-
cated the graft failure comparisons. For our analysis, QTB
and ASTQT were consolidated into a single QT autograft
type, and the effects of bone plug on clinical and functional
outcomes remain poorly understood.

Another important limitation of the current investiga-
tional results was the variance in FU reporting windows
after ACLR. Longer FU time will likely result in a larger
number of graft failures. While FU time was not statisti-
cally different, the BPTB group had generally longer FU
times that may have influenced relative graft failure rates
for the included studies.

Another consideration for graft failure rates is the pres-
ence or absence of concomitant procedures with ACLR. The
percentage of patients that underwent concomitant menis-
cectomy and/or meniscal repair with ACLR demonstrated
significant differences depending on graft type, most likely
due to neglected meniscal pathology or lack of reported
data. Only 4% of patients receiving QT had concomitant
meniscal surgery, compared with 50% of patients receiving
HT and 56% receiving BPTB. Further, concomitant menis-
cal surgery was related to significant differences in graft
failure rate, but there were too few studies to better delin-
eate this association. The low percentage of concomitant
surgeries in the QT group likely reflects incomplete report-
ing, which suggests caution in interpreting the significant
difference in failure rates. Further, the true prevalence of
meniscal pathology is unknown since the extracted data
included only the surgically treated meniscal pathology.
Altogether, these data indicate that graft type and concom-
itant meniscal surgery may affect the risk of graft failure
in pediatric patients undergoing ACLR. More research,
and complete reporting on pathological/surgical data, is
needed to evaluate the interaction between graft type
and concomitant meniscal surgery on graft failure.

Graft Failure in Pediatric Patients 9

Finally, in the absence of high-quality evidence, exclud-
ing studies by level of evidence was not always appropriate
or possible and should be considered. As such, this study is
limited by quality of the available data and the scientific
rigor underlying data collection. We therefore used the
ROBINS-I tool to assess bias in these instances to evaluate
these studies explicitly. The overall so-called “serious risk
of bias” across 22 of 24 (92%) studies should not be dis-
missed. Finally, reporting heterogeneity limits the
strength of conclusions that could be made.

CONCLUSION

While the HT remains a common choice for ACLR, the cur-
rent aggregate data indicate that BPTB and QT demon-
strated significantly lower failure rates than HT ACLR in
adolescents <18 years old. The QT ACLR demonstrated
the lowest failure rate in adolescents but also the lowest
proportion of patients represented, indicating a need for
future studies with larger sample sizes that include QT
autografts, reduced risk of bias, and consistent reporting
on skeletal maturity and surgical technique to better deter-
mine the ideal graft for highly active athletic populations
<18 years of age.
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APPENDIX

APPENDIX TABLE Al
PubMed Search Query®

PubMed (NLM):

Dates searched: January 1, 1946-March 3, 2022

Filters: English

Filters: Use of Boolean “NOT” to exclude case reports, comments, reviews, letters, and editorials

1. ("hamstring tendons/transplantation”"[MeSH] OR ("hamstring tendons"[MeSH] AND ("transplantation"[MeSH:noexp] OR
transplant*[TW])) OR "hamstring tendons transplant*"[TW] OR "Semitendinosus Tendon"[TW] OR "semitendinosus gracilis"[TW]) AND
("autografts"[MeSH Terms:noexp] OR "Transplantation, Autologous'[MeSH] OR "Autologous Transplant*'[TW] OR "autograft*"[TW] OR
"autologous repair'[TW] OR autotransplant*[TW])

2. ("Patellar Ligament/transplantation"[MeSH] OR ("patellar ligament"[TW] AND ("transplantation"[MeSH:noexp] OR transplant*[TW] OR
graft*[TW])) OR ("patella"[MeSH] AND "ligaments"[MeSH] AND ("transplantation"[MeSH:noexp] OR transplant*[TW]))) AND
("autografts"[MeSH:noexp] OR "Transplantation, Autologous"[MeSH] OR "Autologous Transplant*'[TW] OR autograft*[TW] OR
"autologous repair'[TW] OR autotransplant*[TW])

3. ("Bone-Patellar Tendon-Bone Grafts"[MeSH] OR (("BPTB"[TW] OR "Bone patellar tendon bone"[TW] OR "bone patellar bone"[TW] OR
"bone tendon bone"[TW] OR "Tendon Bone Graft*'[TW] OR ("patella"[MeSH] AND "tendons"[MeSH:noexp]) OR "patellar tendon"[TW])
AND ("transplantation"[MeSH:noexp] OR transplant*[TW] OR graft*[TW]))) AND ("autografts'[MeSH:noexp] OR "Transplantation,
Autologous'[MeSH] OR "Autologous Transplant*'[TW] OR autograft*[TW] OR "autologous repair'[TW] OR autotransplant*[TW])

4. ((("Quadriceps Muscle"[MeSH Terms] AND "Tendons"[MeSH Terms:noexp]) OR "bone quadriceps tendon"[TW]) AND ("autografts"[MeSH
Terms:noexp] OR "Transplantation, Autologous"[MeSH] OR "Autologous Transplant*'[TW] OR "autograft*"[Text Word] OR "autologous
repair'[TW] OR autotransplant*[TW])) OR "soft tissue quadriceps tendon autograft'[TW] OR "Quadriceps tendon autograft'[TW] OR
"quad tendon autograft'[TW] OR "quad autograft'[TW] OR "quadriceps autograft'[TW] OR "Quadriceps tendon autograft'[TW] OR
"quadriceps autograft"[TW]

5. "Anterior Cruciate Ligament Injuries/surgery'[MeSH] OR "Anterior Cruciate Ligament/surgery"'[MeSH] OR "Anterior Cruciate Ligament
Reconstruction"[MeSH] OR "anterior cruciate ligament*"'[TW] OR ACLR[TW] OR ACL[TW] OR "Knee Joint/surgery"[MeSH] OR "knee
injuries/surgery'[MeSH] OR ("knee joint"[TW] OR "knee injur*'[TW] AND (surg*[TW] OR repair[TW] OR reconstruct*[TW]))

6. (#1 OR #2 OR #3 OR #4) AND #5

7. (#6 AND English[LA]) NOT ("review"[PT] OR "systematic review"[PT] OR "systematic review"[TI] OR "meta-analysis"[PT] OR "meta
analysis"[TI] OR "case reports"[PT] OR case report*[TI] OR "literature review"[TI] OR "narrative review"[TI] OR "scoping review"[TI] OR
letter[PT] OR letter[TI] OR editorial[PT] OR editorial[TI] OR comment[PT] OR comment*[TI] OR booksdocs[Filter] OR preprint[PT])

“[MeSH]-Medical Subject Heading (Controlled vocabulary) in PubMed; [MeSH:noexp]- indicates do not explode the MeSH: do not search
the more specific terms under the broad category; [TIAB]-search title and abstract; [PT]-publication type; [TI]-search title of article; [TW]-
Text Word: all words and numbers in the title, abstract, other abstract, MeSH terms, MeSH Subheadings, Publication Types, Substance
Names, Personal Name as Subject, Corporate Author, Secondary Source, Comment/Correction Notes, and Other Terms.



