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a  b  s  t  r  a  c  t

Introduction:  There  is  little  published  information  on the ligamentization  of  pediatric  anterior  cruciate
ligament  (ACL)  grafts.  The  aims  of our  study  were  to compare  the  MRI  appearance  of  ACL  grafts  performed
in  a  population  with  open  growth  plates  to normal  ACLs  in adolescents  and  to determine  whether  the
MRI signal  in  the grafts  at 6 months  could  predict  a retear.  We  hypothesized  that  ligamentization  was  a
slow,  gradual  process.
Material and methods:  This  was  a prospective  multicenter  study  of  100  ACL  grafts  (quadriceps  tendon,
hamstring  tendon,  fascia  lata)  in children  7  to 16  years  of age.  Of these,  65 intact  grafts  underwent  one  or
more  MRI  examinations  between  6 months  and  2 years  postoperative.  MRI  images  were  also  analyzed  in
7 patients  who  suffered  a retear  and in the  intact  ACL  of 20 adolescents  (15  to 18  years  of  age).  The  other
28  patients  did not  undergo  an  MRI  during  the  postoperative  phase.  For  each  MRI,  the  signal-to-noise
quotient  (SNQ)  was calculated  in  three  different  areas  in  the ACL  (proximal,  middle,  distal)  along  with
the  Howell  intra-articular  and  intra-tibial  grades  from  I  to IV. The  Mantel-Haenszel  Chi-square,  Wilcoxon
signed-rank  test  and  Student’s  t-test  were  used  to compare  groups.  The  Lin  concordance  correlation
coefficients  were  calculated  for inter-rater  consistency.
Results:  There  was a difference  in the  SNQ  between  the  three  zones  of a normal  ACL.  Most  were  Howell
grade  III  (55%  Howell  III, 25%  Howell  II and 20%  Howell  I).  For  intact  grafts,  the  SNQ  improved  significantly
between  6 and  12  months  and  between  6 and  24  months.  There  was  no difference  in the  SNQ  between
the  three  zones  independent  of  the postoperative  time  point.  The  intra-articular  Howell  grade  improved
significantly  between  6 and  24  months  and  between  12  and  24 months.  The  intra-tibial  Howell  grade
improved  significantly  between  12 and  24  months.  There  were  no  significant  differences  between  patients
with  intact  grafts  and  those  who  suffered  a retear.  There  were  no  differences  between  the  various  types
of  grafts  used.

Conclusion:  Normal  ACLs  in  adolescents  have  inhomogeneous  SNQ  and Howell  grades.  The  SNQ  and
Howell  grades  in ACL  grafts  are  more  homogeneous  and  continue  to  improve  out to 2  years,  but  do  not
reach  that  of a normal  ACL. The  signal  and  appearance  of  an ACL  graft  and normal  ACL are very  different,
and  the MRI  signal  at  6  months  postoperative  is not  predictive  of  retear.
Level  of evidence:  III, prospective  study.

©  2018  Published  by Elsevier  Masson  SAS.
Please cite this article in press as: Pauvert A, et al. MRI  study of the lig
Orthop Traumatol Surg Res (2018), https://doi.org/10.1016/j.otsr.2018
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1. Introduction
amentization of ACL grafts in children with open growth plates.
.09.003

Anterior cruciate ligament (ACL) tears are a common injury that
have increased in frequency in the past decades. There are now
an estimated 2 million cases per year worldwide. In France, 35,000

https://doi.org/10.1016/j.otsr.2018.09.003
https://doi.org/10.1016/j.otsr.2018.09.003
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CL ruptures were treated surgically in 2006 and more than 47,000
n 2016. This increase in the number of ACL tears is secondary to
ncreasingly intense sports practices (especially pivot sports), more
emale participation and better detection of ligament injuries (wide
se of MRI). Naturally, this injury also occurs in children [1].

For many years, ACL reconstruction has been performed in chil-
ren to restore sufficient knee stability to allow resumption of
ports and to prevent secondary lesions, particularly in the menis-
us and cartilage [2]. These secondary lesions can lead to premature
egeneration of the knee and can be highly disabling in the medium
r long term.

