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Abstract
Purpose  To determine outcomes of transphyseal ACL reconstruction using a living parental hamstring tendon allograft in 
a consecutive series of 100 children.
Methods  One hundred consecutive juveniles undergoing ACL reconstruction with a living parental hamstring allograft were 
recruited prospectively and reviewed 2 years after ACL reconstruction with IKDC Knee Ligament Evaluation, and KT1000 
instrumented laxity testing. Skeletally immature participants obtained annual radiographs until skeletal maturity, and long 
leg alignment radiographs at 2 years. Radiographic Posterior tibial slope was recorded.
Results  Of 100 juveniles, the median age was 14 years (range 8–16) and 68% male. At surgery, 30 juveniles were graded 
Tanner 1 or 2, 21 were Tanner 3 and 49 were Tanner 4 or 5. There were no cases of iatrogenic physeal injury or leg length 
discrepancy on long leg radiographs at 2 years, despite a median increase in height of 8 cm. Twelve patients had an ACL 
graft rupture and 9 had a contralateral ACL injury. Of those without further ACL injury, 82% returned to competitive sports, 
IKDC ligament evaluation was normal in 52% and nearly normal in 48%. The median side to side difference on manual 
maximum testing with the KT1000 was 2 mm (range − 1 to 5). A radiographic PTS of 12° or more was observed in 49%.
Conclusions  ACL reconstruction in the juvenile with living parental hamstring tendon allograft is a viable procedure associ-
ated with excellent clinical stability, patient-reported outcomes and return to sport over 2 years. Further ACL injury to the 
reconstructed and the contralateral knee remains a significant risk, with identical prevalence observed between the recon-
structed and contralateral ACL between 12 and 24 months after surgery.
Level of evidence  III (Cohort Study).
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Introduction

Anterior cruciate ligament (ACL) injury is occurring with 
increasing frequency amongst juveniles [33, 34, 42, 44]. The 
natural sequelae of ACL deficiency in children are recur-
rent instability leading to chondral and meniscal damage 
[2, 16]. Reconstruction in juveniles is, therefore, the prefer-
ence, however, this has been shown to be associated with a 

2.5–5 times greater risk of ACL graft re-rupture compared 
to adults [32]. Furthermore, repeat ACL injury is reported to 
occur in 22–30% in the first 5 years after ACL reconstruction 
in adolescents and young adults [27, 40, 43].

Graft choice has long been a debate in ACL reconstruc-
tion. The ideal graft would recreate normal anatomical and 
biomechanical properties of the native ligament, providing 
biological integration, reduce recovery time and donor site 
morbidity [7]. Autograft has traditionally been the choice for 
ACL reconstruction, however, can be associated with donor 
site morbidity. Hamstring autograft harvest has been shown 
to be associated with persisting loss of knee flexion strength, 
and altered knee mechanics with walking and running [1, 
20]. Harvesting of a patella tendon is associated with ante-
rior knee pain, particularly when kneeling [28, 30, 36], and 
increased rates of degenerative change over the long term 
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[29, 36]. Cadaveric allograft avoids donor site morbidity, 
though has been associated with a higher rate of ACL graft 
rupture in both adults and juveniles [11, 26].

The use of living donor hamstring tendon allograft has 
previously demonstrated excellent clinical and subjective 
outcomes in a small retrospective study of 32 juveniles [15]. 
More recently, Heath et al. reported the 5 year ACL graft 
survival of this technique in a retrospective phone interview 
study [17]. Living donor hamstring tendon allograft has the 
theoretical advantages of allowing for predictable graft 
diameters, eliminating donor site morbidity and maintaining 
normal biomechanical/neuromuscular properties around the 
knee joint [17]. There is a further benefit of fresh biological 
tissue and increased safety with regard to transmissible dis-
eases. The latter advantages make living donor allograft par-
ticularly favorable to cadaveric ACL allograft, which itself 
has demonstrated a high failure rate in adults [37]. There 
are potential complications associated with transphyseal 
surgery in juveniles, most notably partial physeal growth 
arrest leading to secondary to mal-alignment and leg length 
discrepancy. However, it has been demonstrated that 7% of 
the physis has to be damaged in order for this to occur [23], 
and modern drilling techniques can result in excellent clini-
cal outcomes without growth disturbance [9].

The purpose of this prospective longitudinal study was to 
examine the clinical results of endoscopic transphyseal ACL 
reconstruction using a living parental hamstring tendon graft 
in a consecutive series of 100 children less than 17 years of 
age at the time of surgery. The hypothesis was this technique 
would have acceptable clinical and subjective outcomes, 
without compromising the growth plates in juveniles.

