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Abstract
Purpose: The present study evaluated the outcomes of anterior cruciate
ligament (ACL) reconstruction in children with open physes. The outcomes
of interest were to compare the increase in joint laxity and PROMs from
baseline to the last follow‐up, the rate and features of the return to sport and
the rate of complications.
Methods: This study was conducted according to the 2020 PRISMA
guidelines. In October 2023, the following databases were accessed:
PubMed, Web of Science, Google Scholar and Embase. All the clinical
studies investigating ACL reconstruction in skeletally immature patients
were accessed. Only articles which clearly stated that surgeries were
conducted in children with open physis were eligible.
Results: Data from 53 studies (1691 procedures) were collected. 35% (597
out of 1691 patients) were women. The mean length of the follow‐up was
44.7 ± 31.3 months. The mean age of the patients was 12.7 ± 1.1 years old.
All PROMs significantly improved from the baseline values to those at the
last follow‐up. The mean time to return to sport was 8.3 ± 1.9 months. 89%
(690 out of 771 patients) returned to sports, 15% (109 out of 721 patients)
reduced their level of sports activity or league, and 84% (651 out of 771
patients) returned to their previous level of sport. 9% (112 out of 1213) of
patients experienced re‐tear of the reconstructed ACL, and 11% (75 out of
660) of patients underwent a further ACL reoperation. No patients (0 out
of 83) demonstrated increased laxity at the last follow‐up, and persistent
sensation of instability was reported by 5% (11 out of 235) of patients.
Conclusion: ACL reconstruction in skeletally immature patients is effective
and safe, and is associated with fast recovery and a high rate of return to
sport.

Level of Evidence: Level IV.
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INTRODUCTION

The prevalence of anterior cruciate ligament (ACL)
tears in children and adolescents with open physes is
raising [1, 2]. Consequently, the number of ACL
reconstructions in this population has also increased
in the last decades [3, 4]. Traditionally, ACL tears in
skeletally immature patients were treated conserva-
tively with bracing and physiotherapy, as ACL
reconstruction techniques could damage the growing
epiphyseal plates, potentially leading to growth distur-
bances, including leg‐length discrepancy or angular
deformities [5, 6]. However, instability sensation might
persist and soft tissue injuries might occur following
conservative management [7, 8]. Different surgical
techniques for ACL reconstruction to avoid epiphyseal
plate injuries have been described [9, 10]. These
techniques improve knee function and decrease the
risk of meniscal tears and/or chondral lesions [11, 12].
However, the evidence on ACL reconstruction in
children with open physis is still limited. Moreover,
although several clinical investigations are available,
the rate of return to sport in skeletally immature patients
following ACL reconstruction is still unclear [13, 14].

Despite several studies on ACL reconstruction in
skeletally immature patients have been published, a
comprehensive and updated systematic review which
summarises outcomes, return to sport and complica-
tions is missing. The present study evaluated the
outcomes of ACL reconstruction in children with open
physis. The outcomes of interest were to compare the
clinical improvement in joint laxity and patient‐reported
outcome measures (PROMs) from baseline to the last
follow‐up, the rate and features of return to sport, and
the rate of complications. It was hypothesised that ACL
reconstruction in skeletally immature patients is effec-
tive and safe, and is associated with fast recovery and
a high rate of return to sport.

MATERIAL AND METHODS

Eligibility criteria

All the clinical studies investigating ACL reconstruction in
skeletally immature patients were accessed. Only studies
published in peer‐reviewed journals were considered.
According to the language capabilities of the authors,
articles in English, German, Italian, French and Spanish
were eligible. Only studies with levels I–III of evidence,
according to the Oxford Centre of Evidence‐Based
Medicine [15], were considered. Reviews, opinions,
letters and editorials were not considered. Animals, in
vitro, biomechanics, computational and cadaveric studies
were not eligible. Only articles with a minimum of
6‐month follow‐up were included. Only articles which
clearly stated that surgeries were conducted in children

with open physis were eligible. Missing quantitative data
under the outcomes of interests warranted the exclusion of
the study.