The main challenge is to preserve the knee’s growth plates when
rilling the tunnels, since the residual growth potential may  be sev-
ral centimeters. Growth problems (misalignment, leg lengthening
r shortening) in these young patients can occur if the growth plates
re damaged [3].

Most of the studies on ACL reconstruction in children describe
he surgical techniques, postoperative outcomes, type of grafts or
xation methods, postoperative rehabilitation and time to return
o sport, or expose the postoperative complications (growth dis-
urbances are most common) or attempt to determine whether
onservative or surgical treatment is better; however, very few
ddress ligamentization of the graft [4–8]. The ligamentization pro-
ess is a long, progressive histological change in the intra-articular
nd tunnel portions of the graft that can be monitored by successive
RI  examinations [9–11]. The mechanical quality of grafts dur-

ng ligamentization has been evaluated on various animal models;
owever these mechanical tests are not applicable in vivo [12,13].
he change in the MRI  signal can be quantified and can be used in
linical research. The intensity of the MRI  signal reflects histolog-
cal remodeling of the graft. This is the only non-invasive in vivo

ethod that can evaluate this process. To our knowledge, there is
o MRI  study analyzing the ligamentization of ACL grafts in chil-
ren, despite the large number of studies in adults [14–16]. The
tudies in adults have looked at the intensity and distribution of
he signal in the grafts and tunnels (signal-to-noise ratio, hyper-
ntensity percentage, tendon-bone interface). Several studies have
ound a correlation between the MRI  signal and the mechanical
roperties of ACL grafts [17–19]. Information from MRI  analysis of
rafts can be used in combination with clinical outcome scores,
linical tests and knee laxity measurements to determine the date
f return to sports [19].

The primary objective of our study was to compare the MRI
ppearance of ACL grafts in children with open growth plates to
ormal ACLs. The secondary objective was to determine whether
he MRI  signal at 6 months postoperative was predictive of retear.
his 6-month time point is used by many athletes for a clinical and
adiological reassessment before resuming high-risk sports [20].

We hypothesized that graft maturation in children analyzed on
RI  was a slow, gradual process.

. Materials and methods
Please cite this article in press as: Pauvert A, et al. MRI  study of the lig
Orthop Traumatol Surg Res (2018), https://doi.org/10.1016/j.otsr.2018

All patients agreed to provide their clinical information, undergo
ostoperative MRI  examinations and participate in this study. The
tudy was approved by a regional ethics committee.

able 1
atient characteristics.

ACL graft (n = 65) p Retea

Age 12.9 ± 2.3 (7–16) 14 ± 0
Boy/Girl  50/15 < 0.05 7/0 

Side  (right/left) 35/30 NS 3/4 
 PRESS
: Surgery & Research xxx (2018) xxx–xxx

2.1. Patients

This was a prospective, multicenter study (10 hospitals)
performed under the umbrella of the Francophone Society of
Arthroscopy (SFA) enrolling 100 patients with open growth plates
who underwent primary ACL reconstruction between January and
October 2015 and had 2 years’ postoperative follow-up. The inclu-
sion criteria were a bone age less than 15.5 years in boys and less
than 13.5 years in girls at the time of the procedure. Excluded were
patients with a bone age higher than listed above, multiple liga-
ment injuries or revision ACL reconstruction. The cohort consisted
of 75 boys (mean age 12.9 years) and 25 girls (mean age 12.2 years).

2.2. Surgical technique

All patients underwent arthroscopic ligament reconstruction,
of which 33% were outpatient procedures. The techniques were
specific to each participating site and performed by experienced
surgeons. A semitendinosus + gracilis (STG) was used in 41 cases,
a four-strand semitendinosus (ST4) in 35 cases, a quadriceps ten-
don (QT) in 17 cases and fascia lata in 7 cases. The tibial fixation
was transphyseal in 95 cases and epiphyseal in 5 cases. The femoral
fixation was transphyseal in 60 cases, epiphyseal in 35 cases and
over-the-top in 5 cases. Anterolateral reconstruction was also per-
formed in 12 cases. The average time elapsed between the injury
and the surgery was  51 ± 8 days.

Meniscus injuries were also present in 30 patients (treated con-
servatively in 90%) with 47% in the medial meniscus, 43% in the
lateral meniscus (mostly the posterior segment) and 10% in both
menisci. Two patients had cartilage injuries; these occurred in
patients who also suffered meniscus injuries and were treated by
microfracture.

