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Sixty percent of injured sibling pairs shared a narrow notch, 
while no uninjured sibling pairs did so (p = 0.003).
Conclusion This study showed that siblings (and often 
sibling pairs) with injuries do have significantly narrower 
notches than those without. This could partly explain the 
prevalence of ACL injuries in siblings. To reduce ACL-injury 
rates, we advise that siblings of ACL-injured athletes with 
narrow notches, be radiologically screened, and if necessary, 
cautioned and counselled regarding preventative training.
Level of evidence  Case–control study, Level III.

Keywords Anterior cruciate ligament · Notch width 
index · Sibling · Family predisposition · Notch shape

Introduction

An anterior cruciate ligament (ACL) rupture incurs a heavy 
physical, emotional and financial burden on the athlete. 
The high prevalence and cost of this injury have prompted 
researchers to search for predictive factors and to iden-
tify at-risk populations for ACL injury, with the long-term 
goal of reducing the rate of injury. Many extrinsic [27] and 
intrinsic factors [12, 19, 20, 23] have been explored includ-
ing femoral intercondylar notch width size [2, 10, 14, 29]. 
It is well established that a narrow intercondylar notch is a 
predisposing factor for ACL injury [3, 25, 26, 28, 36]. Ath-
letes with a narrow notch are 26 times more likely to incur 
a non-contact ACL injury then those with a normal notch 
[28]. However, the incidence and extent of narrowing have 
not been investigated in family groups, who may be at risk, 
if a genetic underpinning exists.

Palmer in 1938 [29], first noted the pathologic relation-
ship between the intercondylar notch and ACL injury. In 
1987, Houseworth et al. [14] reported a significant difference 
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in the posterior notch area in subjects with and without an 
ACL injury and concluded that a narrowed posterior notch 
predisposed to ACL injury. Using computerized tomogra-
phy (CT), Anderson et al. [3] found anterior notch stenosis 
in ACL injured compared to control subjects. Souryal et al. 
[29] devised the notch width index (NWI) which measured 
radiographically the narrowest portion of the intercondylar 
notch as a ratio of the width of the femur, at the level of 
the popliteal groove. These researchers found a significantly 
narrowed notch in patients with bilateral injuries compared 
to those with unilateral injuries. More recent research [7, 13, 
15, 32, 36] has confirmed the presence of narrow intercon-
dylar notches in ACL-injured subjects, and several authors 
[6, 9, 22] have described the mechanism by which a narrow 
notch contributes to ACL injury.

Very few studies have addressed ACL injuries in fami-
lies, and only one was found that investigated notch width 
size in one pair of siblings [12]. Earlier studies by Anderson 
et al. [3] and Souryal et al. [29] found no difference in fam-
ily history between subjects with injured or healthy knees. 
In contrast, however, Harner et al. [10] found a significant 
difference in the incident rate of immediate family member 
having an ACL injury compared to a control group. In their 
study, Hewitt et al. [12] compared notch width size in two 
ACL-injured female fraternal twins with a larger group of 
female players from the same sport. They found that these 
siblings had a significantly smaller notch suggesting that 
there may be a congenital component at play.

Despite the frequent clinical reporting of ACL inju-
ries occurring in siblings, to date no study was found that 
compared the notch width size in a cohort of ACL-injured 
siblings with a matched group of siblings with healthy 
knees. This knowledge would provide professionals with 
a guide for counselling ACL-injured athletes regarding 
radiographic prescreening for their uninjured siblings and 
participation in a preventative neuromuscular training pro-
gramme if required. It is currently known that such train-
ing programmes [12, 20] minimize the risk of incurring 
this life-changing injury, which commonly leads to early 
osteoarthritis. Unknown is how we determine the high-risk 
population that could benefit from such programmes [12].

This study aimed to better understand the anatomic and 
possible genetic factors involved in ACL injuries. Firstly, 
this study aimed to determine the incidence of ACL inju-
ries in siblings within an existing study cohort. Secondly, it 
aimed to determine the size of femoral notch width indices 
in siblings who have ruptured their ACL and in a matched 
control group of siblings with uninjured knees. Thirdly, 
it aimed to compare the number of injured versus control 
sibling pairs who shared a narrow notch. In addition, this 
study aimed to assess the notch width shape in injured 
compared to uninjured siblings. It was hypothesized that 
there would be a significant difference in the size of the 

NWI between injured and control subjects, that shared nar-
row notches would be more common in the injured com-
pared to the control sibling pairs, and that there would be 
more injured than control siblings with a steep A-shaped 
intercondylar notch.