Search strategy

This study was conducted according to the Preferred
Reporting Items for Systematic Reviews and Meta‐
Analyses: the 2020 PRISMA statement [16]. The
following algorithm was established:

• Problem: ACL tears in children.
• Intervention: ACL reconstruction.
• Outcomes: laxity, PROMs, return to sport,
complications.

• Timing: minimum 6‐month follow‐up.

In October 2023, the following databases were
accessed: PubMed, Web of Science, Google Scholar and
Embase. No time constraint was set for the search. The
medical subject headings used for the database search
are described in the supplementary material. No additional
filters were used in the database search.

Selection and data collection

Two authors (R.G. and L.S.) independently performed
the database search. All the resulting titles were
screened by hand and, if suitable, the abstract was
accessed. The full text of the abstracts which matched
the topic was accessed. If the full text was not
accessible or available, the article was not considered
for inclusion. A cross reference of the bibliography of the
full‐text articles was also performed for inclusion.
Disagreements were debated and mutually solved by
the two authors above. In case of further disagreements,
a third senior author (N.M.) took the final decision.

Data items

Two authors (R.G. and L.S.) independently performed
data extraction. The following data at baseline were
extracted: author, year of publication and journal,
length of follow‐up, number of procedures and mean
age of the patients. To investigate knee laxity, data on
Pivot shift and Lachman tests were extracted. Data
concerning the following PROMs were collected at
baseline and last follow‐up: Tegner Activity Scale [17],
Lysholm Knee Scoring Scale [18], and International
Knee Documentation Committee (IKDC) [19]. The
minimum clinically important difference (MCID) for the
VAS was 2.7/10, 10/100 for the Lysholm score, 15/100
for the IKDC, and 0.5/10 for the Tegner score [20–22].
To evaluate the return to sport, the following data were
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extracted: mean return to sport, rate of patients unable
to return to sport, rate of return to sport, rate of patients
who had reduced their league or level of sports activity,
rate of patients who had returned to their previous
league or level of sports activity. Data on the following
complications were collected: re‐tear, reoperation,
increased laxity and persistent instability sensation.
Data were entered in Microsoft Office Excel version
16.72 (Microsoft Corporation).

Assessment of the risk of bias

Methodological quality assessment was performed using
the Coleman Methodology Score (CMS) [23]. Two
authors (R.G. and L.S.) independently evaluated the
included studies, and discrepancies were resolved by
consensus. The CMS is a reliable and validated tool to
evaluate the methodological quality of articles included in
systematic reviews and meta‐analyses. In addition to
study design and methodology, Coleman's criteria also
assess the quality of outcome reports. The criteria
evaluated are the population size, length of follow‐up,
surgical approach used, study design, description of
diagnosis, surgical technique, and rehabilitation, as well
as outcome criteria assessment and the subject selection
process. Subscores for each domain were added for a
total possible score of 100. The quality of the studies is
scored between 0 (poor) and 100 (excellent). A mean
value greater than 60 points was considered satisfactory.

Synthesis methods

The statistical analyses were performed by the main
author (F.M.) following the recommendations of the
Cochrane Handbook for Systematic Reviews of Interven-
tions [24]. The software IBM SPSS version 25 was used.
For descriptive statistics, mean and standard deviation or
the observed frequency (number of cases divided by the
number of included patients) were used. The mean
difference (MD) effect measure was calculated to assess
the improvement of PROMs and laxity from the baseline
to the last follow‐up. Standard deviation and standard
error (SE) were also evaluated. The confidence interval
(CI) was set at 95%. The t test was performed, with
values of p < 0.05 considered statistically significant.

