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Background: The rate of anterior cruciate ligament (ACL) rupture in active, skeletally immature patients is increasing. Although
hamstring tendon autograft (HTA) was previously deemed the gold standard, recent studies have shown HTA to have a high fail-
ure rate in this high-risk population of young competitive athletes, and quadriceps tendon autograft (QTA) has yielded excellent
preliminary outcomes in some studies examining this population.

Purpose: To evaluate 3-year clinical and patient-reported functional outcomes of primary ACL reconstruction (ACLR) with soft
tissue QTA in skeletally immature patients.

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

Methods: Skeletally immature patients who underwent ACLR with a full-thickness soft tissue QTA were included. Preoperative
patient and surgical data were collected. The ACLR technique was selected predicated upon skeletal age and included all-
epiphyseal and complete transphyseal techniques. Patients were followed for a minimum of 2 years with successive clinical visits
or were contacted via telephone. Patients who did not have minimum 2-year follow-up after 3 contact attempts via telephone
were excluded. Information regarding return to sports (RTS) and concomitant or subsequent surgical procedures was collected.
Pediatric International Knee Documentation Committee (Pedi-IKDC), Hospital for Special Surgery Functional Activity Brief Scale
(HSS Pedi-FABS), and Single Assessment Numeric Evaluation (SANE) scores were collected.

Results: Of 85 adolescent patients aged 11.1 to 17.6 years (mean age, 14.1 = 1.2 years), 2 patients were determined to be lost to
follow-up after 3 failed contact attempts. Of the patients included in this study (N = 83), 26 patients (31%) underwent all-
epiphyseal and 57 patients (69%) underwent complete transphyseal ACLR. Additionally, 48 patients (58%) underwent concom-
itant lateral extra-articular tenodesis using the iliotibial band with a modified Lemaire technique. The mean follow-up time was 3.7
+ 1.2 years (range, 2-7 years). Twenty (24%) patients had subsequent surgical procedures, of which 3 (4%) were due to graft
failures. At a mean 3-year follow-up, the mean Pedi-IKDC, HSS Pedi-FABS, and SANE scores were 90, 23, and 94 respectively;
the RTS rate was 100%; and the rate of RTS at the previous level of performance was 93%.

Conclusion: Use of a soft tissue QTA for ALCR in a high-risk skeletally immature population of athletes resulted in excellent post-
operative outcomes with low rates of graft failure and high return to sport rates.
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Over the past several decades, the incidence of anterior patients.?>3® As such, the rate of ACL reconstruction
cruciate ligament (ACL) injuries in skeletally immature (ACLR) performed in skeletally immature patients also
patients has continued to increase.®'%% Numerous studies continues to rise.!%1?

have demonstrated increased risk of meniscal and carti- When ACLR is performed in skeletally immature
lage damage and lower rates of return to play with delayed patients, graft selection is essential to patient function
surgical or nonoperative treatment in these young, active and outcomes.'*'® Allograft is largely avoided in this pop-

ulation due to high rates of graft failure. A number of other
graft options exist, including hamstring tendon autograft

. o (HTA), iliotibial band autograft, and quadriceps tendon
;Bg 4A5”;'fg”)°§2”33‘f;gg’g of Sports Medicine autograft (QTA).#1° However, similar to the existing liter-
DOI: 10.1177/03635465241255641 ature on ACLR technique, there is currently no consensus
© 2024 The Author(s) on the optimal graft choice for these patients.'®
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Historically, HTA has been the graft of choice for ACLR
in skeletally immature patients, with overall good out-
comes.®%?2 Several recent studies have reported use of
HTA in up to 65% of ACLRs performed in skeletally imma-
ture patients between 1985 and 2016.26*7 However, con-
cerns exist regarding graft failure, with reported graft
failure rates of 5% to 25% after ACLR with HTA in skele-
tally immature patients. As a result, there is increased
interest in alternative graft choices.*?811:36

One alternative graft option is QTA. In the studies on
adult patients, clinical and functional outcomes of ACLR
with QTA are similar to those of HTA and bone—patellar
tendon—-bone (BPTB) autograft, with low donor-site mor-
bidity.”31%4% However, few studies have reported long-
term outcomes associated with ACLR with QTA in skele-
tally immature patients.2427-3545

The purpose of the current study was to evaluate clini-
cal outcomes and patient-reported outcomes (PROs) at
minimum 2-year follow-up in skeletally immature patients
who underwent ACLR with soft tissue QTA. We hypothe-
sized that the use of soft tissue QTA in both complete
transphyseal and all-epiphyseal ACLR would provide
good PROs and functional outcomes, with low graft failure
rates and high rate of return to sports (RTS).