2.3. MRI  analysis

Of the 100 patients initially enrolled in the study, 72 underwent
one or several MRI  examinations at 6, 12 and 24 months postopera-
tive (MRI 1, MRI  2, MRI  3); the other 28 patients refused to undergo
a follow-up MRI  or were lost to follow-up.

Of the 72 available patients, the ACL graft was intact in 65
patients: 16 patients had three MRIs, 23 had two MRIs and 33 had
a single MRI  examination. Seven patients suffered a retear and had
undergone at least one MRI  before the retear (six had one MRI  and
one had three MRIs). These seven cases were used to analyze the
graft’s signal and appearance of MRI  before the retear to detect any
warning signs. We  also analyzed the MRI  images of 20 adolescents
with an intact ACL to compare the appearance of the graft to a nor-
mal  ACL; these examinations were done for indications unrelated
to trauma. The patient characteristics are shown in Table 1.

The MRI  examinations were performed with a standard 1.5 T
machine. Sagittal and axial slices from proton-density fat-saturated
sequences were used to evaluate the various parameters. Gadolin-
ium injection was  not performed.

Each MRI  was analyzed twice by the same rater with a 10-day
amentization of ACL grafts in children with open growth plates.
.09.003

waiting period. The HOROS software (Horos Project TM)  was  used
to evaluate the various parameters on the 3-mm thick axial and
sagittal slices; no sagittal oblique or coronal oblique slices were
analyzed. Sagittal slice(s) showing the entire graft was  used for the

r p Normal ACL p

.8 (12–15) 16.3 ± 1.1 (15–19)
< 0.05 10/10 NS
NS 10/10 NS

https://doi.org/10.1016/j.otsr.2018.09.003


ARTICLE IN PRESSG Model
OTSR-2105; No. of Pages 7

A. Pauvert et al. / Orthopaedics & Traumatology: Surgery & Research xxx (2018) xxx–xxx 3

Fig. 1. Circular 16 mm2  regions of interest in five locations: proximal third, middle
third, distal third of the ACL, PCL behind tibial spine and 1 cm in front of the pole of
t
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Fig. 2. Howell intra-articular grade I corresponding to a graft with full hypointense
signal, like the signal in the PCL.

Fig. 3. Howell intra-articular grade III corresponding to a graft with more than 50%
hyperintense signal.
he  patella.

nalysis. The axial slices nearest the entry of the tibial tunnel were
hosen, which was about 1 cm below the articular surface.

Four parameters were studied: SNQ ratio, intra-articular Howell
rades, intratibial Howell grades and tendon-tibial tunnel inter-
ace. The signal intensity measurements were used to calculate
he signal-to-noise quotient (SNQ) using the following formula:
NQ = ACL signal−PCL signal

Background signal [18,21].
This standardized SNQ measurement was used to get around

ifferences in the various MRI  units used in this study. A SNQ
lose to 0 corresponded to a weak signal (low water content) with

 “black” ACL theoretically showing ligamentization and a more
ature graft. Conversely, a high SNQ corresponded to a high ACL

ignal (high water content), thus a “white” ACL [22].
The SNQ was measured on sagittal slices on five 16 mm2  circular

egions of interest (ROI): proximal third, middle third, distal third
f the ACL, on the posterior cruciate ligament (PCL) just behind the
ibial spine and 1 cm in front the pole of the patella to measure the
ackground noise (black reference). The intensity value of the ROI
as an absolute value in pixels (at 2 decimals) that reflected the

ignal intensity, with a low value being evidence of a low signal
nd vice-versa. The mean of the two measurements performed by
he rater was calculated for each of the five ROIs (Fig. 1).

The intra-articular Howell grade was determined on the sagittal
lices: grade I corresponds to a graft with compete hypointense
ignal (Fig. 2) which is identical to the PCL or patellar tendon signal;
rade II corresponds to a graft with more than 50% hypointense
ignal; grade III to a graft with more than 50% hyperintense signal
Fig. 3) and grade IV to a grade with full hyperintense signal with no
ormal ligament areas [23]. If the Howell grade differed between
he two readings, the worse grade (higher Howell grade) was  used.