Materials and methods

Between 2012 and 2015, 100 consecutive children under-
went endoscopic transphyseal ACL reconstruction with liv-
ing donor hamstring (HT) allograft. Inclusion criteria for 
the study were: age < 17 years; residing within 100 km of 
Sydney; a living parental donor; normal contralateral ACL 
and no other concomitant ligamentous injury in the knee. 
Ethical approval was sought and granted by St Vincent’s 
Hospital Human Research Ethics Committee (SVH 12/073). 
The study was registered with ANZ New Zealand Clinical 
Trials Registry (reference ACTRN12612000631808).

Initial consultation was performed alongside the parental 
donor and involved taking a detailed history and examina-
tion. Complete ACL rupture was confirmed with clinical 
examination and magnetic resonance imaging (MRI).

Pre‑operative donor screening

To eliminate the risk of transmissible infection, all donors 
were pre-operatively screened for Human Immunodeficient 
Virus (HIV), Hepatitis B and C, Human Papillomavirus 
(HPV) and Cytomegalovirus (CMV). The Rhesus status 
of all children was checked pre-operatively. When Rhesus 
negative females were identified, upon induction a measured 
dose of Rhesus immunoglobulin was administered to prevent 
sensitivity where Rhesus incompatibility was present.

Surgery

Both donors and recipients surgery were performed as day 
stay procedure. To decrease the exposure time of the donor 
graft, all cases were performed in fully manned, dual adja-
cent theatres. All cases were performed by the two senior 
authors (L.A.P. and J.P.R.). The Tanner grade [24, 25] of the 
child and radiographic classification of growth plates was 
documented on the day of surgery.

Donor harvesting

An oblique 2.5 cm incision was made just inferior and 
medial to the tibial tuberosity exposing the sartorius fas-
cia. This was incised to expose the tendons of gracilis and 
semitendinosus. In most cases, both tendons were excised 
using a harvester (Linvatec, Largo, Florida). In the case of 
a small child or very narrow notch only 2 strands were used 
(n = 15). The tendon grafts were doubled over two pull-out 
lead sutures and all the strands were equally tensioned. 
Whilst holding the tension, proximally 25 mm were whip-
stitched with a No. 1 Vicryl suture (Ethicon, Edinburgh, 
United Kingdom) and the distal 40 mm of graft were whip-
stitched with a No. 2 Vicryl suture. The graft was wrapped in 
a vancomycin-soaked gauze and transferred into the adjacent 
theatre by the operating surgeon.

ACL reconstruction

Upon the surgeon’s arrival in the adjacent theatre with the 
fully prepared donor graft, the child was already prepared 
and draped for surgery. Single-bundle ACL reconstruction 
via a transphyseal technique was performed in all cases. The 
femoral tunnel was drilled through a low anteromedial por-
tal with the knee flexed to 110° to minimise oblique cross-
ing of the distal femoral physis. This tunnel was positioned 
5 mm anterior to the posterior capsular insertion. The tibial 
tunnel was drilled as vertically as possible, initially with a 
slow speed 4.5 mm pilot drill emerging through the tibial 
footprint of the native ACL. The tunnel was expanded with 
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a single pass of a reamer equal to the diameter based off the 
donor graft. The donor graft was secured in the femur with 
either an Endobutton (Smith & Nephew, Andover, Massa-
chusetts) proximal to the physis, or polyether ether ketone 
(PEEK), or titanium Round-bodied Cannulated Interference 
(RCI) screw (Smith & Nephew) distal to the physis. In the 
tibial tunnel, the ACL graft was fixed distal to the tibial phy-
sis with either a PEEK or RCI screw, or a staple. The choice 
of fixation on either side was dependent on the surgeons 
preference for that individual case e.g. if femoral tunnel was 
too short the Endobutton could be used to prevent any screw 
being left crossing the physis. Meniscal tears were sutured 
where appropriate.

Rehabilitation protocol

Patients were permitted to weight bear as tolerated with 
crutches post-operatively and, at individual surgeon’s pref-
erence, placed in a range of motion brace for 2–6 weeks. For 
the first 10–14 days post-operatively, the swelling and pain 
was managed with Ice and analgesia, gradually progress-
ing off crutches towards a normal gait. Progression through 
rehabilitation was goal based rather than time based. Those 
with meniscal repair were instructed to avoid loaded flexion 
for 12 weeks. Stage 2 of rehabilitation involved developing 
hamstring and quadriceps muscle control in addition to early 
proprioceptive skills. Stage 3 involved progression to more 
dynamic movements such as step lunges, half squats and 
lateral stepping once sufficient strength was achieved and no 
effusion was present. Progression to running drills, plyomet-
ric and agility drills followed. Once sufficiently competent 
sports specific skills and drills were commenced. Return 
to competitive sport was considered after 12 months from 
surgery if rehabilitation goals had been achieved.

