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was observed until the age 10, with a mean increase in vol-
ume of 148 mm3 per age group. ACL volume plateaued at 
10 years, after which minimal increase in ACL volume was 
observed. Sex was not found to be a significant predictor of 
ACL volume in the multiple linear regression (P = 0.57). 
Similar to ACL volume, there was a significant increase in 
intercondylar notch volume with age with a mean increase 
of 835  mm3 per age group (P  <  0.0001). Intercondylar 
notch volume reached a plateau at age 10, after which a 
minimal increase in notch volume was observed in older 
groups. Female patients had notch volumes that were on 
average 892 +  259  mm3 smaller than male patients who 
were in the same age group (P = 0.0006).
Conclusion  The plateau in the growth of ACL and notch 
volume occurs at age 10, prior to the halt in longitudinal 
growth of boys and girls. Female patients have signifi-
cantly smaller intercondylar notch volumes than their age-
matched male counterparts, while no gender difference was 
seen in ACL volume. These results suggest that notch vol-
ume is an intrinsically sex-specific difference, which may 
contribute to the higher rate of ACL tears among females. 
These growth patterns are clinically relevant as it allows 
surgeons to better understand the anatomy, pathology, and 
risk factors related to ACL tears and its reconstruction.
Level of evidence  Observational Study, Level IV.

Keywords  Anterior cruciate ligament · Intercondylar 
notch · MRI · Paediatric knee

Introduction

Anterior cruciate ligament (ACL) injury is diagnosed in 
children and adolescents with increasing frequency [4, 10]. 
It is now known that more than 3  % of all ACL injuries 

Abstract 
Purpose  Increasing numbers of children and adolescents 
are being treated for ACL tears. In order for surgeons to 
safely optimize treatment during ACL surgery, we must 
better understand ACL growth and intercondylar notch pat-
terns in the skeletally immature knee. The aim of this study 
is to measure ACL and intercondylar notch volume in pae-
diatric patients and observe how these volumes change as a 
function of age and gender.
Methods  Data were extracted from the picture archiving 
and communication systems (PACS) computer records. 
Sample consisted of 137 MRI knee examinations per-
formed between January 2006 and July 2010 in patients 
aged 3–13. Subjects were grouped into 1-year age inter-
vals. Patients with imaging reports including ACL tears, 
previous surgeries, congenital structural anomalies, or syn-
dromes were excluded.
Results  Measures of ACL volume significantly increased 
with age (P  <  0.001). A linear increase in ACL volume 
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occur in skeletally immature patients [25]. Numerous stud-
ies have shown poor results with conservative management 
of ACL injuries, particularly in active children, who demon-
strate an increased risk of progressive instability, meniscal 
tears, and early osteoarthritis [1, 10, 28]. Initial concerns 
regarding physeal injury and growth disturbance follow-
ing ACL reconstruction in skeletally immature patients [11, 
31, 39] have been attenuated by the use of physeal-sparing 
surgical techniques [39]. McCarthy et al. [26] developed a 
technique that uses a four-strand hamstring autograft and 
suspensory fixation in patients with 3–6  years of growth 
remaining, reflecting an increasing trend to reconstruct the 
ACL in selected paediatric patients [31, 39].

The dimensions of the ACL and intercondylar notch 
have been well documented in the adult population [2, 3, 
5, 7, 13, 22, 23, 29, 35]. Moreover, ACL inclination angle 
[17], ACL tibial insertion [17, 32], and intercondylar notch 
width [9, 19] have been studied in the paediatric popula-
tion. However, there are no published data regarding either 
the size of the ACL or how ACL and intercondylar notch 
volume change as a function of age and gender in children. 
Because an increasing number of children are undergoing 
ACL reconstructions at younger ages, more comprehensive 
anatomical data of the paediatric knee are necessary. Deter-
mining growth patterns for ACL and intercondylar notch 
volumes is of particular importance in preventing ACL 
tears and in safely optimizing ligament reconstructions.

The aim of this study was to measure ACL volume and 
intercondylar notch volume in paediatric patients and to 
observe how these volumes change as a function of age and 
gender. Our hypothesis was that the growth pattern of ACL 
and intercondylar notch was parallel to longitudinal growth 
in boys and girls, with no significant differences between 
genders.