Materials and methods

Subjects for this study were selected from a cohort of 72 
patients with unilateral ACL ruptures taking part in a clini-
cal study. All patients had a unilateral rupture confirmed 
by an orthopaedic surgeon. They did not have any col-
lateral or posterolateral instability or radiological osteo-
arthritis. A detailed history included a specific question 
regarding family members including parent, child or sib-
ling with a confirmed diagnosis of an ACL rupture. Both 
ACL-deficient and ACL-reconstructed family members 
were included. Where study participants indicated that 
they had a sibling with an ACL rupture, the siblings were 
contacted and requested to attend a knee examination 
including a radiograph. The injured sibling groups were 
then matched for age, gender, sports activity and family 
composition with uninjured sibling controls. Control par-
ticipants were required to have played at least one cutting 
sport and to have played sport three times a week or more 
for longer than 5 years. Control participants were recruited 
in response to notifications placed in local hockey, cricket, 
basketball and University sports clubs as well as from hos-
pital staff, family and friends. All participants signed con-
sent to take part in this study.

Radiographic assessment

The method used to view the intercondylar notch was that 
described by LaPrade et al. [17]. This method is consid-
ered to use the most reproducible radiographic parameters 
[17] although the Holmbach 70° view may be more accu-
rate [2]. A posterior–anterior view was taken of each knee 
separately with the knee at 45° of flexion and the patient in 
prone kneeling. The perpendicular distance from the hous-
ing to the film was 1.12 m, and the femur was in neutral 
rotation. Attention was paid to all details regarding the pre-
cise angle, correct distance from beam and avoidance of 
femoral adduction or rotation. One of the authors (SLK) 
was present at each radiographic assessment to ensure the 
correct positioning of the patient and accuracy of the meas-
ures. Once taken, bilateral intercondylar radiographs for 
each sibling were stored, in a large radiograph envelope. 
Once all radiographs were completed, one of the authors 
(SLK) selected the radiograph of the uninjured knee 
from the envelopes of the injured siblings and randomly 
selected either the left or the right knee radiograph from the 
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envelopes of the control siblings. The selected injured and 
control intercondylar radiographs were then organized in 
random order so that the assessor (RCK) was blind to the 
grouping of the siblings.

Notch measurement

In this current study, both the anterior and posterior notch 
width indices were calculated. In each case, the width of 
the notch measured at the level of the popliteal groove 
was divided by the width of the femoral condyles meas-
ured at the same level, to give the NWI as shown in Fig. 1. 
The notch width was measured precisely as described by 
Souryal et al. [29] using a translucent ruler, which has a 
precision of 0.1 cm. For each subject, the size of both ante-
rior and posterior NWI was recorded. For anterior notches, 
a ratio of <0.2 was considered narrow, [29] and for poste-
rior, a ratio of <0.24 was considered narrow. As stated the 
radiograph of the uninjured side was used to calculate the 
NWI since 17 of the injured siblings had undergone sur-
gery, which had involved a notchplasty to increase the 
notch size in all bar three cases. The assessor also described 
the notches as round (inverted U), rounded A-shaped or 
steep A-shaped based on the description by Anderson et al. 
[3]. International review board approval for taking radio-
graphs was granted by the Ethics Committee of The Uni-
versity of Queensland, Australia. Because the assessment 
involved radiography of healthy subjects, a report from a 
medical physicist was required.

Statistical analysis

A power analysis under the parameters of an expected 
medium effect size difference between injured and matched 
control sibling pairs, α = 0.05, and power = 0.08 was con-
ducted. Based on these parameters, a full sample size of 34 
(that is 17 pairs in each group) would be required to main-
tain Type I error at 0.05.

In order to assess the incidence of ACL injuries in sib-
lings, the number of ACL-injured patients, from the cohort 
of 72, who had indicated that they had a sibling with an 
ACL injury, was tallied and their sibling composition was 
recorded.

A mixed-model ANOVA was performed in order to 
uncover whether there were any significant differences in 
NWI size between the siblings with ACL injuries and those 
with healthy knees. Within-family pairing was considered 
the unit of analysis leading to a 2 (Sibling Pair) × 2 (group: 
injured vs. matched controls) mixed-model ANOVAs with 
sibling pair a within-subject factor and group as a between-
subjects factor. The dependent variables were anterior and 
posterior NWI, which were analysed separately.