METHODS
Study Cohort

A retrospective review of all patients who underwent
ACLR performed by the senior authors (F.A.C., D.W.G.)
between 2015 and 2020 was conducted upon institutional
review board approval. A series of consecutive skeletally
immature patients who underwent ACLR with soft tissue
QTA with follow-up >24 months were reviewed. Preopera-
tive patient information, surgical details, associated diag-
noses, and outcome measures were collected for each
patient. The smallest graft tunnel socket size (ie, femoral
vs tibial) was reported. Patients who did not have mini-
mum 24-month follow-up after 3 contact attempts via tele-
phone were excluded. The length of follow-up was
determined by the last clinic visit date or the date of post-
operative PRO completion.

Surgical Technique

The surgical technique used in this cohort involved har-
vesting a full-thickness soft tissue QTA without a bone
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plug, as previously described.? All cases were performed in
patients with open femoral physes. The ACLR technique
(either all-epiphyseal or complete transphyseal) was selected
predicated upon skeletal age.® Skeletally immature patients
with >3 years of growth remaining underwent an all-
epiphyseal technique as previously described.?® For patients
with nearly closed femoral physes, a standard complete
transphyseal procedure was performed. Additionally, per
surgeon discretion, a concomitant modified Lemaire lateral
extra-articular tenodesis was performed in patients who par-
ticipated in high-risk competitive sports and had grade 3
pivot shift, hyperlaxity (Beighton score >4), recurvatum,
increased posterior lateral tibial slope, narrow notch width,
contralateral ACLR, or chronic ACL insufficiency. '8

Postoperative Rehabilitation

The postoperative protocol consisted of 2 weeks in a hinged
knee brace locked in extension for ambulation and 4 to 6
weeks of progressive weightbearing with crutches for sup-
port. Range of motion was initiated immediately after sur-
gery, with the goal of achieving 90° of flexion in the first 2
weeks postoperatively. Physical therapy for range of
motion and strengthening was initiated at 2 weeks postop-
eratively. A supervised functional progression to running
and jumping was initiated at 6 months postoperatively,
with a quality of motion assessment before RTS.!”

Outcome Measures

Patients were followed with successive clinical visits or
were contacted via telephone. Preoperatively, patients
completed the Pediatric International Knee Documenta-
tion Committee (Pedi-IKDC) questionnaire and the Hospi-
tal for Special Surgery Functional Activity Brief Scale
(HSS Pedi-FABS).!®?3 At a minimum 2-year follow-up,
patients completed the Pedi-IKDC, the HSS Pedi-FABS,
and the Single Assessment Numeric Evaluation
(SANE).*? Information regarding RTS and subsequent sur-
gical procedures was also collected.

Statistical Analysis

Statistical analyses were performed using the Statistical
Product and Service Solution (SPSS) Version 22.0 (IBM
Corp). Means and standard deviations were used to report
continuous variables, whereas discrete variables were
reported as frequencies and percentages. The Fisher exact
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TABLE 1
Patient and Clinical Characteristics®

Variable All Patients (N = 83) AE Cohort (n = 26) CT Cohort (n = 57)
Age, y 14.1 + 1.2 13.1 £ 0.9 145 + 1.0
Sex

Male 52 (62) 19 (73) 33 (48)

Female 31 (38) 7(27) 24 (42)
Bone age, y

Male 143 + 14 13.1 £ 1.0 15.1 = 1.0

Female 13.6 = 1.0 129 £ 1.0 13.8 + 1.0
Length of follow-up, y 3.7+ 1.2 40+ 1.2 3.6 +12
ACLR technique

Primary 80 (96) 25 (96) 55 (96)

Revision 3(4) 1(4) 2 (4)
Graft tunnel socket size, mm 104 = 2.2 96 = 1.4 9.8 = 0.7
Concomitant procedure

Lateral extra-articular tenodesis 48 (58) 13 (50) 35 (61)

Meniscal procedure 51 (65) 14 (54) 37 (65)

Debridement 1(1) 1(4) 0(0)

Repair 48 (58) 13 (50) 35 (61)

Debridement and repair 2 (2) 14) 1(2)

Hemiepiphysiodesis 5 (6) 3 (12) 2 (4)

“Data are expressed as mean *= SD or n (%). ACLR, anterior cruciate ligament reconstruction; AE, all-epiphyseal; CT, complete

transphyseal.

test was used to compare frequency of reoperation rates
between groups. Pre- and postoperative PRO scores were
compared using a 2-sample ¢ test with statistical signifi-
cance set at P < .05.