RESULTS

Study selection

The literature search resulted in 1203 articles. Of these,
879 were excluded because they were duplicates.
A further 261 articles were excluded because they did
not match eligibility criteria: study design (N = 156),

articles which did not clearly state that surgeries were
conducted in children with open physis (N = 42), poor
level of evidence (N = 37), language limitations
(N = 14), follow‐up time less than 6 months (N = 12).
A further 10 investigations were excluded because of a
lack of quantitative data on the outcomes of interest.
This left 53 investigations for inclusion: two prospective
and 51 retrospective clinical studies. The results of the
literature search are shown in Figure 1.

Methodological quality assessment

According to the CMS, the follow‐up was adequate in
most of the articles reviewed. The surgical approach,
diagnosis, and rehabilitation protocols were generally
well described. Limitations identified by the CMS score
included the limited number of patients enrolled in 21%
(11 out of 53) of the studies assessed and the retrospec-
tive design in 96% (51 out of 53) of the included studies.
Outcome measures and the assessment process were
frequently confounded and had poor descriptions, leading
to fair reliability. Concluding, the CMS resulted in
61.4 ± 6.8 points, attesting to the present study a fair
quality of the methodology. The CMS for each included
study is shown in Table 1.

Study characteristics and results
of individual studies

Data from 1691 procedures were collected. 35% (597 out
of 1691 patients) were female. The mean length of follow‐
up was 44.7 ± 31.3 months. The mean age of the patients
was 12.7 ± 1.1 years old. The generalities and demo-
graphics of the included studies are shown in Table 1.

Joint laxity and PROMs

All endpoints significantly improved from the
baseline values to those at the last follow‐up
(Table 2): positive pivot shift test (MD 85.1; 95% CI
86.18–84.01; p < 0.0001), positive Lachman test (MD
71.3; 95% CI 72.93–69.66; p < 0.0001), IKDC (MD
39.4; 95% CI 38.80–39.99; p < 0.0001), Lysholm
(MD 30.7; 95% CI 29.80–31.59; p < 0.0001) and
Tegner Score (MD 1.1; 95% CI 1.00–1.19; p < 0.0001).

Return to sport

The mean time to return to sport was 8.3 ± 1.9 months.
89% (690 out of 771 patients) returned to sport, 15%
(109 out of 721 patients) reduced their level of sport
activity or league and 84% (651 out of 771 patients)
returned to their previous level of sport (Table 3).
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Complications

Within the period of follow‐up, 9% (112 out of 1213) of
patients experienced a re‐tear of the ACL and 11% (75
out of 660) of patients underwent a further ACL
operation. No patients (0 out of 83) demonstrated
postoperative signs of increased laxity at the last
follow‐up, and persistent instability sensation was
reported by 5% (11 out of 235) of patients.

DISCUSSION

According to the main findings of the present systematic
review, ACL reconstruction in skeletally immature patients
is effective in reducing laxity and improving PROMs at
approximately 4 years of follow‐up. 89% (690 out of 771
patients) of children returned to their sport at a mean of
eight months, mostly at their previous level or league. The
rate of re‐tear and reoperation was 9% (112 out of 1213)
and 11% (75 out of 660), respectively, which is a concern.
However, few articles reported data on complications,
which might underestimate the real rate of complications.

The results of the present study are in accordance
with previously published evidence. Kay et al. [77]
conducted a meta‐analysis including 20 studies (1156
patients) and a follow‐up of 6.5 years. Similarly, 92%
(809 out of 852 patients) of children returned to practise
sporting activity after ACL reconstruction, 81% (816 out
of 1008 patients) at their pre‐injury level [77]. The rate
of graft rupture was relatively high at 13% (93 out of
717 knees), as was the rate of injury to the contralateral
ACL, reported at 14% (91 out of 652 knees) [77].
Growth impairment was reported in 2.7% of children,
which is higher compared with 2% reported in previous
meta‐analyses [77, 78]. Children who had undergone
transphyseal ACL reconstruction using hamstring
tendon autografts had a lower rate of growth distur-
bances, but a higher rate of graft re‐rupture compared
to those who had undergone epiphyseal‐sparing
technique using bone‐patellar tendon‐bone tendon
autograft [77]. In another meta‐analysis including 935
patients with a median follow‐up of 40 months, 84.2%
(187 out of 224) of the patients reported excellent or
good postoperative knee function (International Knee
Documentation Committee grade A or B) [78]. The

F IGURE 1 PRISMA flow chart of the literature search.
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mean Lysholm scores ranged from 80 to 99, which
indicated a very good functional outcome [78].