The number of sibling pairs with and without narrow 
notches was compared using Chi-squared analyses. These 
latter two analyses involved 10 sibling pairs from each 
family that is two of the siblings from each of the three sib-
ling families.

Finally, the number of injured and uninjured siblings 
with round, rounded A-shaped or steep A-shaped notches 
was compared.

Results

It was revealed that 13 out of the 72 patients had a sibling 
with a ruptured ACL. The additional siblings who were 
contacted and were able to take part in the study totalled 
24 siblings from 10 of the families. The details of recruit-
ment and sibling configurations are shown in Fig. 2. In 
each of the injured sibling and control group, there were 
nine females and 15 males. The mean age was 27 (±5.4) 
years old for the injured siblings and 30.2 (±7.6) years old 
for the control siblings.

Mixed-model ANOVAs revealed only significant effects 
for group main effect for both anterior NWI, p < 0.001, 
η2 = 0.55, and posterior NWI, p = 0.006, η2 = 0.36. The 
average anterior NWI in the injured sibling group was 0.18 
(SD = 0.03) compared to 0.24 (SD = 0.02) in the control 

Fig. 1  Photograph showing the anterior and posterior femoral 
notches. The notch width index was calculated as the anterior (A) or 
the posterior (P) notch width distance divided by the femoral bicon-
dylar width (C–C) measured at the level of the popliteal groove (B). 
The femoral bicondylar width is measured along a line parallel to the 
most inferior points of both condyles (D–D)
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group. For the posterior NWI, the injured sibling group 
average was 0.26 (SD = 0.03) and in the control sibling 
group was 0.30 (SD = 0.02).

The total number of injured siblings considered to have 
a narrow or stenotic anterior NWI (<0.2) was 16 out of 
the 24 (66 %) compared to one out of 24 (4 %) in the con-
trol group. The number of injured siblings considered to 
have a narrow posterior NWI (<0.24) was eight out of the 
24 (33 %) compared to 0 % in the control group. Not all 
injured siblings had a narrow notch (Table 1).

However, when comparing injured to uninjured sibling 
pairs, six of the injured sibling pairs presented with nar-
row notches compared to no uninjured sibling pairs. Con-
versely, narrow notches were not present in four injured 
sibling pairs and in all 10 uninjured sibling pairs. This 
finding of a difference in the number of sibling pairs with 
a narrow notch in the injured (6) compared to the uninjured 
(0) groups was statistically significant, p = 0.003 (Table 2).

In the injured group, 12 of 24 injured siblings the notch 
shapes were steep A shaped. In the control group, none of 
the notches were steep A-shaped (Table 3).

Discussion

The most important finding of this present study was that 
as hypothesized, the NWI of ACL-injured siblings was sig-
nificantly narrower than that of uninjured siblings for both 

anterior (p < 0.001) and posterior notches (p = 0.006). In 
addition, there were significantly more sibling pairs shar-
ing narrow notches in the injured compared to the control 
group (p = 0.003), and there were more injured than unin-
jured siblings with a steep A-shaped notch. Furthermore, 
this study was also able to confirm the observed frequency 
of ACL ruptures occurring in siblings, finding that 13 of a 
cohort of 72 or almost one in five of injured ACL patients 
have at least one sibling with an injured ACL. Narrow inter-
condylar notches have for decades been considered to be a 
risk factor for ACL rupture [3, 25, 28] and could explain 
the relatively high incidence of ACL injuries in families.

Although described frequently in ACL-injured patients, 
the presence of narrow intercondylar notches has, until 
now, not been investigated in sibling groups. The mean 
anterior NWI in ACL-injured siblings was 0.18, and in 
uninjured siblings was 0.24. This is similar to the find-
ings by Le Prade et al. [17] and more recently Uhorchak 
et al. [32] who reported anterior NWI of 0.193 and 243 
[17] and of 0.18 and 0.21 [32] in injured and uninjured ath-
letes, respectively. Our finding of a significant difference in 
posterior NWI measuring 0.26 in injured and 0.3 in con-
trol siblings is similar to those reported by Chung et al. [5] 
who, (as illustrated in their photos), measured the posterior 
NWI to be 0.26 and 0.29 for injured and uninjured athletes.

In addition, 12 out of the 24 injured siblings had a steep 
A-shaped notch, while none of the control siblings did. 
This compares similarly to studies by Al-Saeed et al. [1] 

72 ACL deficient pa�ents referred for treatment to one physiotherapy clinic were enrolled in a 
study: 62 were enrolled in a long term study [16]; 10 ACL pa�ents were enrolled in a short-term 
fa�gue study.