The Howell grade in the tibial tunnel on axial slices was eval-
ated using the same criteria (Figs. 4 and 5) [23]. The tendon and
ibial tunnel were analyzed as the percentage of hyperintense sig-
al around the graft and was estimated at 0%, 25%, 50%, 75% or 100%.

f the grades differed between the two readings, the worse grade
smallest %) was used. The presence of hyperintensity means that
Please cite this article in press as: Pauvert A, et al. MRI  study of the ligamentization of ACL grafts in children with open growth plates.
Orthop Traumatol Surg Res (2018), https://doi.org/10.1016/j.otsr.2018.09.003

ynovial fluid is present at the tendon-bone interface [24] or gran-
lation tissue [10]. The graft volume was not evaluated as it is not
redictive of the KOOS score or knee laxity measurements [19].

Fig. 4. Howell intratibial grade I corresponding to a graft with full hypointense
signal.

https://doi.org/10.1016/j.otsr.2018.09.003
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Fig. 7. MRI of a normal ACL is characterized by a hypointense band corresponding
to  the anteromedial (AM) bundle and a posterior hyperintense band corresponding
to  the posterolateral (PL) bundle, with no separation.
ig. 5. Howell intratibial grade III corresponding to a graft with more than 50%
yperintense signal.

The change in all these parameters (SNQ, intra-articular Howell
rade, intratunnel Howell grade, tibial interface) was determined
uring the postoperative period in patients who underwent at least
wo MRI  examinations (41 patients).

.4. Statistical analysis

The statistical analysis was performed with SAS software, ver-
ion 9.4 (SAS Institute). The Wilcoxon signed-rank test was used to
ompare changes in the SNQ over time and perform comparisons
n the same MRI; the Mantel-Haenszel Chi2 was used to determine
he change over time of the Howell intratibial and intra-articular
rades; the Kruskal-Wallis test was used to compare the various
ypes of grafts used. An � value of 0.05 was considered as signifi-
antly different.

Lin concordance correlation coefficients (CCC) were calculated
o determine the agreement and consistency between the two

easurements of each parameter on all the MRI  images [25]. A coef-
cient of > 0.81 is considered good, > 0.91 is considered very good
nd > 0.95 is excellent.

. Results

.1. Normal ACL

In the 20 normal ACLs, the mean SNQ was 2.3 ± 1.7 in the prox-
mal third, 3.5 ± 2.5 in the middle third and 5.8 ± 3.2 in the distal
hird; thus the normal ACL has an increasingly hyperintense sig-
al from proximal to distal. These differences between zones were
ignificant, especially the proximal to distal ones (Fig. 6).
Please cite this article in press as: Pauvert A, et al. MRI  study of the lig
Orthop Traumatol Surg Res (2018), https://doi.org/10.1016/j.otsr.2018

The majority of normal ACLs had an intra-articular Howe grade
f II (55%) while 20% were grade I and 25% were grade III; there were
o grade IV ligaments. Thus a small number of ACLs have a complete
ypointense signal and have proximal to distal differences (Fig. 7).

Fig. 6. SNQ in normal ACL.
Fig. 8. Change in the SNQ over time for intact grafts.

The CCCs were always > 0.91 for these measurements, thus very
good.

3.2. Intact ACL grafts

The SNQ and Howell grades for all the MRI  examinations per-
formed are shown in Fig. 8 and Fig. 9. The SNQ in all three zones was
significantly lower between months 6 and 12 and between months
6 and 24; there was no significant difference between months 12
and 24 (Fig. 8). Over time, the proportion of Howell grades II and III
decreased while the proportion of grade I increased (Fig. 9). There
was no difference in the SNQ of the three zones (proximal, middle,
distal) of the grafts at any point in the postoperative time frame. The
CCCs were always > 0.91 for these measurements, thus very good.

The intra-articular Howell grade improved significantly
between 6 and 24 months and between 12 and 24 months, mean-
ing that the proportion of Howell grades II and III decreased while
the proportion of grade I increased over time. Note that the two
grade IV grafts did not change between months 6 and 24 (Fig. 9).
The CCCs were always > 0.81 for these measurements, thus good.