RESULTS

Of a total of 85 adolescent patients aged 11.1 to 17.6 years
(mean age, 14.1 = 1.2 years) identified from medical
records, 2 patients were determined to be lost to follow-
up after 3 failed contact attempts. Of the patients included
in this study (N = 83), 26 (31%) underwent all-epiphyseal
ACLR and 57 (69%) underwent complete transphyseal
ACLR. Additionally, 48 patients (58%) underwent concom-
itant lateral extra-articular tenodesis using iliotibial band
autograft via a modified Lemaire technique. The mean
follow-up time was 3.7 = 1.2 years (range, 2-7 years).
Patient and clinical data are summarized in Table 1.
Twenty patients (24%) required subsequent surgical pro-
cedures, of which 6 were meniscal procedures with an intact
ACL graft, 5 were lysis of adhesions, 4 were nonabsorbable
QTA donor-site suture removals, 3 were irrigation and
debridement, 2 were procedures due to an acquired leg-
length discrepancy, and 3 were revision ACLRs due to
QTA failure, 2 of which were secondary to complete trans-
physeal technique and 1 to an all-epiphyseal technique
(Table 2). No significant difference was found in reoperation
rates between all-epiphyseal and complete transphyseal
cohorts (P = .17) or between those who underwent concom-
itant lateral extra-articular tenodesis procedure (P = .61).
None of the patients who had an infection and debridement
underwent revision ACLR. Fourteen patients (17%) under-
went ACLR for injuries sustained on the contralateral

knee, and 5 patients (6%) underwent removal of hardware
for hemiepiphysiodesis. Three patients (4%) had femoral
growth arrests and developed an acquired leg-length dis-
crepancy after all-epiphyseal ACLR. Two of these patients
sought surgical correction and are thus represented in Table
2, and 1 patient did not require surgical correction. One
patient developed an osteochondritis dissecans lesion in
the superior aspect of the patella postoperatively, which
was treated nonoperatively.

Preoperative PRO completion included the Pedi-IKDC
for 47 patients (57%) and HSS Pedi-FABS for 69 patients
(83%). Postoperative PRO completion included the Pedi-
IKDC for 59 patients (71%), HSS Pedi-FABS for 60
patients (72%), and SANE for 70 patients (84%). Both the
Pedi-IKDC and the HSS Pedi-FABS scores increased sig-
nificantly after QTA ACLR. Preoperatively, the mean
Pedi-IKDC score was 51 and the mean HSS Pedi-FABS
score was 20. At a mean 3-year follow-up, the mean Pedi-
IKDC score significantly increased to 90 (P < .0001), and
the mean HSS Pedi-FABS score significantly increased to
23 (P = .03). At a mean of 3 years after surgery, the
mean SANE score was 94, and 100% of patients reported
returning to sports, with 93% reporting returning to the
previous level of sports performance (Table 3).

DISCUSSION

This study sought to evaluate 2-year clinical outcomes and
PROs after primary ACLR with soft tissue QTA in skele-
tally immature patients, procedures that were performed
by the 2 senior surgeons together (F.A.C., D.W.G.). This
essentially represents a single-surgeon series of patients
treated in a standardized fashion regarding preoperative,
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TABLE 2
Subsequent Surgeries of the Included Cohort®

All Patients (N = 83) AE Cohort (n = 26) CT Cohort (n = 57) P
Second surgical procedure 20 (24) 11 (42) 9 (16) 17
Meniscectomy/meniscal repair 6 (7) 2 (8) 4 (7)
Lysis of adhesions 5 (6) 4 (15) 1(2)
Nonabsorbable QTA donor-site suture removal 4 (5) 1(4) 3 (5)
Irrigation and debridement 3(4) 14) 2 (4)
Revision ACLR 3(4) 1(4) 2 (4)
Leg length discrepancy 2(2) 2 (8) 0 (0)
Contralateral ACL surgery 14 (17) 2 (8) 12 (21)

“Data are expressed as n (%). Of note, these procedures are not mutually exclusive. ACL, anterior cruciate ligament; ACLR, anterior cru-
ciate ligament reconstruction; AE, all-epiphyseal; CT, complete transphyseal; QTA, quadriceps tendon autograft.