A detailed history revealed that 13 par�cipants had a sibling with a ruptured ACL. This number 
included 9 males and 4 females. 4 par�cipants had 2 ACL-injured siblings, and 9 had one injured 
sibling. Two pairs of 2 injured brothers were included in the 13, making the number of families 
involved 11. 

One par�cipant was excluded because he had significant osteoarthri�s affec�ng the notch width 
size. This le� 12 par�cipants from 10 families taking part in the study.

Ten control sibling 
groups ( 24
par�cipants ) without 
knee injuries were 
recruited from  no�ces 
in local sports clubs, 
family and friends. 

24 par�cipants in 10 family 
groups

2 sets of 2 sisters and a brother
2 sets of 3 brothers
2 sets of 2 brothers one set of 
which was iden�cal twins
1 sets of 2 sisters
3 sets of one brother and one 
sister
Mean age 27 years (Â±5.4) 

Seventeen par�cipants had 
surgery, seven did not.

24 par�cipants in 10 family 
groups matched for grouping, 
gender, age and sports ac�vity
2 sets of 2 sisters and a brother
2 sets of 3 brothers
2 sets of 2 brothers
1 sets of 2 sisters who were 
iden�cal twins
3 sets of one brother and one 
sister
Mean age 30 years (Â±7.6) 

The 12
addi�onal 
injured siblings
were recruited :
5 females and 7 
males were 
contacted and  
agreed to take 
part in this 
study 

Fig. 2  Recruitment and family demographic of the injured and uninjured siblings
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and Anderson et al. [3]. The latter reported that 35 % of 
unilateral ACL-injuries patients had a steep ‘wave-shaped’ 
notch compared to 6 % of uninjured subjects. Figure 3 

shows the intercondylar notches of the two injured iden-
tical male twins who demonstrate a narrowed and steep 
A-shaped notch. In contrast, Fig. 4 shows the much larger 
round notches of the uninjured sibling identical twins. Not 
all studies have reported A-shaped notches [15] or smaller 
notches in patients with ACL injuries [11, 18, 24, 31, 34]. 
Some authors believe other measures are more relevant 
than notch width index or notch shape as a predictive factor 
for ACL injury. These include width of the lateral femoral 
condyle [10], the posterior tibial slope of the lateral con-
dyle [30], a small ACL [4], anteromedial ridging of the 
anterior notch [9] and notch width rather than notch width 
index [25]. However, Simon et al. [26] in an important 
recent MRI study found that the intercondylar notch width 
at the inlet was the best predictor of ACL injury, with a sen-
sitivity of 74 % and a specificity of 67 % and a positive 
predictive value of 69 %.

This study may have been limited by the use of radiol-
ogy rather than MRI or CT [28]. Van Eck et al. [34] found 
no correlation between three radiographic views of the 
intercondylar notch and notch volume on CT scans and 
have suggested that radiographic views be interpreted with 
caution. Anderson et al. [2] have highlighted the difficulty 
in identifying the anterior outlet on planer radiography. Fur-
thermore, there is no standardized method when using radi-
ology. Either posterior–anterior (PA) [17, 25] or anterior–
posterior (AP) [33, 35] views are used. Participants may be 
positioned in standing [25] or in prone kneeling [28, 29]. 
The angle of the knee may be positioned at 45° [17, 25], 
60° [5], 70° [28, 29]. The distance from the camera to the 

Table 1  Anterior and posterior notch width indices comparing injured and uninjured siblings groups

In each injured family group, sibling 1 refers to the initial study sibling with sibling 2 the elder of the remaining two in the case of three siblings. 
Uninjured siblings are matched for gender in each column. The data for sibling 3 were not used in the NWI analysis

ANW anterior notch width, PNW posterior notch width, F Female, M male

Sibling  
gender in  
each groups

Anterior notch width index Posterior notch width index

Injured siblings from injured 
family groups

Uninjured siblings from unin-
jured family groups

Injured siblings from injured 
family groups

Uninjured siblings from unin-
jured family groups

Sibling 1 Sibling 2 Sibling 3 Sibling 1 Sibling 2 Sibling 3 Sibling 1 Sibling 2 Sibling 3 Sibling 1 Sibling 2 Sibling 3