Parental donors were all discharged on the day of surgery 
with analgesia and advice on hamstring stretching exercises. 
Donors were permitted to return to work after 1–2 days and 
were followed-up at 10–14 days, alongside their children 
to ensure their wounds had healed without any problems. 
When pain-free they were permitted to return to sport. They 
were advised to avoid heavy manual labour or running for 
4–6 weeks.

Follow‑up

Routine review was performed at 10–14 days, 6 weeks and 
6 months after surgery. Subjects were further reviewed at 1 
and 2 years with International Knee Documentation Com-
mittee (IKDC) Knee Evaluation by one of 2 experienced 
research physiotherapists (LJS or EH). Radiographs were 
performed annually for those patients with open growth 
plates including long leg alignment radiographs to assess 
look coronal alignment and leg length. Leg length was 

measured from the top of the femoral head to the centre of 
the tibial plafond. Coronal alignment was measured by the 
angle formed by the centre of the femoral head and the tibial 
plafond to the centre of the knee. Lateral radiographs were 
used to assess the medial PTS using the method described 
by Webb et al. [39].

Statistical analysis

Statistical analysis was performed using SPSS software ver-
sion 24. Statistical significance was set at a priori at p ≤ 0.05. 
Sub groups were compared with t-tests for linear variables 
and Chi-squared tests for categorical data. Sample size 
calculation?

Results

Of the 100 children, 68 patients were male and the right knee 
was involved in 51. The median age was 14 years at surgery 
(range 8–16). The hamstrings were donated by the father 
in 79 and mother in 21 of cases. The median hamstring 
graft diameter was 7.5 mm (range 6–10 mm). The median 
drill size was 7.5 mm (range 6–9) on the femur and 7.5 mm 
(range 6–10 mm) on the tibia. A 4 strand graft was used 
in 86 cases and a 2 strand graft in 14 children, which was 
determined by the size of the child. At the time of surgery, 
open growth plates were documented in 39 juveniles, closing 
in 22 juveniles and closed in 39. The distribution of Tanner 
stage of development is shown in Fig. 1. Partial meniscec-
tomy was performed in 13 subjects, and meniscal suture 
in 8 subjects. Chondral lesions were observed in 4 cases. 
Femoral fixation was achieved with an interference screw 
in 61 cases and an endobutton in 39 subjects. Tibial fixation 
was achieved with an interference screw in 67 and a staple 
in 33 subjects. A positive family history was defined by a 
first degree relative with an ACL injury and was reported by 
38/94 (40%) of the cohort.

The participant flow is shown in Fig. 2.

Radiographic assessment

Of the 61 subjects with open or closing growth plates at 
surgery, 53 underwent long leg alignment radiographs at 
2 years (87%). There were no cases of physeal growth arrest 
or malalignment on long leg radiographs at 2 years. The 
median side to side leg length difference was 0.05 cm (range 
− 1.2 to 1.3 cm). No subjects had more than a 1.5 cm side-
to-side difference in leg length. The median knee alignment 
at 2 years was 2.0° valgus (range 7° valgus to 2° varus) with 
the opposite knee median alignment being 1.0° (range 9° 
valgus to 5° varus). The median side-to-side difference at 
two years was − 1.0° (range −3° to 3.8°).
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PTS was measured from a lateral radiograph on 92 
of 100 subjects. The median PTS was 11° (range 0–17). 
There were 45 subjects with a PTS of  > 12°.

Patient‑reported outcome measures and clinical 
assessment

The results of the subjective and clinical assessment at 
2 years is shown in Table 1. There was no difference between 
males and females for any of the subjective or clinical 

Fig. 1   Distribtion of Tanner 
stage of development

Fig. 2   Participant flow

Primary ACL 
reconstruc�on with 

parental donor 
allogra� N=100

Subjects reviewed at 2 
years N=96 (96%)

Completed pa�ent 
reported outcome 

measures N=84

Completed objec�ve 
assessment N=75

Contralateral ACL 
rupture N=9

ACL gra� rupture 
N=12

Lost to follow up N=4 
(4%)

Table 1   Two years subjective and objective clinical assessment

Patient-reported outcome measures (n = 84)

Median IKDC score/100 (range) 96 (82–100)
Regular participation in strenuous or very strenuous sports, N (%) 72 (86%)
Return to same level of sport, N (%) 70 (83%)
No knee related decrease in activity, N (%) 77 (92%)

Clinical assessment (N = 75)

Grade A IKDC overall grade, N (%) 38 (51%)
Grade A IKDC Effusion, N (%) 73 (97%)
Grade A IKDC Range of Motion, N (%) 72 (96%)

Ligament Evaluation (N = 75)

Grade 0 Lachman, N (%) 50 (67%)
Grade 0 Pivot, N (%) 55 (73%)
< 3 mm side to side difference on KT1000 testing, N (%) 43 (57%)
Median mm side to side difference on KT1000 testing (range) 2.0 (− 1 to 5)
Overall IKDC Ligament Grade A, N(%) 42 (56%)
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assessments. There was no significant difference between 
the Tanner Groups for any subjective or clinical assessments.