Materials and methods

MRI examinations

After receiving Institutional Review Board approval from 
the Orthopaedic Clinical Review Panel of Hospital for Spe-
cial Surgery, data were extracted from the picture archiv-
ing and communication systems (PACS) computer records 
of all patients aged 13 and under who underwent knee MR 
imaging examinations between January 2006 and July 
2010. Patients were grouped into 1-year age intervals. 
Patients were excluded if their imaging report included a 
diagnosis of ACL tear, previous surgeries, congenital struc-
tural anomalies, or syndromes.

A total of 137 MRI knee examinations (72 girls and 
65 boys) were included in the study. Patients’ ages ranged 
from 3 to 13 years (Table 1).

Scanning was performed on either a 1.5 or 3  T MRI 
scanner (GE Healthcare, Waukesha, WI) using a quadrature 
or an 8-channel phased array knee coil (Inivo, Orlando, FL) 
with the knee positioned near full extension. All examina-
tions included at least the following sequences performed 
at 1.5 T: sagittal proton density fast spin echo (TR 4000–
6000, TE 44  ms, ETL 6–14, matrix 512 ×  384, NEX 2) 
and axial proton density fast spin echo (TR 3500–5000, 
TE 34 ms, ETL 6–12, matrix 512 × 256–320, NEX 2). For 
studies performed on a 3T scanner, the following param-
eters were used: sagittal proton density fast spin echo (TR 
4000–6000, TE 28 ms, ETL 6–18, matrix 512 × 352–384, 
NEX 1) and axial proton density fast spin echo (TR 3500–
5000, TE 28 ms, ETL 6–14, matrix 512 ×  416, NEX 1). 
The section thickness in all scans ranged from 2 to 3.5 mm 
on axial images and from 2.4 to 3.5 mm on sagittal images 
with no interspace gap.

MR imaging analysis

All measurements were performed by a musculoskeletal 
radiology fellow who was blinded to patient’s age and sex. 
To allow for a more accurate quantification of volume, 
measurements were performed on a computer worksta-
tion (ADW, GE Healthcare, Waukesha, WI). Notch and 
ACL volumes were calculated with the use of a previously 
validated manual segmentation method, which accounts an 
intraclass correlation coefficient of 0.97 [30].

ACL volume

ACL volume was assessed from sagittal proton density 
fast spin echo (FSE) sequences. In cases where two sag-
ittal sequences were performed, the sequence with the 

Table 1   Sample distribution according to 1-year age group and gen-
der

Age interval 
(years)

No. of knee MR 
examinations 
(n = 137)

Total male 
patients

Total female 
patients

3 to <4 1 1 0

4 to <5 3 1 2

5 to <6 3 1 2

6 to <7 4 3 1

7 to <8 15 9 6

8 to <9 11 9 2

9 to <10 15 7 8

10 to <11 16 5 11

11 to <12 17 5 12

12 to <13 28 16 12

13 to <14 24 8 16
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thinnest slice thickness was used for measurements. The 
cross-sectional area (mm2) was measured across all slices 
where the ACL was visible and then added. Subsequently, 
this measurement was multiplied by the slice thickness 
(mm), resulting in an estimated ACL volume expressed in 
mm3 (Fig. 1).

Intercondylar notch

Intercondylar notch volume was assessed from axial 
proton density FSE sequences. According to the method 
described by Anderson et  al. [2], measurements of the 
notch were made at the level of the popliteal recess. 
Cross-sectional areas were drawn around the intercondy-
lar notch, with the posterior limit of the notch considered 
to be the interface of the bone with the articular cartilage 
over the posterior femoral condyles. Similar to ACL vol-
ume measurements, cross-sectional areas (in mm2) were 
summed and multiplied by the slice thickness (mm), 
resulting in an estimated intercondylar notch volume, 
expressed in mm3 (Fig. 2).