TABLE 3
Patient-Reported Outcomes After Anterior Cruciate Ligament Reconstruction With Quadriceps Tendon Autograft®

Outcome Measure

Preoperative

Postoperative P

Pedi-IKDC 51 = 17 (RR, 57%) 90 * 14 (RR, 71%) <.0001
HSS Pedi-FABS 20 * 11 (RR, 83%) 23 = 6 (RR, 72%) .03
SANE 94 = 7 (RR 84%)

RTS, n (%) 83 (100)

RTS at the previous level of performance, n (%) 78 (93)

“Values are expressed as mean * SD unless otherwise noted. Pedi-IKDC and SANE are scored 0 to 100 (100 meaning no symptoms or
disability). HSS Pedi-FABS is scored 0 to 30 (30 meaning fully active). HSS Pedi-FABS, Hospital for Special Surgery Functional Activity
Brief Scale; Pedi-IKDC, Pediatric International Knee Documentation Committee score; RR, response rate; RTS, return to sports; SANE, Sin-

gle Assessment Numeric Evaluation.

intraoperative, and postoperative phases including the
rehabilitation and RTS phases. Our results demonstrated
a 4% ACL retear rate at a mean 3-year follow-up among
this cohort of patients. Moreover, patients reported excel-
lent objective and subjective outcomes, reporting mean
Pedi-IKDC, HSS Pedi-FABS, and SANE scores of 90, 23,
and 94, respectively, and a 93% rate of RTS at the preoper-
ative level, supporting our initial hypothesis.

Given the increasing incidence of ACL injuries in skele-
tally immature patients, improving surgical techniques for
ACLR has been at the forefront of pediatric orthopaedic
research.'?'® Graft selection has been shown to play a cru-
cial factor in the success of ACLR.*%811:36 Although HTA
was historically the preferred graft choice, reports of higher
failure rates in this high-risk cohort of skeletally immature
athletes resulted in transitioning to the QTA as an alterna-
tive.% Recent studies have shown QTA to yield superior pre-
liminary outcomes in the adolescent and pediatric
population.'®3337:3844 Ajtchison et al' showed that at 1
year postoperatively, QTA demonstrated improved graft
maturation, remodeling, and structural integrity on mag-
netic resonance imaging compared with HTA in pediatric
patients. Although preliminary, these results highlight the
feasibility of QTA compared with HTA in pediatric patients.

At a mean 3-year follow-up, we found a failure rate of
4% in this cohort of 83 skeletally immature patients. These
results are significantly better compared with the results

of HTA ACLR in this cohort of patients. A recently pub-
lished systematic review by Zakharia et al*® reported
a retear rate of 2.5% in 408 cases of pediatric QTA ACLR
included in the review, consistent with our results and
lower than retear rates associated with HTA. Similarly,
in a 2023 systematic review and meta-analysis comparing
clinical outcomes of pediatric patients who had undergone
QTA versus HTA ACLR with a minimum 2-year follow-up,
Rangasamy et al®>” found retear rates of 3.5% versus 12.4%,
respectively. Pennock et al®® compared outcomes of trans-
physeal ACLR with HTA versus QTA in 83 skeletally
immature patients (56 HTA, 27 QTA), demonstrating sig-
nificantly larger diameters for QTA (P < .001), with a sig-
nificantly higher retear rate in patients who underwent
ACLR with HTA (21%) versus QTA (4%). PROs and func-
tional scores were similar between the 2 groups. Of note,
this systematic review®® included both soft tissue QTA
and QTA with a patellar bone block, the latter of which
has shown to have a higher risk of growth disturbance in
pediatric patients with open physes.2%2"294! I addition,
patellar fracture has been reported as a complication asso-
ciated with bone-QTA.'* Due to concerns about donor-site
morbidity associated with bone block harvest in these
young patients, our preferred technique uses an all-soft
tissue QTA.