Objective assessment

Subjects with open or closing growth plates classification 
at surgery had a median increase in height of 9 cm (range 
0–22 cm) as shown in Fig. 3.

Repeat ACL injury and complications

Out of the 100 subjects, 12 children sustained an ACL graft 
rupture and 9 sustained a contralateral ACL injury within 
2 years. The median time from surgery to ACL graft rup-
ture was 11 months (range 9–18). Six subjects sustained an 
ACL graft rupture within the 12 months of ACL reconstruc-
tion, all while playing team ball sports. ACL graft rupture 
occurred with a significantly higher frequency (6/38, 15.8%) 
in patients with a positive family history of ACL injury com-
pared to subjects without a positive family history (3/56, 
5.4%), (p = 0.004). The median graft diameter was 7.5 mm 
for both those that sustained an ACL graft rupture and those 
with intact ACL grafts (n.s.). Subjects with a PTS of > 12 
did not have a significantly higher rate of ACL graft rupture 
(n.s.), or contralateral ACL injury (n.s.), than those with 
a PTS < 12°. ACL graft rupture occurred in 16/68 males 
(24%) and 5 of 32 females (16%) (n.s.). ACL graft rupture 
occurred in 3/51 (6%) Tanner 1–3 juveniles, and 9/49 (18%) 

Tanner 4–5 subjects (p = 0.05, fishers exact). Contralateral 
ACL injury occurred in 6 Tanner 1–3 juveniles (12%), and 
3 Tanner 4–5 subjects (6%) (n.s.).

One patient required a subsequent medial meniscectomy 
for a tear that developed 7 months post-operatively. One 
patient required an excision of a cyclops lesion at 6 months 
post-operative. One 15 year old male with closing growth 
plates at surgery was noted to have a 3.8° side to side dif-
ference in mechanical alignment at 2 years post-operatively, 
however, this patient had no significant difference in leg 
length (3 mm). Pre-operative alignment films were not avail-
able. There were no patients or donors who had any evidence 
of wound or joint infections.

Discussion

The most important findings of the present study were ACL 
reconstruction using parental donor allograft was associated 
with excellent subjective outcomes, good objective ligament 
stability, a high rate of return to sports, as well as no sig-
nificant difference in radiographic leg length over 2 years.

This study has demonstrated transphyseal ACL recon-
struction with living donor allograft can be safely performed 
without growth disturbance. This adds further weight to the 
body of literature supporting a transphyseal drilling tech-
nique for ACL reconstruction in children [21]. The side-
to-side difference in radiographic leg lengths was no more 
than 1.5 cm, which is consistent with the normal population 
[35]. It should be noted that one patient (1%) was found to 
have difference in valgus alignment of 3.8° in the coronal 
plane compared to the other side at review. Despite this, the 
patient demonstrated no difference in radiographic leg length 
and had an excellent clinical outcome, including a success-
ful return to elite sports. In a recent study of ACL injured 
juveniles, 8 of 47 (17%) were reported to have > 3° side to 
side difference in alignment, inclusive of 3 who were treated 
without surgical reconstruction. The previously reported cut 
off of difference in leg length of 1 cm or more or an axis 
deviation of more than 3° [14] requires comparison to a pre-
operative film. A weakness of this study was that no preop-
erative alignment radiographs were performed, as this may 
have demonstrated a pre-existing difference in this subject. 
This present study agrees with other authors that, without 
preoperative baseline measures of leg length and alignment, 
it may be difficult to discern between pathological and nor-
mal variation in this population [10].

ACL reconstruction with a parental allograft was asso-
ciated with good clinical ligament stability confirmed by 
physical examination. The median side to side difference on 
instrumented laxity testing was 2 mm, 57% of subjects had  
< 3 mm side to side difference, and 43% had 3–5 mm side to 
side difference. Goddard et al. [15] reported similar clinical 

Fig. 3   Boxplot of increase in height of subjects with open or closing 
growth plates over 2 years
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outcomes at 2 years following living donor hamstring allo-
graft in juveniles in a smaller cohort of 32 subjects.

