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Background: The incidence of anterior cruciate ligament (ACL) and posterior cruciate ligament (PCL) tears in children and ado-
lescents has increased over the past decade, with increasing numbers of ACL and PCL reconstructions in this patient population.

Purpose: To evaluate the size and morphology of both the ACL and the PCL by magnetic resonance imaging (MRI) in different
pediatric age groups.

Study Design: Cross-sectional study; Level of evidence, 3.

Methods: MRI examinations of 127 knees (67 female, 60 male; aged 0-18 years) were analyzed retrospectively. The cohort was
split into 6 age subgroups, 1 subgroup for every 3 years (minimum 8 patients per subgroup). The following parameters were mea-
sured by 2 independent raters at 2 different time points: ACL length, anteroposterior and mediolateral ACL width, sagittal and
coronal ACL inclination, inclination of the intercondylar notch, bicondylar width, notch width, coronal ACL and PCL width, PCL
length, and sagittal width of the lateral femoral condyle. The following indices, areas, and volumes were calculated: sagittal width
of the lateral femoral condyle/PCL length, ACL area and volume, notch width index, ACL width/notch width, PCL width/notch
width, ACL width/bicondylar width, and PCL width/bicondylar width. A correlation analysis was performed for patient age, height,
weight, and body mass index (BMI).

Results: ACL length was between 18 and 37 mm, and ACL width was between 4 and 6 mm. PCL length ranged between 27 and
43 mm, while PCL width was between 7 and 9 mm. Growth of the cruciate ligaments was the most pronounced between the ages
of 4 and 12 years. Correlations with size and weight were strong, while BMI correlated slightly with the measurements. Measure-
ments in female patients were slightly larger than in their male counterparts between the ages of 0 and 6 years, while male
patients tended to have larger values starting from ages 7 to 9 years. These values were significantly larger in male patients
from the ages of 16 to 18 years (P < .05).

Conclusion: This study provides normative data on the morphology of pediatric anatomic features in the knee as a basis for age-
appropriate and individualized surgical care of ACL and PCL injuries in children and adolescents.

Keywords: anterior cruciate ligament (ACL); posterior cruciate ligament (PCL); knee; pediatric ACL/PCL reconstruction; magnetic
resonance imaging (MRI)

Knee ligament injuries are frequent, especially in physically children and adolescents.'® Therefore, an incidence rate
active persons and athletes. High-level, performance- increase in ligamentous injuries, in particular anterior cru-
oriented sporting activities are increasingly practiced by ciate ligament (ACL) tears, was observed in children and

adolescents with open growth plates.>® Approximately 3%
of all ACL tears arise in skeletally immature patients.!®
The Orthopaedic Journal of Sports Medicine, 11(3), 23259671231201642 The majority of ACL injuries in children and adolescents
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numbers of ACL reconstruction (ACLR) and posterior cruci-
ate ligament (PCL) reconstruction (PCLR) are described for
the pediatric population.'®

The morphology and anatomy of the cruciate ligaments
is well known in adults.®'' Unfortunately, there is still
a lack of scientific studies regarding the size and morphol-
ogy of these ligaments in children and adolescents. Only
a few studies exist to fill this gap. Lima et al'® analyzed
retrospectively by magnetic resonance imaging (MRI)
the development of the ACL in the pediatric population,
although the PCL morphology was not described. Domzal-
ski et al* evaluated the development of intercondylar
notch width using MRI. They assessed the relationship
between the cruciate ligaments and the width of the
intercondylar notch during growth on MRIs of 76 chil-
dren. Putur et al'* studied the ACL growth with age in
pediatric patients by MRI and described 3 distinct phases
of growth with the highest growth rate per year for
patients aged 1.5 to 5.75 years. Reliable and precise
knowledge of the ACL and PCL morphology is fundamen-
tal for surgical reconstruction and its outcome in order to
restore the native anatomy and to achieve correct graft
positioning.