Statistical analysis

The outcomes of our study included ACL volume and inter-
condylar notch volume. Age was categorized by 1-year 
interval. Since the number of patients in the 3–7 age groups 
was much smaller than in other groups, we combined these 
four groups for the purposes of statistical analysis. Pearson 
correlation was used to measure linear relationship between 
ACL volume and age as well as between notch volume and 
age. Simple linear regression was conducted to identify the 
unadjusted effect of age on ACL volume and notch volume. 
Multiple linear regression was used to assess the adjusted 
effect of age while controlling for gender on ACL and inter-
condylar notch volume. All statistical analyses were per-
formed in SAS 9.2 (SAS Institution, Cary, NC). A P value 
of less than 0.05 was considered statistically significant. 
Bonferroni correction was used in multiple pairwise com-
parisons between age groups. Power analysis was based on 
an ability to detect a statistically significant Pearson corre-
lation coefficient between ACL and notch volumes versus 
age. Our study sample size of 137 patients provided greater 

Fig. 1   Method of measuring ACL volume using sagittal FSE images: 
ACL volume was assessed using sagittal FSE images. Cross-sectional 
area was measured in all the slices in which ACL was visible (mm2). 

Cross-sectional areas were added together and multiplied by slice 
thickness (mm), resulting in estimated ACL volume (mm3)
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than 90 % power to detect a significant Pearson correlation 
coefficient of 0.75 versus a null coefficient of 0.50.

Results

ACL volume

The results of the ACL volume (mm3) measurements in each 
age group are presented in Fig. 3. There was a high linear cor-
relation between patient age and ACL volume (Pearson cor-
relation = 0.75). An overall linear trend in ACL volume across 
the age groups was shown in the figure. A simple linear regres-
sion demonstrated a significant linear relationship between 
age and ACL volume with a mean increase of 148 ± 11 mm3 
per age group (P < 0.0001). A multiple pairwise comparison 
of the mean ACL volumes did not find any significant differ-
ence between age groups of 10 and older implying that ACL 
volume reached a plateau after 10 years old. A multiple linear 
regression also identified a significant effect of age on ACL 
volume. Sex was not a significant predictor of ACL volume in 
the multiple linear regression (P = n.s.).

Intercondylar notch volume

The results of intercondylar notch volume (mm3) in each 
age group are presented in Fig. 4. There was a high linear 
correlation between patient age and notch volume (Pear-
son correlation = 0.77). An overall linear trend in notch 
volume across the age groups was shown in the figure. A 
simple linear regression demonstrated a significant linear 
relationship between age and notch volume with a mean 
increase of 835 ±  58 mm3 per age group (P < 0.0001). 
A multiple pairwise comparison of the mean notch vol-
umes did not find any significant difference between 
age groups of 10 and older, implying that notch volume 
reached a plateau after 10  years old. A multiple linear 
regression also identified a significant effect of age on 
notch volume.

While controlling for gender, notch volume increased 
865 ± 57 mm3 per age group (P < 0.0001). Sex was a sig-
nificant predictor of notch volume in the multiple linear 
regression. Female patients had notch volumes on average 
892 ± 259 mm3 smaller than those male patients from the 
same age group (P = 0.0006).

Fig. 2   Method of measuring intercondylar notch volume using axial FSE images: Intercondylar notch volume was assessed using axial FSE 
images. Cross-sectional area (mm2) was multiplied by slice thickness (mm) resulting in estimated intercondylar volume (mm3)
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Discussion

The most important finding of the present study was 
determining the growth pattern of both ACL and inter-
condylar notch volumes as a function of age and gender. 
A linear increase in ACL volume and intercondylar notch 
volume was seen until the age of 10, after which growth 
plateaus. While female patients had significantly smaller 
intercondylar notch volumes than their age-matched male 
counterparts, no gender difference was seen in ACL vol-
ume, confirming intercondylar notch size as a sex-specific 
difference.

Historical concerns about potential physeal injury from 
drill holes and subsequent growth arrest [20, 21, 40] are 
increasingly being assuaged by the emergence of physeal-
sparing surgical techniques [39]. Consequently, there has 
been an increasing trend to reconstruct the paediatric ACL-
deficient knee [16, 24, 25]. In a survey of the Herodicus 
Society members in 2002, 78 % of paediatric orthopaedists 
reported performing an ACL reconstruction on a skeletally 

immature knee [20]. Interestingly, while most reconstruc-
tions in the paediatric population are performed in ado-
lescent patients [6, 16, 18, 24], operations are also being 
performed more frequently in younger patients [12, 18, 
27], with reconstructions reported on patients as young as 
3 years [18].