One of the advantages of using a living donor allograft is 
a predictably larger graft size. This study demonstrated an 
average of 7.5 mm graft diameter which would be an accept-
able graft size for young adults undergoing ACL reconstruc-
tion. In a recent consensus paper, it had been suggested that 
tunnel diameter should be no larger than 9 mm [4]. Our 
average graft size was notably less than this, though, the size 
of the implanted ACL graft was selected by the surgeons to 
match the anatomy of the child, with larger children receiv-
ing larger sized grafts as necessary.

The surgical technique aimed to avoid growth disturbance 
by having tunnels cross physeal planes as perpendicular as 
possible to minimise the volume of reamed physis reamed. 
Our technique also facilitated anatomical femoral tunnel 
positioning using the anteromedial portal to drill the femoral 
tunnel. Cruz et al. [8] suggested that a transtibial technique 
disrupted a lower area of physis in the distal femur and also 
created less eccentric tunnels compared to using an antero-
medial portal as in our technique. Although this may be 
true, our technique had excellent clinical results and return 
to sports rates with no significant side-to-side leg length 
differences. This is supported by other smaller series [22] 
who use a similar anatomical transphyseal technique. There 
is a consensus stressing the importance of modifying the 
operative technique to relatively central and vertical tibial 
tunnels to avoid risk of damage to the tibial physis [4, 22].

A further proposed advantage of using living donor allo-
graft is maintaining the integrity of the child’s own ham-
strings. This is for the twin purposes of preserving the neu-
romuscular control on the medial side of the knee, as well as 
keeping their own hamstrings available for the unfortunate 
case of repeat ACL injury. It is worth noting that although 
larger graft diameter and preservation of hamstrings are 
important factors, they did not positively affect the rate of 
ACL graft rupture over 2 years in this study compared to the 
literature [22, 38, 39].

There was a 12% incidence of ACL graft rupture at 
2 years after ACL reconstruction with parental allograft in 
this series. Other series with a minimum 2 year review have 
reported rates of ACL graft rupture in juveniles with auto-
grafts to be between 8% at 2 years, and 12% [27] to 14% 
[41] at 5 years. Webster et al. observed a higher 13–28% 
incidence of ACL graft rupture in a juvenile subjects after 
autograft reconstruction over a mean of 5 years [41]. The 
combined contralateral ACL and graft re-rupture rate of 21% 
in this series were also similar to high rates observed in 
juvenile subjects in other series [27, 40], including a recent 
meta-analysis [43]. In a more recent study examining ACL 
graft survival after parental allograft reconstruction in juve-
niles, Heath et al. reported a 5 year rate of ACL graft rupture 
of 24% and contralateral ACL rupture of 14% [17]. Despite 

the use of a parental allograft ACL reconstruction in this 
cohort and the Heath et al. series, repeat ACL injury after 
reconstruction in juvenile’s remains and common and chal-
lenging issue.

ACL graft rupture is a multi-factorial entity that is 
dependent on a multitude of intrinsic and extrinsic factors. 
Intrinsic risk factors for ACL injury include high PTS, nar-
row notch width, body mass index, decreased ACL size, 
familial history and limb alignment [6, 12, 27, 31, 39]. 
Almost half the subjects imaged in this study demonstrated 
a PTS > 12° (49%), which is higher than the 20% observed 
by Webb et al. in an adult population [39]. The relationship 
between increased PTS and ACL injuries has been docu-
mented in teenagers [38], and previous work has demon-
strated the catastrophic effect an increase in tibial slope has 
on both the native ACL and well as the ACL graft, espe-
cially in juveniles [5, 13, 32]. In this cohort, there was a 
very high rate of return to sports (82%) such as soccer, rugby 
and netball [3, 18]. This is similar to a recent meta-analysis 
reported 81% of juvenile return to competitive play [19]. 
This exposure to high-risk activities places both the recon-
structed ACL and the contralateral ACL at risk, and a similar 
incidence of ACL injury was observed between the recon-
structed ACL (12%) and the contralateral ACL (9%) in this 
series. Between 12 and 24 months from ACL reconstruc-
tion, the prevalence of ACL injuries was exactly the same 
between the reconstructed ACL (7%) and the contralateral 
ACL (7%).

There was a higher rate of ACL graft rupture in the Tan-
ner grades 4 and 5 subjects (18%), compared to Tanner 
grades 1–3 subjects (6%), which supports previous findings 
by Heath et al. [17]. Heath et al. attributed this higher rate 
of reinjury in adolescents compared to children to factors 
such as lower rates of parental supervision, more aggres-
sive and competitive play, greater body mass in adolescents, 
and distinct differences in cellular healing of the graft, with 
younger children healing faster [17].