The aim of this study was to retrospectively evaluate
the size and morphology of the ACL and the PCL in differ-
ent pediatric age groups by MRI and to obtain normative
data, which is the basis for age-adapted and individualized
ACLR and PCLR in children and adolescents. We set up
the hypothesis that ACL and PCL growth shows a varying
growth pattern in different pediatric age groups.

METHODS

Patient Cohort

A total of 264 MRI data sets were initially screened for eli-
gibility. A final sample size of 127 MRI examinations (67
female and 60 male patients between the ages of 0 and
18 years) was included. Patients with a history of knee
trauma, intra-articular pathologies (such as fractures,
infectious or neoplastic lesions, dysplasia or aplasia of the
ACL/PCL) or previous operations on cruciate ligaments
were excluded (Figure 1). The cohort was split into 6 age sub-
groups, 1 subgroup for every 3 years, with a minimum of 8
patients per subgroup (group 1: 0-3 years, n = 8; group 2: 4-
6 years, n = 9; group 3: 7-9 years, n = 20; group 4: 10-12 years,
n = 27; group 5: 13-15 years, n = 40; group 6: 16-18 years, n =
23). Demographic data (age, height, weight, body mass index
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MRI total (n = 264)

Exclusion:

History of trauma n =24
Fracturesn=9
Infectious lesionsn =12

Neoplasticlesionsn =72

Dysplasia/aplasia ACL/PCLn =1
Previousoperations on cruciate ligamentsn =2
Image qualityn =17

A 4

MRI final sample size (N = 127)

Figure 1. Flowchart of patient inclusion and exclusion. ACL,
anterior cruciate ligament; MRI, magnetic resonance imag-
ing; PCL, posterior cruciate ligament.

[BMI]) were taken from the medical reports. Written informed
consent of the patients or legal guardians was given before
inclusion in the study. Ethics committee approval was not
required due to the retrospective study design.

MRI Data

The MRI data sets originated from 2011 to 2020 and were
made available by the Department of Diagnostic and Inter-
ventional Radiology, Saarland University Medical Center,
Homburg (Germany). MRI examinations were performed
using a 3-T device (Magnetom Vida or Aera, Siemens
Healtheneers). A Tx/Rx Knee 18 A3 T Tim Coil (Siemens
Healtheneers) was used. For patients aged 0 to 3 years,
a Body 18 long A3 T Tim Coil (Siemens Healtheneers) was
used. The examinations were standardized, and sufficient
image quality (image resolution, slice thickness 2.5-4 mm,
complete presentation of all landmarks required for the
assessment) was obligatory. T1-weighted turbo spin-echo
(T1-TSE), T2-weighted TSE (T2-TSE), and short tau inver-
sion recovery (STIR) sequences were obtained.

MRI Assessment

Analysis of the MRI examinations was performed accord-
ing to previously established methods.*'° Measurements
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Figure 2. (A) Measurement on sagittal view magnetic resonance imaging of the anterior cruciate ligament (ACL) length (the dis-
tance between the most anterior and posterosuperior part of the ACL; a) and the ACL width (the anteroposterior distance of the
ACL orthogonal to the midpoint of the ACL length; b). (B-D) Measurement of the ACL mediolateral width in the transversal plane:
(B) mark of the midpoint of the ACL length in the sagittal plane; (C) transfer of this point into the corresponding transversal plane;

(D) measurement of the mediolateral ACL width.

