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Conclusions.
No single technique has demonstrated superiority in preventing growth disturbances,

and most complications correlate with technical errors rather than the approach itself.
Accurate assessment of growth potential – utilizing bone age, clinical markers, and radio-
graphic tools – is paramount for surgical planning. Postoperative surveillance with clinical
and full-length standing radiographs of the lower limbs is strongly recommended until
skeletal maturity. While most growth disturbances are subclinical or self-limiting, signifi-
cant anomalies may necessitate observation, guided growth procedures, or corrective
osteotomy. Until high-level comparative studies are available, meticulous surgical tech-
nique and vigilant follow up are essential to minimize complications in this vulnerable
population.

Anterior cruciate ligament (ACL) reconstruction in skeletally immature patients represents 
a significant challenge due to the risk of growth disturbance, including limb length discrep-
ancy (LLD) and angular deformity (AD). Although rare, the consequences of such complica-
tions can be substantial. Contributing factors include inadequate clinical and radiological
preoperative assessment and insufficient postoperative monitoring.
Methods: This review synthesizes the current understanding of growth disturbances after 
paediatric ACL reconstruction, examining their incidence, pathophysiology, and technical 
considerations. Growth anomalies, categorized as arrest (type A), overgrowth (type B), or
tethering effect (type C), arise from physeal damage, periosteal disruption, or tunnel mal-
position, during autograft harvesting, bone tunnels placement or graft fixation.
Results: Surgical technique is crucial, with disturbances reported across transphyseal, all-
epiphyseal, and extraosseous reconstructions, regardless of whether bone or soft tissue 
grafts are used. Meta-analyses indicate low overall rates of LLD and AD; however, reporting
is complicated by heterogeneous definitions and follow up protocols.

© 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/). 
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1. Introduction 

Although early surgical reconstruction is often recommended for anterior cruciate ligament (ACL) rupture in children and 
adolescents, concerns remain about complications , specifically growth disturbance leading to limb length discrepancy (LLD)
and angular deformity (AD) in the skeletally immature [1–3]. Extraosseous, all-epiphyseal and transphyseal techniques have 
been utilized depending on the patient’s age and growth potential, and mostly the surgeon’s preference [4]. The influence of 
ACL reconstruction (ACLR) techniques on bone growth has been actively studied, yet incidence of growth disturbance is 
inconsistent in the literature. Kocher clarified in his classic article from 2002 that the vast majority of growth disturbances
are related to technical mistakes [5]. According to a systematic review, the incidence of LLD and AD after ACLR in skeletally 
immature patients appears low (2.1 % and 1.3 %, respectively), but the quality of preoperative evaluation and postoperative
monitoring are insufficient for accurate assessment [6]. 

Another systematic review reported similar rates of the LLD and AD comparing transphyseal versus physeal-sparing tech-
niques (0.81 % vs. 1.2 % and 0.61 % vs. 0 %, respectively) [7]. Some studies paradoxically report a lower incidence of growth 
disorders with transphyseal techniques than with physeal sparing techniques [8–10]. 

2. Knee growth

The knee is the joint with the highest potential for skeletal growth. It ensures an average growth of 2 cm per year (of 
which, 1.2 cm for the distal femur and 0.8 cm for the proximal tibia). It is therefore essential to determine the growth
remaining around the knee in order to select a surgical technique [4]. The Anderson and Green prediction tables indicate 
the residual growth on each physis depending on bone age. The use of bone age (determined from an X-ray of the left hand
or elbow according to the method of Greulich and Pyle [11] or Sauvegrain [12], respectively) is more accurate than chrono-
logical age. The growth of the lower limbs is completed on average at 13.5 years of bone age in a girl and 15.5 years in a boy.
During the pubertal period, Dimeglio et al. found 50 % agreement between bone age and chronological age, 30 % ahead and
20 % behind [13]. The appearance of an ossification point on the iliac crest (stage 1 of the Risser score) signals the end of the
growth of the lower limb [13]. The physiological closure of a physis is spread over time (about 2 years) and is centrifugal. 
Thus, it is possible to reconstruct an ACL without risk of epiphysiodesis as soon as the distal femoral physis is closed in 
its centre. Fusion of the anterior tibial tuberosity is the absolute criterion for complete bone maturation, but it is sometimes
extremely late (on average 15–16 years for girls and 18 years for boys). In girls, the onset of menstruation is a good indicator
of the end of growth in the knee [13]. In boys, pilosity of the lower limbs, axillary or pubis can be observed: adult stage (Tan-
ner 4) also signals the end of knee growth [14]. It is recommended to combine all of these markers for optimal reliability.