ACL reconstruction in skeletally immature patients
aims to restore knee stability, preventing further soft
tissue injuries and preserving physiological growth of the
lower limb, restoring the pre‐injury activity level [79, 80].
On the other hand, given their proximity, the risk of growth
disturbance from physeal damage with subsequent limb
length discrepancy and/or angular deformity should be
considered [81, 82]. Both physeal‐sparing and transphy-
seal techniques have been described [81, 83]. The
physeal‐sparing techniques were associated with lesser
postoperative leg length differences or axis deviations
than other surgical approaches [84, 85]. In another
systematic review of 13 studies (192 children), transepi-
physeal or physeal‐sparing techniques were compared
[86]. No difference was found in Lysholm, OAK and IKDC
scores, and in the rate of return to sport [86].

Between studies, heterogeneities in surgical tech-
nique were evident. Several surgical techniques of ACL
reconstruction in patients with open physes have been
described: epiphyseal‐sparing, all‐epiphyseal, partial
transepiphyseal and transepiphyseal reconstruction
[87, 88]. The physeal sparring technique consists of
an extra‐articular reconstruction using an iliotibial band
autograft [89]. The graft is harvested proximally, leaving
the graft intact at Gerdy's tubercle, passed deep to the
fibular collateral ligament, and sutured back to itself
[89]. The all‐epiphyseal technique restores the ana-
tomic ACL footprint with unique tunnel drilling and
fixation techniques [90]. Several all‐epiphyseal ACL
reconstruction techniques have been described, includ-
ing the Anderson, Ganley‐Lawrence and Cordasco‐
Green [53, 91, 92]. The partial transphyseal technique
involves transphyseal over‐the‐top physeal‐sparing
femoral graft fixation and a transphyseal tibial tunnel
[53]. This avoids any damage to the femoral physis
while drilling a tibial tunnel which is vertical and
small limits its impacts on the tibial physis [93]. The
transphyseal technique is also the standard in adults
consisting of a femoral and a tibia tunnel, where the
graft is allocated and fixed [94–96]. Unfortunately,
given the lack of quantitative data available for
inclusion, it was not possible to conduct subgroup
analyses according to the surgical approach.

The indications for surgery were heterogeneous.
Most authors referred to the Tanner stage for surgical
planning. This staging system predicts the skeletal
growth of children [97]. Based on the Tanner stage,
prepubescent patients are treated with physeal‐sparing
techniques, adolescent patients with transepiphyseal
procedures using soft tissue grafts, and older adoles-
cents with a conventional ACL reconstruction using
either soft tissue or bone‐patellar tendon‐bone auto-
grafts [97].