in the sagittal plane were performed using T1-TSE and
STIR sequences, in the transversal plane using T1-
TSE/T2-TSE sequences and in the coronal plane using
the T1-TSE sequence. The following parameters were
determined on standardized sequences by 2 independent
examiners (M.B., S.N.) blinded to the age of the patients
at 2 different points in time using the Sectra Workstation
picture archiving and communication system: ACL length,
anteroposterior and mediolateral ACL width, sagittal and
coronal ACL inclination, inclination of the intercondylar
notch, bicondylar width, notch width, coronal ACL and
PCL width, PCL length, and sagittal width of the lateral
femoral condyle (Figures 2-6). Each measurement was
repeated 3 times, and the mean value was calculated.
The following indices, areas, and volumes were calculated:
sagittal width of the lateral femoral condyle/PCL length,
ACL area and volume, notch width index (NWI), ACL
width/notch width, PCL width/notch width, ACL width/
bicondylar width, PCL width/bicondylar width. The ACL
area was calculated as (0.5 X sagittal ACL width) X
(0.5 X coronal ACL width) X . The ACL volume was cal-
culated as ACL area X sagittal ACL length. The NWI was
calculated as intercondylar notch width/bicondylar width.

Statistical Analysis

Statistical analyses were performed in IBM SPSS Statis-
tics Version 25. Descriptive statistics are reported as
means *= SDs with ranges. The intraobserver reliability
of the MRI measurements was determined by Pearson cor-
relation analysis, and the interobserver reliability was

determined by the intraclass correlation coefficient (ICC).
Pearson correlation analysis was also performed for
patient age, height, weight and BMI. All P values are 2-
sided, and the level of significance was set at P < .05.

RESULTS

Patient weight, height, and BMI according to age group
and stratified by sex are shown in Table 1. Regarding
reviewer agreement of the MRI measurements, the
Pearson correlation coefficient ranged from 0.70 to 0.98,
indicating high intraobserver reliability, and the ICC was
between 0.95 and 0.99, underscoring good to very good
interobserver reliability.

ACL and PCL Morphology

ACL length was found to be between 18 and 37 mm and
ACL width between 4 and 6 mm for the full cohort (age,
0-18 years). ACL growth was not constant but always
increased from one age group to another. PCL length
ranged between 27 and 43 mm, while PCL width ranged
between 7 and 9 mm. The PCL showed continuous growth
for all age groups. Detailed results for the different age
groups are shown in Tables 2 to 4 and Figures 7 to 9 (see
Supplemental Material, available separately, for addi-
tional boxplots). Growth of the cruciate ligaments and
the surrounding osseous tissue was found to be most pro-
nounced between the ages of 4 and 12 years and was
slowed down from age group 5 to 6. Correlations with
size and weight were strong, while BMI correlated slightly
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Figure 3. (A) Measurement of the anterior cruciate ligament (ACL) inclination angle in the sagittal plane («) is formed by a tangent
aligned to the anterior border of the ACL (a) and a tangent aligned to the lateral tibial plateau (b). (B) Measurement of the inclination
angle of the intercondylar notch in the sagittal plane (o) is formed by the midline through the distal femur (a) and the tangent aligned
to the roof of the intercondylar notch (b). (C) Measurement of the ACL inclination angle in the coronal plane () is formed by a tangent
aligned to the medial border of the ACL (a) and a tangent aligned to the most medial and lateral border of the tibial plateau (b).

Figure 4. (A) Measurement of bicondylar and intercondylar
notch width in the coronal plane: creating a tangent aligned
to the distal medial and lateral femoral condyles (blue line);
creating a second line (green-white-green line [distance AB)
parallel to the blue line at the level of the popliteal groove
(*); bicondylar width: green-white-green line (distance AB);
intercondylar notch width: white line (distance CD). (B) Mea-
surement of ACL and PCL width in the coronal plane: ACL
width (blue line), PCL width (red line). ACL, anterior cruciate
ligament; PCL, posterior cruciate ligament.

with the measurements. Measurements in female patients
were slightly larger on average than in their male counter-
parts between the ages of 0 and 6 years, while male
patients tended to have larger values starting from ages
7 to 9. These values were significantly larger in male
patients from the ages of 16 to 18 (P < .05).