There are limitations to the present study to be acknowl-
edged. As previously discussed this study would have been 
strengthened with pre-operative radiographic mechanical 
alignment to compare to the 2 years post-operative radio-
graphs. Although 2 years is relatively a short length of 
follow-up, as the use of parental allografts for ACL recon-
struction in children is an unusual technique it is important 
to report the outcomes in sufficient numbers to enable clini-
cians to assess its value, even over the shorter term.

Conclusion

This study reports a high rate of return to the sport in addi-
tion to excellent subjective and objective clinical outcomes 
at 2  years after ACL reconstruction with living donor 
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hamstring allograft in a juvenile population. Parental donor 
allograft can be considered a viable alternative to traditional 
ACL graft choices in juveniles.

Compliance with ethical standards 

Conflict of interest  This study was funded by a research grant from 
the Friends of the Mater Foundation. JR receives institutional research 
support from Global Orthopaedics and Smith and Nephew, has given 
paid presentations for Depuy and Smith and Nephew, and is a share-
holder in 360 Knee Systems. LP receives IP royalties from Signature 
Orthopaedics and Australian Biotechnology, research support from 
Australian Orthopaedic Association, Friends of the Mater Foundation 
and Smith and Nephew, stock or stock options from Australian Bio-
technology, and is a paid presenter for Smith and Nephew.

Funding  This study was generously supported by The Friends of the 
Mater Foundation, Sydney, Australia.

Ethical approval  Ethical approval was obtained from St Vincents 
Human Research Ethics Committee, Sydney, Australia.

References

	 1.	 Abourezk MN, Ithurburn MP, McNally MP, Thoma LM, Briggs 
MS, Hewett TE et al (2017) Hamstring strength asymmetry at 
3 years after anterior cruciate ligament reconstruction alters knee 
mechanics during gait and jogging. Am J Sports Med 45:97–105

	 2.	 Aichroth PM, Patel DV, Zorrilla P (2002) The natural history 
and treatment of rupture of the anterior cruciate ligament in chil-
dren and adolescents: a prospective review. J Bone Joint Surg Br 
84(B):38–41

	 3.	 Andernord D, Desai N, Björnsson H, Ylander M, Karlsson J, Sam-
uelsson K (2014) Patient predictors of early revision surgery after 
anterior cruciate ligament reconstruction: a cohort study of 16,930 
patients with 2-year follow-up. Am J Sports Med 43:121–127

	 4.	 Ardern CL, Ekås G, Grindem H, Moksnes H, Anderson AF, Cho-
tel F et al (2018) 2018 International Olympic Committee con-
sensus statement on prevention, diagnosis and management of 
paediatric anterior cruciate ligament (ACL) injuries. Br J Sports 
Med 52:422–438

	 5.	 Bernhardson AS, Aman ZS, Dornan GJ, Kemler BR, Storaci 
HW, Brady AW et al (2019) Tibial slope and its effect on force in 
anterior cruciate ligament grafts: anterior cruciate ligament force 
increases linearly as posterior tibial slope increases. Am J Sports 
Med 47:296–302

	 6.	 Boden BP, Sheehan FT, Torg JS, Hewett TE (2010) Noncontact 
anterior cruciate ligament injuries: mechanisms and risk factors. 
J Am Acad Orthop Surg 18:520–527

	 7.	 Cerulli G, Placella G, Sebastiani E, Tei MM, Speziali A, Manfreda 
F (2013) ACL Reconstruction: choosing the graft. Joints 1:18

	 8.	 Cruz AI Jr, Lakomkin N, Fabricant PD, Lawrence JT (2016) 
Transphyseal ACL reconstruction in skeletally immature patients: 
Does independent femoral tunnel drilling place the physis at 
greater risk compared with transtibial drilling? Orthop J Sports 
Med 4:2325967116650432

	 9.	 Domzalski M, Karauda A, Grzegorzewski A, Lebiedzinski R, 
Zabierek S, Synder M (2016) Anterior cruciate ligament recon-
struction using the transphyseal technique in prepubescent ath-
letes: midterm, prospective evaluation of results. Arthroscopy 
32:1141–1146

	10.	 Ekås GR, Laane MM, Larmo A, Moksnes H, Grindem H, Ris-
berg MA et al (2019) Knee pathology in young adults after pedi-
atric anterior cruciate ligament injury: a prospective case series 
of 47 patients with a mean 9.5-year follow-up. Am J Sports Med 
47:1557–1566

	11.	 Ellis HB, Matheny LM, Briggs KK, Pennock AT, Steadman 
JR (2012) Outcomes and revision rate after bone–patellar ten-
don–bone allograft versus autograft anterior cruciate ligament 
reconstruction in patients aged 18 years or younger with closed 
physes. Arthroscopy 28:1819–1825