There was a significant difference in the intra-tibial Howell
grades only between 12 and 24 months postoperative (Fig. 10. The
CCCs were always > 0.91 for these measurements, thus very good.

At the tendon-tibial tunnel interface, the contact area at the
interface increased progressively and there were no signs of deteri-
oration. The mean area was  53% at 6 months, 63% at 12 months and
82% at 24 months (Fig. 11). The interface was unchanged between
the first and last MRI  in 11 grafts, while it improved in all the other
grafts. The CCCs were always > 0.81 for these measurements.

The Howell intra-articular and intra-tunnel grades were identi-
cal in 10 cases at 6 months, 15 cases at 12 months and 18 cases at
24 months.

3.3. Retears

We  found no differences in the SNQ, Howell intra-articular or
intra-tibial grades at any postoperative time point between intact
grafts and those that suffered a retear. Among the seven retears,
there was  one case with Howell I, two with Howell II, three with
Howell III and one that was grade III at 6 and 12 months and then
amentization of ACL grafts in children with open growth plates.
.09.003

grade IV at 24 months before the retear.

https://doi.org/10.1016/j.otsr.2018.09.003
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Fig. 9. Change in the intra-articular Howell grades over time in the intacts grafts.

Fig. 10. Change in the intratibial Howell grades over time in the intacts grafts.
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Fig. 11. Change of the tendon tibial tunnel interface over time.

.4. Effect of graft type

The only differences found between the three types of grafts
sed were that the SNQ in the middle and distal zones at 24 months
ostoperative was significantly lower for the STG than the QT.

. Discussion

The main finding of this study was that ligamentization of ACL
rafts in children with open growth plates is a very slow process
ith changes seen on postoperative MRI  up to 2 years out.

MRI  of a normal ACL shows a hypointense band corresponding
o the anteromedial bundle and a hyperintense band corresponding
o the posterolateral bundle, with no separation [26]. This physio-
ogical appearance must not be confused with an ACL tear. The SNQ

easurements on three ROIs of 20 normal ACLs found this structure
o be inhomogeneous from proximal to distal and mostly Howell
rades II and III (80%).

Despite the 2-year follow-up, maturation of the graft does not
esult in an MRI  signal like that of a normal ACL. Our hypothesis that
Please cite this article in press as: Pauvert A, et al. MRI  study of the lig
Orthop Traumatol Surg Res (2018), https://doi.org/10.1016/j.otsr.2018

raft maturation is slow and gradual is confirmed. The ACL grafts
ad a homogeneous signal over their entire length and had a slightly
igher signal overall than a normal ACL. Conversely, the signal in a
ormal ACL is uneven with the distal third being hyperintense. This
Fig. 12. Anatomy of the ACL on a sagittal view with the knee extended (medial
condyle has been removed). Dissection of the ACL showing the pes anserinus tibial
insertion.

inhomogeneity has already been documented by Ng et al. [26]. The
distal hyperintense signal may  be attributed to the pes anserinus
tibial insertion. This insertion groups direct ligament fibers and fan-
like extension fibers (Fig. 12) [27].

When comparing our findings with those of similar studies in
adults, the SNQ values at 6 months were higher than in adults
[11,15,16,22,28,29]. For example, at 6 months, Ma  et al. reported
SNQ values of 3.3 ± 1, 2.4 ± 0.5 and 1.5 ± 0.6 in the upper, middle
amentization of ACL grafts in children with open growth plates.
.09.003

and lower third of 14 hamstring grafts [22]. Colombet et al. found
SNQ values below 1 at 6 months’ follow-up, no matter the type of
tibial fixation used [28]. At 1 year, our results are similar to those
of Cavaignac et al. [14] who reported SNQ of 5.2 ± 4.5 for an STG

https://doi.org/10.1016/j.otsr.2018.09.003
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raft and 5.9 ± 3.7 for a ST4 graft. Our findings of changes in the
yperintense signal are consistent with those reported in several
tudies in adults. According to Murakami et al., all grafts have a full
yperintense signal up to 1 year and 31% continue to have it after 19
onths [16]. Ntoulia et al. found a weak but homogeneous signal in

rafts starting at 2 years postoperative [15]. Decrease in the signal
as reported by Muramatsu et al. up to 60 months postoperative