DISCUSSION

This study provides normative data of the ACL and PCL in
different age groups in children and adolescents by MRI,

Figure 5. Measurement of posterior cruciate ligament (PCL)
length in the sagittal plane in 2 consecutive magnetic reso-
nance imaging slices. (A) Measurement of the distal part of
the PCL (green line) and marking of the most proximal point
of this measurement by pixel coordinates using Microsoft
Paint Version 19H1. (B) Start of the PCL measurement in
the next slice from this point (green line).

which is the basis for age-adapted and individualized
ACLR and PCLR. ACL and PCL showed an inhomoge-
neous growth pattern in different pediatric age groups.
Growth of the cruciate ligaments and the surrounding
osseous tissue was found to be most pronounced between
the ages of 4 and 12 years. Measurements of ACL and
PCL morphology in female patients were slightly larger
on average than in their male counterparts between the
ages of 0 and 6 years, while male patients tended to
have larger values starting from ages 7 to 9. The present
study newly combines different measurement methods to
depict a most precise image of the pediatric ACL and PCL
morphology by MRI. Comparable data within the current
literature, especially for morphology of the PCL in differ-
ent age groups, are lacking. This gap is filled by the cur-
rent study.
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Figure 6. Measurement of lateral femoral condylar width in
the sagittal plane. (A) Creating a tangent to the ventral distal
femoral cortex (green line) and (B) transferring this line to the
slice showing the lateral femoral condyle and creating an
orthogonal line passing through the epiphyses (red line).
The distance of the red line is the width of the lateral femoral
condyle.

The results of this study regarding the ACL morphology
were mainly comparable with those of Putur et al.'* The
ACL growth was found to be most distinct between the
age groups 2 and 3 as well as 3 and 4 (age, 4-12 years).
This is also largely consistent with the findings of Putur
et al, but they described the highest growth rate per year
as slightly earlier for patients aged 1.5 to 5.75 years,
a decelerated growth at 11.75 years, and a growth stop at
18.5 years. This difference may be explained by the differ-
ent methods used to determine growth. Putur et al ana-
lyzed 2 serial MRI examinations of the same knee and
used an additional growth model to predict ACL growth
over time. The present study found a growth stop in age
group 6 (age, 16-18 years). The results in this age group
were already comparable with those of adults?' and,

Pediatric ACL and PCL MRI Morphology 5

interestingly, they match with the quoted 38 mm for
ACL length in the historical evaluation of cruciate sizes
by Girgis et al in 1975.7

Sex differences for ACL and PCL growth were observed
in the present analysis. Female patients presented larger
cruciate ligaments than male patients between the ages
of 0 and 6 years. From ages 7 to 9, male patients had larger
measurement values, and after stagnation of growth they
presented significantly larger cruciate ligaments than
their female counterparts. This was also shown by the
results of Anderson et al' and Chandrashekar et al.?
They studied sex-based differences in the geometry of the
ACL, its morphologic characteristics, and the intercondy-
lar notch size in adults.

Shaw and Finch!® described the highest incidence rate
for pediatric ACL injuries in children and adolescents as
between 10 and 14 years of age. They analyzed a cohort
of patients with ACL injury aged between 5 and 14 years.
According to the results of this study, this time period
partially presents accelerated growth of the ACL and
intercondylar notch. It remains unclear if the increased
growth rate of these structures implies an increased vul-
nerability of the ACL in this age group. In contrast,
according to the study of Beck et al,2 peak age of ACL
injury is 16 years in female patients and 17 years in
male patients. The abovementioned sex differences might
be one factor that could explain the higher ACL injury
rate in young female adolescents compared with their
male counterparts. But as the etiology of ACL tears is
mainly multifactorial, further studies are needed to verify
this hypothesis.