	12.	 Evans KN, Kilcoyne KG, Dickens JF, Rue JP, Giuliani J, Gwinn 
D et al (2012) Predisposing risk factors for non-contact ACL 
injuries in military subjects. Knee Surg Sports Traumatol 
Arthrosc 20:1554–1559

	13.	 Fening S, Kovacic J, Kambic H, McLean S, Scott J, Miniaci A 
(2008) The effects of modified posterior tibial slope on anterior 
cruciate ligament strain and knee kinematics: a human cadaveric 
study. J Knee Surg 21:205–211

	14.	 Frosch K-H, Stengel D, Brodhun T, Stietencron I, Holsten D, 
Jung C et al (2010) outcomes and risks of operative treatment 
of rupture of the anterior cruciate ligament in children and ado-
lescents. Arthroscopy 26:1539–1550

	15.	 Goddard M, Bowman N, Salmon LJ, Waller A, Roe JP, Pincze-
wski LA (2013) Endoscopic anterior cruciate ligament recon-
struction in children using living donor hamstring tendon allo-
grafts. Am J Sports Med 41:567–574

	16.	 Guenther ZD, Swami V, Dhillon SS, Jaremko JL (2014) 
Meniscal injury after adolescent anterior cruciate ligament 
injury: How long are patients at risk? Clin Orthop Relat Res 
472:990–997

	17.	 Heath EL, Salmon LJ, Cooper R, Pappas E, Roe JP, Pinczewski 
LA (2018) 5-Year survival of pediatric anterior cruciate ligament 
reconstruction with living donor hamstring tendon grafts. Am J 
Sports Med 47:41–51

	18.	 Kaeding CC, Pedroza AD, Reinke EK, Huston LJ, Spindler KP 
(2015) Risk Factors and Predictors of Subsequent ACL Injury 
in either knee After ACL reconstruction. Am J Sports Med 
43:1583–1590

	19.	 Kay J, Memon M, Marx RG, Peterson D, Simunovic N, Ayeni 
OR (2018) Over 90% of children and adolescents return to sport 
after anterior cruciate ligament reconstruction: a systematic 
review and meta-analysis. Knee Surg Sports Traumatol Arthrosc 
26:1019–1036

	20.	 Konrath JM, Vertullo CJ, Kennedy BA, Bush HS, Barrett RS, 
Lloyd DG (2016) Morphologic characteristics and strength of the 
hamstring muscles remain altered at 2 years after use of a ham-
string tendon graft in anterior cruciate ligament reconstruction. 
Am J Sports Med 44:2589–2598

	21.	 Kumar S, Ahearne D, Hunt D (2013) Transphyseal anterior cruci-
ate ligament reconstruction in the skeletally immature: follow-up 
to a minimum of sixteen years of age. J Bone Joint Surg 95:e1

	22.	 Lemaitre G, Salle de Chou E, Pineau V, Rochcongar G, Del-
forge S, Bronfen C et  al (2014) ACL reconstruction in chil-
dren: a transphyseal technique. Orthop Traumatol Surg Res 
100:S261–S265

	23.	 Makela EA, Vainionpaa S, Vihtonen K, Mero M, Rokkanen 
P (1988) The effect of trauma to the lower femoral epiphyseal 
plate. An experimental study in rabbits. J Bone Joint Surg Br 
70:187–191

	24.	 Marshall WA, Tanner JM (1969) Variations in pattern of pubertal 
changes in girls. Arch Dis Child 44:291–303

	25.	 Marshall WA, Tanner JM (1970) Variations in the pattern of 
pubertal changes in boys. Arch Dis Child 45:13–23

	26.	 Mascarenhas R, Erickson BJ, Sayegh ET, Verma NN, Cole BJ, 
Bush-Joseph C et al (2015) Is there a higher failure rate of allo-
grafts compared with autografts in anterior cruciate ligament 



2518	 Knee Surgery, Sports Traumatology, Arthroscopy (2020) 28:2511–2518

1 3

reconstruction: a systematic review of overlapping meta-analyses. 
Arthroscopy 31:364–372

	27.	 Morgan MD, Salmon LJ, Waller A, Roe JP, Pinczewski LA (2016) 
Fifteen-year survival of endoscopic anterior cruciate ligament 
reconstruction in patients aged 18 years and younger. Am J Sports 
Med 44:384–392

	28.	 Mouarbes D, Menetrey J, Marot V, Courtot L, Berard E, Cavaig-
nac E (2019) Anterior cruciate ligament reconstruction: a system-
atic review and meta-analysis of outcomes for quadriceps tendon 
autograft versus Bone-Patellar Tendon–Bone and Hamstring-
Tendon autografts. Am J Sports Med 47(14):3531–3540