11].
After a graft is implanted, it undergoes ligamentization in three

uccessive phases: early (decrease in cell count, graft covered by
ynovial membrane), remodeling (revascularization, repopulation
y fibroblasts), and then maturation [30]. Several clinical studies
ave found that the minimal duration of the ligamentization phase

s 1 year and can take up to 2 or 3 years [31]. The duration of these
hases depends on the micro-environment, conditions of ligamen-
ization near the tunnel, tendon stumps and Hoffa fat pad. Since
he middle portion has less favorable mechanical conditions and
nvironment, ligamentization occurs later in this zone. According
o Murakami et al., the hyperintensity in and around a hamstring
endon graft corresponds to vascular and synovial infiltration that
radually disappears after 1 year [16]. In an animal study, Weiler
t al. showed a hyperintense signal in the grafts during the initial
hase and then a signal decrease that parallels improvement in
echanical properties [18]. They also showed a negative correla-

ion between SNQ intensity and the graft’s mechanical properties.
e also found a gradual decrease in the hyperintensity of the grafts

fter 6 months. The benefits of injecting platelet-rich plasma in the
oint or tunnels are controversial. There was no benefit according
o Figueroa et al. [24], while Radice et al. and Orrego et al. [32,33]
ound that ligamentization on MRI  was accelerated. MRI  could be an
valuation tool for graft quality and a decision tool for rehabilitation
nd return to certain sports [30].

The intra-tibial Howell grade improved between 6 months and
 years; however less than 10% are Howell grade I at 2 years, while
olombet et al. found 25% grade I with screw fixation and 97% with
uspensory fixation at 6 months postoperative [28]. According to
urakami et al. who studied 75 STG grafts on MRI, 65% of grafts

ad a Howell intra-tibial grade of I at 1-year minimum follow-up
10].

Experimentally, the hypervascular tendon-bone interface is
eplaced by Sharpey fibers that ensure complete graft fixation at

 months in rabbits and at 1 year in rhesus monkeys [34,35]. Dur-
ng the revision of two ACL reconstruction cases by Pinczewski
t al., Sharpey fibers were found at 12 weeks postoperative [36].
emoral tunnel biopsy has found mature tendon anchoring starting
t 10 months’ postoperative [37]. Murakami et al. showed gradual
eduction of the hyperintense signal at the interface and concluded
hat complete maturation of the interface requires 6 to 12 months;
eduction of the hyperintense signal at the interface corresponded
o maturation of the granulation tissue into collagen fibers and was
aster than maturation of the intra-tibial portion of the graft [10].

Our analysis of MRI  examinations at 6 months postoperative did
ot identify any variables that could identify patients at risk for a
etear. One patient actually had Howell grade I. Li et al. also found
o factors that were predictive of the clinical outcome at 1 year
ostoperative [29]. Biercevicz et al. found no predictive value of
olume or MRI  signal at 3 years postoperative for the KOOS score
r knee laxity measurements, but a predictive value at 5 years [19].
ost retears occur following a new injury event, as evidenced by

he 13.2 months elapsed in our study, which is suggestive of a new
njury event on an operated but stable knee or to incorrect tunnel
ositioning instead of a ligamentization problem. Several recent
Please cite this article in press as: Pauvert A, et al. MRI  study of the lig
Orthop Traumatol Surg Res (2018), https://doi.org/10.1016/j.otsr.2018

tudies have shown that major retear risk factors are a young age
nd suffering additional injuries after the return to sports [38].

There was no evidence that the type of graft made a difference.
iercevicz et al. found no difference in the MRI  signal between
 PRESS
: Surgery & Research xxx (2018) xxx–xxx

hamstring and patellar tendon grafts [19]. Ma  et al. found signif-
icantly lower SNQ in QT grafts than in hamstring grafts [22]. This
SNQ reduction may  be explained by the better-quality bone fixation
achieved with QT than STG or ST4 grafts.