In establishing individualized ACLR techniques in the
pediatric population, the length and diameter of the ACL
and its course through the intercondylar notch is crucial.
Therefore, the ACL and notch inclination angles as well
as the notch width might provide further information.
The results of the present study showed an increasing
ACL inclination angle and a progressively steeper notch
ascent with age. This is in conformity with the findings
of Lima et al'® and Kim et al® and endorses the theory
that an increase in verticalization of the ACL and intercon-
dylar notch arises with age. Higher notch inclination
angles were found to be a risk factor for ACL injuries in
adults.’ Although these findings cannot be directly trans-
ferred to the pediatric population, it might be a contribut-
ing co-factor for ACL injuries in adolescents. ACLR
techniques that do not respect the physiological age-
appropriate ACL inclination and notch inclination, due to
imprecise femoral and/or tibial tunnel placement, might
have an increased risk of graft failure. A recent meta-
analysis of complications after pediatric ACLR showed
a high retear rate of 8.7%.%°

Several studies have shown that narrow notch widths
are associated with an increased risk of ACL injuries!®®
and that women have statistically significantly narrower
notches than men.'” In the current study, the notch width
progressively enlarged with age and was correlated with
weight and height of the patients but not with sex. Its
greatest growth was found between age groups 2 and 3.
The NWI was higher in male compared with female
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TABLE 1
Patients’ Body Measurements Overall and by Sex®
Age Group n Height, m Weight, kg BMI, kg/m?
Total (N = 127)
1 8 0.91 + 0.08 16 = 3.6 19.22 £ 2.5
2 9 1.18 = 0.13 23 + 4.15 17.03 + 3.63
3 20 1.36 = 0.08 31 = 85 16.64 = 3.51
4 27 1.54 £ 0.08 44 * 10.59 18.60 = 3.45
5 40 1.65 = 0.09 62 = 14.08 22,47 = 494
6 23 1.74 = 0.08 70 = 18.08 23.00 = 4.72
Female patients (n = 67)
1 5 0.91 * 0.96 16 + 4.28 18.64 * 1.43
2 4 1.12 £ 0.1 24 * 3.11 19.07 = 1.81
3 9 1.39 = 0.07 35+74 17.85 = 2.9
4 17 1.563 = 0.09 42 = 9.3 18.01 + 2.88
5 21 1.61 = 0.06 57 = 11.92 22.12 = 5.12
6 11 1.68 £ 0.06 62 = 15.71 21.74 = 4.65
Male patients (n = 60)
1 3 0.92 = 0.35 17 = 2.65 20.19 = 3.94
2 5 1.23 = 0.14 23 =52 15.39 = 1.34
3 11 1.34 £ 0.08 29 * 8.66 15.64 = 3.8
4 10 1.56 = 0.06 48 + 12.26 19.59 * 4.23
5 19 1.70 £ 0.11 66 = 15.18 22.86 = 4.92
6 12 1.79 = 0.060 78 = 17.32 24.14 = 4.67

“Data are reported as mean = SD. BMI, body mass index. Group 1: 0-3 years; group 2: 4-6 years; group 3: 7-9 years; group 4: 10-12 years;
group 5: 13-15 years; group 6: 16-18 years.