Of the 20 patients undergoing a second operation in the
current study, 6 underwent meniscal surgery in the
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presence of an intact graft. The senior surgeons’ approach
to skeletally immature athletes with an ACL tear and asso-
ciated meniscal pathology is to err on the side of repairing
the majority of meniscal tears given the natural history of
partial meniscectomy in a young cohort. As such, occasion-
ally meniscal repairs fail, necessitating further surgery.
The senior authors believe that this is justified considering
the alternative, and unfortunately this factor represents
30% of the second surgeries. Additionally, the quadriceps
tendon donor site in the earlier cases in this series was
closed with nonabsorbable suture. This resulted in 4 of
the 20 patients undergoing a second surgery for suture
removal, representing 20% of the second surgeries. The
senior authors transitioned to absorbable sutures subse-
quently.'® This iatrogenic origin of a second surgery is no
longer a clinical issue.

Clinical outcomes and PROs after QTA may be superior
to those after ACLR with BPTB autograft or HTA. A sys-
tematic review conducted by Hurley et al?! demonstrated
that QTA resulted in a lower incidence of anterior knee
pain when compared with BPTB autograft and no difference
when compared with HTA. Mouarbes et al®! reported simi-
lar rates of graft failure among all graft types in a systematic
review and meta-analysis of 2856 knees but lower donor-site
morbidity in patients who underwent QTA versus BPTB
procedures and better Lysholm scores in patients who
underwent QTA versus HTA procedures. In a systematic
review that included 596 pediatric patients, Zakharia
et al*® reported no persistent anterior knee pain after
QTA ACLR. Moreover, they reported a mean postoperative
IKDC score that ranged from 75.9 to 94.0. Similarly, Ran-
gasamy et al®” reported that mean Lysholm scores after
QTA ACLR in pediatric patients were significantly higher
(P < .001) than those after HTA ACLR. Our study found
excellent PROs, with significantly improved Pedi-IKDC
and HSS Pedi-FABS scores of 90 and 23, respectively, and
a SANE score of 94 with a 100% RTS rate and a 93% rate
of RTS at the previous level of performance, consistent
with the existing literature.

Previous studies have raised concern about the develop-
ment of cyclops lesions and arthrofibrosis after ACLR with
QTA. A systematic review by Zhang et al*® reported 16
cyclops lesions (2.8%) among 16 soft tissue QTA studies
(570 patients). Similarly, of the 11 included studies (487
patients) that reported postoperative complications in
their systematic review, Zakharia et al*® reported 10 cases
(2.1%) of revision surgery for arthrofibrosis. Moreover, in
a cohort of 378 pediatric patients (103 HTA, 180 BPTB,
95 QTA), Ouweleen et al** reported that BPTB autograft
resulted in a statistically significant higher rate of arthro-
fibrosis than QTA and HTA (10%, 6.3%, and 1.9%, respec-
tively). However, in a 2021 study that included 475
skeletally mature patients (252 HTA, 223 QTA),
Schmiicker et al’® found a non-statistically significant
trend for QTA patients to be at higher risk of reoperation
due to cyclops lesions when compared with HTA patients
(5.0% vs 2.4%, respectively; P = .13). In the current study,
5 patients (6%) underwent subsequent lysis of adhesions,
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a rate that is slightly higher when compared with data
on skeletally mature patients.

This study has several limitations. Due to its retrospec-
tive nature, not all patients had complete data available for
review. Five patients were excluded from calculating the
socket size, and 2 patients were excluded from calculating
bone age. Preoperatively, 47 (57%) patients completed the
Pedi-IKDC and 69 (83%) completed the HSS Pedi-FABS.
Postoperatively, 59 (71%) patients completed the Pedi-
IKDC, 60 (72%) completed the HSS Pedi-FABS, and 70
(84%) completed the SANE PRO. Additionally, although
this study included clinical outcomes and PROs, there
was no control group for comparison. Last, this cohort
was obtained from a single institution, and the surgeries
were performed by 2 surgeons together and therefore
may not be generalizable. Further longitudinal studies
should investigate outcomes after ACLR with QTA in com-
parison with alternative graft types to directly compare
long-term outcomes.

CONCLUSION

This study demonstrated a low rate of graft failure (4%), an
excellent RTS rate (100%), and an excellent rate of RTS at
the previous level of performance (93%) after ACLR with
QTA in skeletally immature patients, especially when com-
pared with previously reported studies of ACLR with HTA.
To our knowledge, this is the first study to describe short-
term outcomes of ACLR with a soft tissue QTA in the high-
risk pediatric patient population.
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