	29.	 Sajovic M, Stropnik D, Skaza K (2018) Long-term comparison of 
semitendinosus and gracilis tendon versus patellar tendon auto-
grafts for anterior cruciate ligament reconstruction: a 17-year 
follow-up of a randomized controlled trial. Am J Sports Med 
46:1800–1808

	30.	 Salem HS, Varzhapetyan V, Patel N, Dodson CC, Tjoumakaris 
FP, Freedman KB (2019) Anterior cruciate ligament reconstruc-
tion in young female athletes: patellar versus hamstring tendon 
autografts. Am J Sports Med 47:2086–2092

	31.	 Salmon L, Russell V, Musgrove T, Pinczewski L, Refshauge 
K (2005) Incidence and risk factors for graft rupture and con-
tralateral rupture after anterior cruciate ligament reconstruction. 
Arthroscopy 21:948–957

	32.	 Salmon LJ, Heath E, Akrawi H, Roe JP, Linklater J, Pinczewski 
LA (2018) 20-Year outcomes of anterior cruciate ligament recon-
struction with hamstring tendon autograft: the catastrophic effect 
of age and posterior tibial slope. Am J Sports Med 46:531–543

	33.	 Shaw L, Finch CF (2017) Trends in pediatric and adolescent ante-
rior cruciate ligament injuries in Victoria, Australia 2005–2015. 
Int J Environ Res Public Health 14:599

	34.	 Shaw L, Finch CF, Bekker S (2019) Infographic: trends in paedi-
atric and adolescent ACL injuries. Br J Sports Med 53:228

	35.	 Stanitski DF (1999) Limb-length inequality: assessment and treat-
ment options. J Am Acad Orthop Surg 7:143–153

	36.	 Thompson SM, Salmon LJ, Waller A, Linklater J, Roe JP, Pincze-
wski LA (2016) Twenty-year outcome of a longitudinal prospec-
tive evaluation of isolated endoscopic anterior cruciate ligament 

reconstruction with patellar tendon or hamstring autograft. Am J 
Sports Med 44:3083–3094

	37.	 van Eck CF, Schkrohowsky JG, Working ZM, Irrgang JJ, Fu FH 
(2012) Prospective analysis of failure rate and predictors of fail-
ure after anatomic anterior cruciate ligament reconstruction with 
allograft. Am J Sports Med 40:800–807

	38.	 Vyas S, van Eck CF, Vyas N, Fu FH, Otsuka NY (2011) Increased 
medial tibial slope in teenage pediatric population with open 
physes and anterior cruciate ligament injuries. Knee Surg Sports 
Traumatol Arthrosc 19:372–377

	39.	 Webb JM, Salmon LJ, Leclerc E, Pinczewski LA, Roe JP (2013) 
Posterior tibial slope and further anterior cruciate ligament inju-
ries in the anterior cruciate ligament–reconstructed patient. Am J 
Sports Med 41:2800–2804

	40.	 Webster K, Feller J (2016) Exploring the high reinjury rate in 
younger patients undergoing anterior cruciate ligament recon-
struction. Am J Sports Med 44:2827–2832

	41.	 Webster KE, Feller JA, Leigh WB, Richmond AK (2014) Younger 
patients are at increased risk for graft rupture and contralateral 
injury after anterior cruciate ligament reconstruction. Am J Sports 
Med 42:641–647

	42.	 Werner BC, Yang S, Looney AM, Gwathmey FW Jr (2016) Trends 
in pediatric and adolescent anterior cruciate ligament injury and 
reconstruction. J Pediatr Orthop 36:447–452

	43.	 Wiggins AJ, Grandhi RK, Schneider DK, Stanfield D, Webster 
KE, Myer GD (2016) Risk of secondary injury in younger athletes 
after anterior cruciate ligament reconstruction a systematic review 
and meta-analysis. Am J Sports Med 44:1861–1876

	44.	 Zbrojkiewicz D, Vertullo C, Grayson JE (2018) Increasing rates 
of anterior cruciate ligament reconstruction in young Australians, 
2000–2015. Med J Aust 208:354–358

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Transphyseal anterior cruciate ligament reconstruction using living parental donor hamstring graft: excellent clinical results at 2 years in a cohort of 100 patients
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 
	Level of evidence 

	Introduction
	Materials and methods
	Pre-operative donor screening
	Surgery
	Donor harvesting
	ACL reconstruction
	Rehabilitation protocol
	Follow-up
	Statistical analysis

	Results
	Radiographic assessment
	Patient-reported outcome measures and clinical assessment
	Objective assessment
	Repeat ACL injury and complications

	Discussion
	Conclusion
	References