TABLE 2
ACL and PCL Measurements for the Total Cohort (N = 127)*
Age Group
1 2 3 4 5 6
Measurement (n=8) n=9) (n = 20) (n=27) (n = 40) (n = 23)
ACL length, mm 18.00 = 1.64 20.44 + 2.34 26.18 + 3.26 32.18 + 3.92 33.16 + 4.76 36.79 * 4.54
ACL AP width, mm 3.02 = 0.40 3.64 = 0.46 4.46 = 0.69 5.39 = 0.51 5.63 = 0.47 6.24 = 0.52
ACL ML width, mm 2.43 + 0.35 2.86 + 0.37 3.24 + 0.39 3.80 = 0.31 4.00 = 0.41 4.50 + 0.50
Sagittal ACL inclination, deg  42.84 + 2.60 45.82 + 5.02 48.07 *+ 4.60 51.48 + 4.82 51.90 + 3.46 51.88 + 4.43
Coronal ACL inclination, deg ~ 49.80 * 6.05 55.33 + 4.33 59.93 + 7.28 64.20 + 4.36 64.16 + 4.29 68.89 + 6.69
Bicondylar width, mm 51.54 + 6.45 58.47 + 5.05 65.96 + 3.65 67.48 + 5.43 69.96 + 6.00 71.74 + 7.19
Notch width, mm 14.43 = 2.17 14.43 + 1.89 16.26 + 1.48 16.60 = 2.51 17.11 = 2.02 17.81 + 2.86
Coronal ACL width, mm 4.00 = 1.33 4.37 = 0.89 5.46 = 0.85 5.35 = 1.00 5.52 + 1.02 5.78 = 1.23
Coronal PCL width, mm 7.23 + 0.98 754 = 1.11 8.47 + 1.03 8.50 + 1.47 8.88 = 1.32 9.13 + 1.52
PCL length, mm 27.19 + 3.23 31.18 + 3.19 36.48 + 2.03 40.17 = 2.34 41.18 + 3.30 43.55 + 3.87
Sagittal width lateral 38.64 + 3.82 46.00 + 3.64 55.61 + 4.52 60.91 + 3.71 63.51 + 5.60 66.77 + 4.73
femoral condyle, mm
ACL area, mm? 5.76 + 1.12 8.20 + 1.54 11.49 = 2.75 16.06 = 1.96 17.74 + 2.89 22.10 + 3.23

ACL volume, mm?

103.73 = 22.13

169.39 + 43.60 305.12 = 99.23 518.50 * 94.50 596.76 = 170.59 821.22 * 203.26

“Data are reported as mean *+ SD. ACL, anterior cruciate ligament; AP, anteroposterior; ML, mediolateral; PCL, posterior cruciate liga-
ment. Group 1: 0-3 years; group 2: 4-6 years; group 3: 7-9 years; group 4: 10-12 years; group 5: 13-15 years; group 6: 16-18 years.

adolescents, especially in age group 6. Further studies are
needed to properly analyze potentially pathological mis-
matches in ACL/PCL size and notch width in certain age
groups that are correlated with an increased risk of
ACL/PCL injuries. Normative values for intact knees of
children and adolescents as seen in this paper may serve
as a basis for these studies.

In addition, the results of this study might be clinically
relevant as well as helpful for orthopaedic surgeons in
choosing the appropriate ACL or PCL graft with suitable
length and diameter for children and adolescents with
ACL or PCL injuries or in revision cases depending on
the planned reconstruction technique (transphyseal, all
epiphyseal, or extraphyseal). The aim of all techniques is



The Orthopaedic Journal of Sports Medicine Pediatric ACL and PCL MRI Morphology 7

TABLE 3
ACL and PCL Measurements for Female Patients (n = 67)*
Age Group
1 2 3 4 5 6
Measurement (n=35) (n=4) (n=29) n=17) (n =21) (n=11)
ACL length, mm 17.31 = 1.25 22.04 + 1.55 28.32 = 2.46 31.80 = 4.20 31.98 + 3.40 34.49 + 3.49
ACL AP width, mm 2.92 = 0.40 3.88 = 0.58 4.78 = 0.80 5.39 = 0.56 5.40 = 0.34 6.06 = 0.42
ACL ML width, mm 2.39 = 0.34 3.03 = 0.30 3.29 = 0.57 3.76 = 0.27 3.92 = 0.30 4.11 = 0.23
Sagittal ACL inclination, deg 43.04 = 3.09 46.36 += 5.11 48.30 + 5.36 52.07 = 3.99 52.83 = 2.91 51.79 = 4.17
Coronal ACL inclination, deg 47.83 * 6.25 53.91 = 1.84 62.10 = 5.57 64.03 = 4.73 63.63 + 5.35 68.20 + 6.48
Bicondylar width, mm 49.08 + 5.99 57.23 = 1.03 64.00 = 2.96 64.65 = 3.04 65.97 = 3.96 66.31 + 3.28
Notch width, mm 13.62 + 1.55 14.02 += 1.19 15.82 + 1.37 15.44 + 1.50 16.10 = 1.73 15.80 = 1.25
Coronal ACL width, mm 4.08 + 1.54 3.98 = 0.43 5.33 = 0.71 5.03 = 0.82 5.15 = 1.01 5.13 = 0.92
Coronal PCL width, mm 6.76 = 0.77 7.64 + 0.68 7.84 + 0.61 7.88 = 0.90 8.46 = 1.23 8.02 = 0.94
PCL length, mm 27.65 = 4.00 31.37 = 3.75 36.17 = 2.22 39.86 = 2.51 39.58 = 2.99 41.25 = 3.78
Sagittal width lateral 37.17 = 3.42 47.16 + 4.49 56.72 = 5.68 60.00 = 3.87 60.44 + 3.38 63.68 + 4.18
femoral condyle, mm