Wester et al. developed a method for predicting length inequality and axial deviations caused by ACLR in a child [15]. For 
example, a ligament procedure performed 1 year before the end of growth can result in a shortening of 1 cm and a valgus of 
5°. The earlier the iatrogenic epiphysiodesis, the greater the consequences. Paradoxically, the risk of epiphysiodesis is greater
in adolescents [16]. Seil et al. showed experimentally on lambs’ knees that filling a transphyseal bone tunnel with a tendon
graft does not systematically prevent the formation of an epiphysiodesis bridge [17]. However, this epiphysiodesis has no 
clinical consequences if the residual growth is powerful enough to rupture the bone bridge [17]. Indeed, the growth carti-
lages of a human knee can produce a distraction force estimated at 500 N [18]. Growth decreases as bone maturity 
approaches, thus the risk of permanent epiphysiodesis is greater at this time [19]. As a matter of fact, the majority of growth 
disorders reported in the literature concern adolescents. Children undergoing ACL surgery routinely undergo magnetic res-
onance imaging (MRI), making the direct assessment of growth potential on MRI an attractive hypothesis. However, Fabri-
cant et al. described low interrater reliability for physeal assessment, highlighting the need for more reliable MRI criteria
[20].
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Figure 1. Anteroposterior radiograph of a 9-year-old boy, 12 months after anterior cruciate ligament reconstruction. The presence of the Harris line parallel
to the growth plate (arrows) implies the absence of growth arrest.
3. Growth disturbances

3.1. Definition/ass essment

Monitoring of growth using standing full-length radiographs of the lower limbs until skeletal maturity is recommended. 
The use of long leg films will identify alterations in coronal limb alignment, whereas a deformity or LLD needs to be signif-
icant to be identified clinically, although does involve exposure to radiation [21]. It is helpful to observe the Harris growth 
lines on the distal femur and proximal tibia (Figure 1). Any clinically relevant deformation should be investigated with an 
MRI and/or a computed tomography (CT) scan to look for signs of growth issue [22]. 

There is a significant variability in the reporting and monitoring of growth-related complications after ACLR in skeletally
immature patients [6]. A post-reconstruction growth disturbance is generally defined by an LLD of more than 10 mm and/or
an angular asymmetry of more than 3° [23], 5° [8,10,24] or 10 mm of mechanical axis deviation [25] as compared with the 
contralateral extremity. Some of the reported infra-clinical growth anomalies may be physiological and simply unrelated to
the procedure [23]. 

3.2. Pathophysio logy

The growth disturbance can relate to the harvesting of an autograft, the placement of the bone tunnels or the graft fix-
ation. Chotel reported three different types of growth disturbance after ACLR: type A (Arrest) is generated by a bone bridge
across the physis, type B (Boost) is an overgrowth process due to local hypervascularization (Cozen like effect), type C
(DeCelerate) is due to a tethering effect of the ligament graft [26]. Type A results from the violation of the physis when cre-
ating a bone tunnel or harvesting a bone–tendon–bone graft [27]. It is often located at the femur posterolaterally and there-
fore generates a valgus and flexion deformity (Figure 2). Harvesting a bone–tendon–bone graft in a skeletally immature 
individual may generate a growth arrest of the tibial tuberosity hence an inverted tibial slope and a genu recurvatum (Fig-
ure 3). The type B growth disturbance or overgrowth often occurs at the tibia and can be only transient (Figure 4).

4. Technical consideration s

The most common technical errors include: (1) fixation implant or bone plug placed across the growth plate (Figure 5) 
[5]; (2) transphyseal tunnel incompletely filled with the tendon graft; (3) growth plate/perichondral ring damaged when
drilling an all-epiphyseal tunnel; (4) overtightened lateral tenodesis (in theory).
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Figure 2. Type A growth disturbance 3 years after anterior cruciate ligament reconstruction in a 15-year-old boy. Posterolateral femoral growth arrest and
tibial tuberosity growth arrest. Note the vertical Blumensaat line and the inverted tibial slope on the lateral view.