Graft choice is crucial in ACL reconstruction in
children [98, 99], but between studies, heterogeneitiesT
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in graft choice were evident. A bone‐patellar tendon‐
bone autograft has the advantage of high initial
strength compared with other tissues [100, 101]. Its
tendon‐bone interface also allows bone‐to‐bone heal-
ing [102]. The drawback of bone‐patellar tendon‐bone
autografts is the potential for donor site complications
that can result in anterior knee pain and quadriceps
muscle weakness [103, 104]. A hamstring tendon
autograft offers the advantage of a smaller incision
and fewer donor‐site complications compared with a
bone‐patellar tendon‐bone autograft [29, 103]. The
disadvantage of a hamstring tendon graft is the
potential for increased anterior laxity over time [103,
105]. A central‐third quadriceps tendon‐bone autograft
is a reliable option because it has less donor‐site
complications, but a prolonged weakness of the
quadriceps muscle has been reported [103, 106]. The
results between allograft and autograft have been
shown to be similar [107, 108]. Allografts have no
donor‐site complications and allow decreased opera-
tive time because the surgeon does not harvest the
autologous graft [109]. The main disadvantage of
allografts is their risk of disease transmission, the
immune reaction graft vs host, and the longer
incorporation time [110, 111]. Therefore, allografts must
be treated and sterilized by irradiation or be fresh‐
frozen. Unfortunately, the effects of radiation on
allografts are still unclear [112, 113]. Autografts,
specifically hamstring autografts, should be recom-
mended at first, followed by quadriceps autografts
[114]. Patellar tendon autografts should be avoided
given their high rate of tibial apophysis damage [114].

The current study has several limitations. Given the
lack of quantitative data, subgroup analyses according
to age, sex, and skeletal maturity were not possible.
The two reviewers responsible for the literature search
might have not identified all possible articles. Moreover,
between reviewers, intraobserver agreement was not
evaluated, which also might negatively influence the
reliability of the literature search. The skeletal maturity
was evaluated using different modalities. Moreover,
patients with different ages and skeletal maturity were
included. Many studies involved small groups of
patients, and results should be generalised cautiously
to the paediatric population. Techniques may have
different modifications or nuances that may influence
the rate of revision. For instance, many of the
transphyseal techniques used are performed in ado-
lescents, while physeal‐sparing reconstructions tend to
be favoured in prepubescent patients. Moreover, the
evaluated PROMs are designed for adults, and their
validity in the pediatric population is debated. Between
studies, variability in the length of the follow‐up was
evident and long‐term follow‐up studies were lacking.
For each outcome of interest, the number of patients
included for analysis in each outcome of interest was
variable, since not all studies evaluated the same
endpoints. This variability could increase the risk of
reporting bias and impact negatively the reliability of the
present results.

CONCLUSION

ACL reconstruction in skeletally immature patients is
effective in reducing laxity and PROMs at approxi-
mately 4 years of follow‐up. 89% (690 out of 771
patients) of children returned to the sport at a mean
of 8 months, mostly at their previous level or league.
The rate of re‐tear and reoperation was 9% (112 out
of 1213) and 11% (75 out of 660), respectively, which
is a concern. However, few articles reported data
on complications, which might underestimate their
real rate.

TABLE 2 Results of the outcome: joint laxity and PROMs.

Endpoint At baseline At last FU MD SE 95% CI p

Positive Pivot shift
test (%)

100 ± 0.0 14.9 ± 22.7 85.1 0.552 86.18–84.01 <0.0001

Positive Lachman
test (%)

100 ± 0.0 28.7 ± 34.2 71.3 0.832 72.93–69.66 <0.0001

IKDC 49.9 ± 7.9 89.3 ± 9.7 39.4 0.304 38.80–39.99 <0.0001

Lysholm 60.8 ± 9.5 91.5 ± 16.3 30.7 0.459 29.80–31.59 <0.0001

Tegner 6.1 ± 1.8 7.2 ± 1.0 1.1 0.050 1.00–1.19 <0.0001

Abbreviations: CI, confidence interval; FU, follow‐up; IKDC, International Knee Documentation Committee; MD, mean difference; PROM, patient‐reported outcome
measure; SE, standard error.

TABLE 3 Results of the outcome: return to sport.

Endpoint Result

Time to Return to sport (months) 8.3 ± 1.9

Returned to sport 89% (690 out of 771)

Reduced the level of sport activity
or league

15% (109 out of 721)

Returned to previous level of sport 84% (651 out of 771)

ACL RECONSTRUCTION IN SKELETALLY IMMATURE PATIENTS | 9
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