ACL area, mm? 5.43 = 0.76 9.20 = 1.34 12.53 + 3.56 15.93 + 2.03 16.64 = 1.89 19.56 + 1.88
ACL volume, mm?® 94.50 = 19.49 201.80 = 25.06 356.95 + 113.11 509.30 = 104.19 534.83 = 98.40 675.76 = 106.89

“Data are reported as mean + SD. ACL, anterior cruciate ligament; AP, anteroposterior; ML, mediolateral; PCL, posterior cruciate liga-
ment. Group 1: 0-3 years; group 2: 4-6 years; group 3: 7-9 years; group 4: 10-12 years; group 5: 13-15 years; group 6: 16-18 years.

TABLE 4
ACL and PCL Measurements for Male Patients (n = 60)*
Age Group
1 2 3 4 5 6
Measurement (n=3) (n=5) (n=11) (n = 10) (n=19) (n=12)
ACL length, mm 19.15 = 1.75 19.16 = 2.13 24.42 + 2.79 32.84 + 3.50 34.45 + 5.73 38.90 + 4.47
ACL AP width, mm 3.18 = 0.43 3.46 = 0.27 4.21 = 0.49 5.39 = 0.46 5.88 = 0.48 6.41 = 0.56
ACL ML width, mm 2.52 = 0.42 2.72 = 0.39 3.21 = 0.19 3.85 = 0.37 4.09 = 0.49 4.86 = 0.40
Sagittal ACL inclination, deg 42.52 + 2.07 45.39 + 5.49 47.88 + 4.13 50.49 = 6.10 50.89 + 3.81 51.97 = 4.84
Coronal ACL inclination, deg  53.08 + 4.93 56.46 + 5.59 58.16 + 8.26 64.49 + 3.86 64.75 + 2.73 69.52 + 7.10
Bicondylar width, mm 55.66 + 5.76 59.47 + 6.88 67.57 + 3.47 72.29 + 5.28 74.37 + 4.62 76.71 + 6.09
Notch width, mm 15.78 + 2.72 14.75 + 2.40 16.62 = 1.53 18.58 = 2.71 18.21 = 1.74 19.64 = 2.69
Coronal ACL width, mm 3.87 = 1.19 4.68 = 1.09 5.56 = 0.97 5.89 + 1.09 5.91 = 0.88 6.38 = 1.19
Coronal PCL width, mm 8.03 = 0.81 7.46 = 1.45 8.99 = 1.04 9.56 + 1.68 9.34 = 1.28 10.16 + 1.20
PCL length, mm 26.43 + 1.79 31.03 + 3.12 36.73 + 1.94 40.68 + 2.02 42.96 + 2.71 45.67 * 2.62
Sagittal width lateral 41.10 + 3.64 45.08 + 3.00 54.70 + 3.30 62.44 + 3.02 66.92 + 5.66 69.60 + 3.25
femoral condyle, mm