Figure 3. Left: inverted tibial slope as a result of tibial tuberosity growth arrest in a 15-year-old boy, 2 years after failed anterior cruciate ligament
reconstruction (ACLR). Right: 12 month follow up after revision ACLR and anterior open-wedge high tibial osteotomy.
Regarding the transphyseal technique, great care should be taken not to insult the perichondral ring when preparing the
femoral footprint. Bone tunnel diameter is limited to 9 mm [5,28], and the tendon graft should match the diameter of the 
tunnel or socket and fill it completely. It is also recommended to drill the tunnels at low speed to avoid heat necrosis. All 
epiphyseal techniques require intraoperative image intensifier monitoring, despite the use of intraoperative three-
dimensional fluoroscopy reducing the incidence of physeal violations during all-epiphyseal ACLR, the risk is not eliminated,
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Figure 4. Type B growth disturbance 6 months after anterior cruciate ligament reconstruction in a 6-year-old girl (hamstring autograft). (a) Preoperative.
(b) Tibial valgus 6 months postoperative. (c) Complete resolution 12 months postoperative. (d) Final follow up at skeletal maturity.
with residual rates of 11 % at the distal femoral physis and 17 % at the proximal tibial physis [29]. The anteromedial portal for 
femoral drilling is advocated to place a more anatomic femoral tunnel [30]. However, this leads to a more oblique and more 
peripherally located drill tunnel through the distal femoral epiphysis; consequently, the anteromedial (AM) portal technique
tends to create more laterally positioned and larger physeal violations compared with the transtibial (TT) approach [31]. This 
represents a higher risk of growth disturbance compared with more centrally placed tunnels as it involves a larger volume of
physis and may damage the perichondral ring [17]. Notably, the AM approach is more likely to exceed 8 % of physeal volume 
removal, a threshold associated with an increased risk of growth disturbances [32]. As a general principle, it is recommended 
to adjust the drill angle to the most vertical (50–60° for the transphyseal tibial tunnel), to reduce the damaged surface area of
the physis.

5. Is one technique safer?

Induced growth disturbances may occur with any reconstruction technique, in an EPOS and POSNA survey, 5.5 % of
respondents reported growth disturbances after ACLR [2]. In a meta-analysis from Wong et al. of 1392 ACLRs (640 transphy-
seal) in patients aged 8.7–16.4 years, there were 58 growth disturbances of which 16 required corrective surgery (37 cases of
LLD, 18 cases of single plane AD, three cases of multiplanar AD) [10]. Among the 18 knees which developed AD, 10 had 
transphyseal reconstruction, three had physeal sparing, though the specific technique was not further clarified, and two 
had partial physeal sparing reconstruction (crossing the tibial physis). The most frequent deformity was valgus in 14 cases, 
and among those, transphyseal ACLR was the most common technique used. Of the 37 patients with at least 10 mm LLD, 19
had shortening (14 cases of transphyseal, four cases of partial transphyseal, one case of physeal sparing reconstruction) and
14 had overgrowth (nine cases of physeal sparing, three cases of partial transphyseal, and two cases of transphyseal
reconstruction).
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Figure 5. Bioabsorbable interference screw wrongly placed across the tibial physis.
Collins et al. conducted a systematic literature review including 21 studies reporting on 39 patients with growth anoma-
lies [8]. The most common angular deformation was genu valgum (81 %, N = 13; mean of 6.5°). They noted that physeal-
sparing techniques were performed in 25 % of the cases of AD and 47 % cases of LLD, despite the belief that this technique
mitigates the risks of growth disturbance by not violating the physis. In another systematic review, Pierce et al. demon-
strated similar incidence rates of LLD and AD in transphyseal and physeal-sparing cohorts [7]. In their meta-analysis, Wong 
et al. emphasized that all cases of AD that required surgical correction presented technical issues, regardless of the recon-
struction techniques used [10]. 

The systematic review by Fury et al. represents the most extensive to date concerning skeletally immature patients
undergoing ACLR and exhibiting growth discrepancies [6]. Their findings indicated an incidence of LLD exceeding 10 mm 
and AD surpassing 5° of 2.1 % and 1.3 %, respectively. These rates are lower than those reported previously by Wong
(2.8 %) and Collins (9.3 %).