In order for surgeons to safely optimize treatment dur-
ing ACL surgery, we must attain greater knowledge of the 
intercondylar notch and ACL growth patterns in the skel-
etally immature knee. In the paediatric population, previ-
ous studies have examined the ACL inclination angle [17], 
tibial attachment [17, 32], as well as tibial epiphyseal and 
apophyseal measurements [33]. Kim et al. [17] showed that 
ACL tibial inclination angles increase with age, reaching 
adult values with physeal closure. They suggested that the 
larger ACL tibial angle with advancing age is induced by 
a change in the morphology of the growing knee, result-
ing in a greater height of the intercondylar notch on coro-
nal images, which “pulls up” the ACL origin. Shea et  al. 
[33] used coronal and sagittal MR images to evaluate 

Fig. 3   Mean ACL volume with 
95 % confidence intervals for 
each age group

Fig. 4   Mean notch volume and 
its 95 % confidence interval for 
each age group
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the epiphyseal height and the ACL tibial insertion site in 
patients aged 6 to 15  years and compared them to adult 
knees. In contrast to ACL inclination angle, the ACL tibial 
insertion site remains proportionally stable in children and 
adults [32], with the centre of the insertion site located at a 
mean of 43–46 % of the tibial diameter [17].

While these studies are important in determining graft 
placement, there is no anatomical data describing the 
growth patterns of the ACL and intercondylar notch as a 
function of age, which is of particular importance in the 
placement of an ACL graft in skeletally immature patients. 
It has also been suggested that ACL and intercondylar notch 
dimensions are related to ACL injury. Shelbourne et  al. 
[34] reported significantly more contralateral ACL tears 
in patients with narrower notch widths. There is a lack of 
quantitative data relating ACL dimension and injury, but it is 
logical that under similar loading conditions, smaller ACLs 
would tear sooner due to their smaller material strength.

Results suggest a statistically significant increase in ACL 
volume with age (P < 0.001). A linear increase in ACL vol-
ume was observed until the age of 10, with a mean increase 
in volume of 148  mm3 per age group. ACL volume pla-
teaued at the age of 10 years, after which a minimal increase 
in ACL volume was observed. To our knowledge, this is the 
first published study to report the change in ACL dimen-
sions in the paediatric population as a function of age.

Similar to ACL volume, there was a significant increase 
in intercondylar notch volume with age with a mean 
increase of 835  mm3 per age group (P  <  0.0001). Inter-
condylar notch volume reached a plateau at the age of 
10 years, after which a minimal increase in notch volume 
was observed in older groups. The growth plateau of both 
the notch and ACL in early teens, years before any growth 
spurt or the cessation of longitudinal growth, was an unex-
pected and outstanding finding of our study. No definite 
explanation can be drawn for these findings, yet we theorize 
that reaching final ACL and notch volume before growth 
spurt may be a way of protecting the paediatric knee from 
ACL tears during this period. It is well known that having 
a smaller notch predisposes patients to ACL tears; conse-
quently, since our study examined a paediatric population 
without ACL injuries, early volume plateau might serve as 
a protective feature against ACL tears.

The changes in intercondylar notch volume with age 
have not been previously studied. Yet, a handful of studies 
have examined the intercondylar notch width in a paediat-
ric population [9, 19]. In a report comparing ACL injury 
and tibial spine avulsion fractures in skeletally immature 
patients, Kocher et al. [19] noted a lower notch width index 
(NWI) as measured on radiographs among patients with 
mid-substance tears of the ACL. Domzalski et al. [9] meas-
ured NWI on coronal MR images in patients aged 11–17 
and also demonstrated a statistically significant difference 

in the mean values of the NWI between patients with ACL 
injuries compared to an age-matched control population.

The data from this study suggest that ACL volume and 
intercondylar notch volume do not change significantly 
after age 10. These findings could incentivize the use of 
grafts with similar volumetric characteristics in this popula-
tion, as would be used in skeletally mature patients. Other-
wise, for children less than 10 years of age, these data raise 
the need to consider modifications with respect to graft 
size, diameter, and volume.