Our study has several limitations. The 2-year follow-up is not
long enough for the grafts to mature [31]. Other authors have
shown that ligamentization make take 3 years or more in humans
[19,39,40]. The lack of retear predictive factors at 6 months can be
explained by the differences in group sizes (7 retear vs 39 intact).
We would need to compare similar-sized groups of future tears
to intact grafts at 6 months. Also, for the graft type comparison, it
may  have been possible to detect signal differences between graft
types if the groups sizes were more even. Given that this was  a
multicenter study, certain technical aspects likely varied between
surgeons: amount of pretension on the graft, anatomical sites of
graft implantation, postoperative immobilization and rehabilita-
tion. The type of graft is not the only factor that comes into play
during graft remodeling. Acquisition of MRI  images on units from
different manufacturers is a limiting factor that was controlled by
using the SNQ measurement.

Despite these limitations, our study has three strengths: the
large number of MRI  examinations evaluated (126) allowed us to
analyze ligamentization in a reliable manner up to 2 years’ post-
operative; the time points were consistent (6 months, 1 year, 2
years); the double reading by the rater improved the consistency
of the various parameters as evidenced by the very good CCC.

5. Conclusion

The change in the MRI  signal corresponding to ACL graft matu-
ration continues up to 2 years’ postoperative in children with open
growth plates. However, ligamentization of the graft does not lead
to a normal ACL with the graft continuing to be homogeneous,
unlike a normal ACL. Contrary to current thinking, the maturation
of ACL grafts in children seems to take longer than in adults. Con-
sequently, we  must be particularly vigilant to ensure the return
to sports is not done too quickly. The MRI  signal of the graft at 6
months’ postoperative does not predict the risk of retear.

Disclosure of interest

N. Lefèvre is consultant for developing logicielwebsurvey. fr
®

software.
The authors declare that they have no competing interest.

Funding

None.

Authors’ contribution

Pauvert Adrien, Robert Henri: data collection and analysis, writ-
ing of the article.

Gicquel Philippe, Graveleau Nicolas, Pujol Nicolas: data collec-
tion.

Chotel Franck, Lefevre Nicolas: data collection and analysis,
reading of the article.

Acknowledgement
amentization of ACL grafts in children with open growth plates.
.09.003

We  are thankful to all the research sites that participated in this
study: CHRU of Strasbourg, Hôpital Mère Enfant (Hospices Civils de
Lyon), Centre Hospitalier Nord Mayenne, CHU  of Nantes, Clinique
du Sport Bordeaux–Mérignac, Centre Orthopédique Santy (Lyon),

https://doi.org/10.1016/j.otsr.2018.09.003


 ING Model
O

tology

C
(

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

ARTICLETSR-2105; No. of Pages 7

A. Pauvert et al. / Orthopaedics & Trauma

HU of Toulouse, CHU of Tours, Clinique du Sport Institut Nollet
Paris), Centre Hospitalier of Versailles.

eferences

[1] Shea KG, Grimm NL, Ewing CK, Aoki SK. Youth sports anterior cruciate ligament
and knee injury epidemiology: who is getting injured? In what sports? When?
Clin Sports Med  2011;30:691–706.

[2] Anderson AF, Anderson CN. Correlation of meniscal and articular cartilage
injuries in children and adolescents with timing of anterior cruciate ligament
reconstruction. Am J Sports Med  2015;43:275–81.

[3] Chotel F, Seil R. Growth disturbances after transphyseal ACL reconstruction in
skeletally immature patients: who is more at risk? Young child or adolescent?
J  Pediatr Orthop 2013;33:585–6.

[4] Morgan MD, Salmon LJ, Waller A, Roe JP, Pinczewski LA. Fifteen-year survival of
endoscopic anterior cruciate ligament reconstruction in patients aged 18 years
and  younger. Am J Sports Med  2016;44:384–92.

[5] Chicorelli AM,  Micheli LJ, Kelly M,  Zurakowski D, MacDougall R. Return to sport
after anterior cruciate ligament reconstruction in the skeletally immature ath-
lete. Clin J Sport Med  2016;26:266–71.

[6] Dunn KL, Lam KC, Valovich McLeod TC. Early operative versus delayed or non-
operative treatment of anterior cruciate ligament injuries in pediatric patients.
J  Athl Train 2016;51:425–7.

[7] Pierce TP, Issa K, Festa A, Scillia AJ, McInerney VK. Pediatric anterior cruciate
ligament reconstruction: a systematic review of transphyseal versus physeal-
sparing techniques. Am J Sports Med  2017;45:488–94.
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