Consistent with previous literature, Fury et al. also reported that limb shortening was the most frequent form of length 
discrepancy, while valgus deformity was the most prevalent angular anomaly. Interestingly, they were the first to identify a
subgroup of patients with ≥ 20 mm discrepancies and highlighted a potential association between overgrowth and all-
epiphyseal reconstructions [6]. 

Faunø et al. reported on 33 patients (age 9 to 14 years, mean 11.7) treated with transphyseal ACLR with postoperative 
MRI. Eight patients (24 %) had more than 10 mm shortening of the operated leg, and one (3 %) had a 10-mm overgrowth.
Twenty-seven patients (82 %), had a femoral valgus > 2° of the operative leg compared with the contralateral [33]. 

Two cases of femoral valgus (Chotel type A, 4° each) were reported by Lemaitre et al. after transphyseal ACLR in 14 skele-
tally immature knees and 15 months mean follow up [34]. 

Bolzinger et al. reported transphyseal ACLR had generated a LLD in 13 % of cases (range 10–14 mm), a mechanical axis 
deviation in 34 % of cases at the femoral level, and in 53 % of cases at the tibial level (range 3–8°). No clinically relevant
growth disturbance was reported at 2 years follow up [23]. The most frequent angular deformation was proximal tibial varus 
(16 cases), likely due to either a growth arrest (Chotel type A) or tethering effect (Chotel type C). The second most frequent 
was proximal tibia valgus (nine cases), presumably because of a Cozen effect in relation to periosteal stripping at the pes
anserinus during tendon graft harvest, and/or the medial metaphyseal 4.5-mm-diameter bone tunnel [35]. Regarding 
induced LLD encountered in six cases (13 %), all three Chotel types were found. One case involved the tibia only, five involved 
both femur and tibia. An angular deformation was associated in four cases (66 %). Interestingly, age at surgery and Tanner
stage did not influence the occurrence of a growth disturbance, AD or LLD.

A recent systematic review by Zakharia et al. directly compared the outcomes and complication profiles of two different
physeal sparing techniques: all-epiphyseal and modified-Kocher ACLRs [36]. Although no significant differences were found
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in clinical or functional outcomes, all-epiphyseal reconstruction may carry a higher risk of postoperative complications. 
Specifically, the all-epiphyseal technique was associated with higher rates of growth disturbances (1.5 %) and AD (1.3 %)
compared to the modified-Kocher technique, which reported rates of 0.0 %.

The fact that growth disturbance occurs with all techniques of ACLR in the skeletally immature leaves surgeons unsure of 
which technique is optimal. Physeal sparing techniques are more technically demanding, which can be problematic when
performed only occasionally, and can lead to periosteal disruption and increased vascularity in the physis [26]. There con-
tinues to be no prospective randomised studies comparing transphyseal reconstruction with physeal sparing methods.

6. Management 

Early diagnosis is of utmost importance to allow timely management. We recommend growth monitoring with full-
length standing radiographs of the lower limbs every 6 months for the first 2 years postoperative then yearly until skeletal 
maturity. The management of a growth disturbance depends on its type, location, severity and the remaining growth. There-
fore, it is mostly a case-by-case discussion. However, we can use the following recommendations as general guidelines: (1)
Check the graft positioning as an incorrect tunnel placement can both generate a growth arrest and a failed ACLR (Figure 3). 
(2) Any growth disorder in a prebuscent patient should be observed 12 months before operative treatment is undertaken as
it could correct spontaneously (Figure 4). (3) In case of a growth arrest, contralateral epiphysiodesis is only considered for 
predicted LLDs exceeding 2 cm. (4) In case of a growth arrest, asymmetrical epiphysiodesis is only considered for predicted 
angulation exceeding 5°. (5) For patients already at or close to skeletal maturity, corrective osteotomy or bone lengthening
are indicated for LLDs exceeding 2 cm or angulation exceeding 5° (Figure 3). 

7. Conclusion 

Growth disturbances after paediatric ACLR are rare yet require attention. Based on our experience and the literature, we 
recommend a guarded approach with careful attention to the surgical technique and the follow up. Monitoring of growth
using standing full-length radiographs of the lower limbs until skeletal maturity is recommended.
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