We also examined how sex influences ACL and intercon-
dylar notch volume. Results suggest that sex had no signifi-
cant effect on ACL volume as a function of age (P = 0.57). 
There was, however, a significant effect of sex on intercon-
dylar notch volume as a function of age (P = 0.0006), with 
female patients demonstrating notch volumes on average 
892 ± 259 mm3 smaller than male patients from the same 
age group. The increase in both ACL volume and intercon-
dylar notch volume plateaued at age 10 in both female and 
male patients.

Our results contradict the findings of Anderson et  al. 
[2], who studied 50 male and 50 female patients with an 
average age of 16 years. They found that with adjustments 
for body weight, the width of the ACL on oblique sagit-
tal MR images in females was statistically smaller than in 
males. Smaller cross-sectional area of the ACL in female 
patients compared to males has been reported in numerous 
MR studies in adult populations [2, 5, 8, 35]. However, it 
is uncertain whether the differences reported in our study 
relate to the younger age of the patients or to the different 
method used to assess ACL dimensions.

Our study did show that female patients had signifi-
cantly smaller intercondylar notch volumes as a function 
of age than their male counterparts, which is in agreement 
with previous studies in adolescent and adult populations. 
Anderson et al. [3] compared the intercondylar notch width 
on CT images between male and female patients aged 
16  years and found a statistically significant difference 
between males and females. A similar difference has been 
reported in adult radiographic [34] and cadaveric studies 
[29, 36]. The smaller dimensions of the intercondylar notch 
in female patients have implications for graft sizing and 
graft placement. Moreover, smaller intercondylar notches 
have been previously associated with an increased risk of 
ACL ruptures [38]. As reported by Swami et  al. [37] in 
their MRI three-dimensional volume study, notch size was 
significantly smaller in knees presenting with ACL tears 
versus intact ACL controls, suggesting smaller intercondy-
lar notch volume in girls as a risk factor for ACL tears.

There are a number of limitations to our study. There were 
an uneven number of patients in each age and sex group due 
to the relative infrequency of performing MR imaging of the 
knee in very young patients. Since the number of patients in 
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the 3-6 age groups was much smaller than in other groups, 
we combined these four groups into one for the purposes of 
statistical analysis. Additionally, despite the fact that notch 
and ACL growth plateaued at age 10, we only observed 
patients under 14  years. Incorporating older subjects, until 
growth cessation, could enhance our findings.

Previous studies of ACL dimensions on MRI have used 
coronal [7], sagittal [2, 14, 15], and axial [2, 5] cuts to 
report ACL length, width, and cross-sectional area, respec-
tively. However, reporting a measurement from a single 
MR slice creates potential error, since it is possible that the 
ACL was not imaged at its widest or longest point in any 
one single MRI slice. Within the confines of using standard 
planes of scanning in MR imaging, we chose to take the 
sum sequential cross-sectional areas and multiply by slice 
thickness in order to get an estimated volume. This might 
be more applicable and more accurate than measuring 
length or width alone on a single static image to estimate 
the size of a three-dimensional structure.

Measuring intercondylar notch volume rather than notch 
area or notch width index, as prior authors have reported [2, 
7, 8, 35], was the preferred method for the present study, 
since our purpose was to evaluate the growth timing rather 
than absolute values for ACL or intercondylar notch size. 
Our goal was to measure the ACL volume and the intercon-
dylar notch volume in the same manner in each patient, in 
order to determine notch and ACL growth patterns.

Conclusion

This is an observational study describing the unique nature 
of ACL and intercondylar notch growth in children. The 
most important finding was that growth plateau of ACL and 
intercondylar notch comes prior to the halt in longitudinal 
growth in both boys and girls. ACL and intercondylar notch 
volumes have a linear increase until the age of 10, after 
which growth plateaus. Additionally, intercondylar notch 
volume was a sex-specific difference, since female patients 
had significantly smaller intercondylar notch volumes than 
their age-matched male counterparts. Gaining knowledge 
of these growth patterns is relevant since it allows surgeons 
to better understand the anatomy, pathology, and risk fac-
tors related to ACL tears and its reconstruction.
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