ACL area, mm? 6.31 = 1.58 7.40 = 1.27 10.63 + 1.57 16.29 = 1.90 18.95 + 3.34 24.43 + 2.31
ACL volume, mm® 119.12 = 19.66 143.46 + 37.95 262.72 * 63.87 534.16 = 77.90 665.21 = 207.07 954.56 = 178.00

“Data are reported as mean *+ SD. ACL, anterior cruciate ligament; AP, anteroposterior; ML, mediolateral; PCL, posterior cruciate liga-
ment. Group 1: 0-3 years; group 2: 4-6 years; group 3: 7-9 years; group 4: 10-12 years; group 5: 13-15 years; group 6: 16-18 years.

to avoid postoperative malalignment and leg-length group. This would allow for an evaluation of long-term
discrepancy.'? consequences.

The clinical reality of ACLR and PCLR in children and
adolescents is serious such that as growth takes over in
a cruciate-reconstructed knee, the implanted graft grows
along with the individual. In this context, a further clinical
benefit might be to compare this normative data of ACL There are several limitations to this study. First, it was
and PCL dimensions with postoperative MRI values of a retrospective analysis of preexisting MRI data sets. The
graft size and graft inclination in the same age results were limited to 127 MRI examinations. A larger

Limitations and Strengths
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Figure 7. Mean anterior cruciate ligament (ACL) length and coronal, sagittal, and transversal ACL width for age groups 1 to 6. The
top and bottom of the box represent minimum and maximum values. The points represent the mean values. Group 1: 0-3 years;
group 2: 4-6 years; group 3: 7-9 years; group 4: 10-12 years; group 5: 13-15 years; group 6: 16-18 years.
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Figure 8. Mean posterior cruciate ligament (PCL) length and
width for age groups 1 to 6 (points: mean value; box: mini-
mum and maximum values). Group 1: 0-3 years; group 2:
4-6 years; group 3: 7-9 years; group 4: 10-12 years; group
5: 13-15 years; group 6: 16-18 years.
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Figure 9. Mean bicondylar width and notch width for age
groups 1 to 6 (points: mean value; box: minimum and maxi-
mum values). Group 1: 0-3 years; group 2: 4-6 years; group
3: 7-9 years; group 4: 10-12 years; group 5: 13-15 years;
group 6: 16-18 years.
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number of MRI examinations for each age group might
have enhanced the reliability of the results, especially for
age group 1. Different MRI coils were used for this age
group compared with the other age groups. This may
have influenced the MRI image quality and limited the
comparability of the measurements. The calculation of
ACL area and volume was limited to a mathematical com-
putation of simplified geometrical shapes that are not
directly comparable with the complex anatomic ACL mor-
phology. Furthermore, the MRI results cannot be directly
transferred to the exact anatomic size in vivo. The MRI
measurements might over- or underestimate the true ana-
tomic structure size. Nonetheless, the MRI is routinely
used in clinical practice to detect knee injuries and is the
most reasonable option to measure the ACL and PCL size
in children and adolescents due to the absence of radiation
and the strictly limited feasibility of anatomic studies. The
skeletal maturity of the patients was not gauged and the
location of ACL and PCL attachments relative to other
structures (eg, position of the center of the ACL footprint
in the sagittal plane) were not measured.

The strength of this study is in creation of an extensive
analysis of the ACL and PCL morphology by MRI in differ-
ent pediatric age groups, adding relevant data to existing
literature, especially with regard to the PCL of skeletally
immature patients. The study combined several reliable
MRI measurements of the ACL, PCL, and distal femur to
depict a most precise image of the pediatric knee anatomy
and its development.

CONCLUSION

This study provides normative MRI data on the morphol-
ogy of pediatric anatomic features in the knee as a basis
for age-appropriate and individualized surgical care of
ACL and PCL injuries in children and adolescents.

Supplemental material for this article is available at https://journals
.sagepub.com/doi/full/10.1177/23259671231201642#supplementary-
materials
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