F, M, F 0.16 0.15 0.16 0.26 0.21 0.26 0.23 0.21 0.22 0.31 0.24 0.30

F, F, M 0.27 0.21 0.29 0.24 0.21 0.24 0.29 0.21 0.32 0.31 0.33 0.25

M, M, M 0.15 0.23 0.24 0.19 0.22 0.24 0.29 0.30 0.26 0.26 0.31 0.24

M, M, M 0.24 0.13 0.22 0.26 0.22 0.29 0.31 0.21 0.28 0.29 0.31 0.35

F, F 0.13 0.19 0.28 0.29 0.23 0.26 0.35 0.29

M, F 0.19 0.16 0.24 0.22 0.32 0.29 0.31 0.25

M, F 0.15 0.16 0.23 0.20 0.19 0.26 0.28 0.25

F, M 0.25 0.19 0.23 0.27 0.30 0.27 0.32 0.31

M, M 0.16 0.16 0.21 0.28 0.29 0.28 0.33 0.30

M, M 0.17 0.18 0.23 0.25 0.23 0.29 0.25 0.34

Average NWI 0.18 0.24 0.26 0.30

p value <0.001 0.006

Table 2  Comparison of the number of sibling pairs sharing a narrow 
notch in the injured and uninjured control groups

Pearson Chi-square test: χ2 (1, N = 10) = 8.57, p = .003

Group * Notch_pairs cross-tabulation

Count

Narrow notch pairs Total

0.00 Sibling pair 
not matched

1.00 Sibling pair 
matched

Group

 Control 10 0 10

 Injured 4 6 10

Total 14 6 20

Table 3  Distribution of A-steep, A-round and Round intercondylar 
notches in the injured and control siblings

Shape No. of injured siblings No. of injured siblings Total

A-steep 12 0 12

A-round 9 13 22

Round 3 11 14

Total 24 24 48
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knee may also vary. Although considered reliable [34] 
and reproducible [28], the accuracy of measurement using 
radiography has been questioned [2]. To ensure maximum 
possible accuracy of measurement, detailed attention was 
paid to the consistent and exact positioning of the patient 
avoiding adduction or rotation of the femur as this affects 
the view of the notch. A 45° knee flexion angle was meas-
ured using a goniometer and kept constant for each patient 
since Ireland et al. [15] have shown that a 10° difference in 
flexion alters the NWI. A PA view at 45° was selected as 
both the posterior and anterior notches are visible. Because 
of the uncertainty in the literature regarding the measure-
ment of either anterior [12, 21, 25, 28, 29] or posterior [5, 
13, 33, 35] notch outlets, we measured both, although, as 
mentioned, the anterior outlet can, at times, be difficult to 
define [2]. We found radiology to be a convenient and inex-
pensive means whereby valuable information with regard 
to notch size was provided. However, we acknowledge 
the possibility that the size of the anterior notch may have 
been narrower in the injured participants than assessed on 
radiograph. Out of eight, ACL-injured siblings who were 
measured as having normal size notches on radiograph, 
four required a notchplasties to broaden the notch during 
surgery, as the surgeon considered that the notches were 
narrowed.

Another limitation of this study includes the small sam-
ple size. The accuracy of ruler measures may be a further 
limitation. Ruler measures are considered to have a preci-
sion of 0.1 cm. Zooker et al. [37] found that measures of 
the width of the patellar tendon using a ruler were accurate 
to 1.2 mm in assessing surgical width. Measurement accu-
racy may have been increased by the use of digital cali-
pers, which have a precision of 0.1 mm [32]. On the other 
hand, one of the strengths of this study was the blinding 
of the NWI assessor who assessed the contralateral knee 
of the injured siblings in order to avoid identification of 
the injured group from the surgical screws. Recent studies 
have shown that there is no side-to-side difference in notch 
width indices in cadaveric non-arthritic knees [8] or in 
ACL-deficient patients [5]. Teitz et al. [31] found no side-
to-side difference in notch width size in ACL or uninjured 
subjects.

Recognizing at-risk groups is an essential part of pre-
venting ACL injuries. This exploratory study has created 
awareness that siblings of ACL-injured subjects may be a 
high-risk population for ACL injuries, as a result of pos-
sibly genetic, narrow femoral intercondylar notches. This 
study suggests that in day-to-day practice professionals 
should educate and caution ACL-injured athletes known to 
have a stenotic intercondylar notch that their siblings may 

Fig. 3  Narrow notches in 
identical 15-year-old male 
twins who ruptured their ACLs 
3 months apart. The anterior 
notches are clearly narrower 
than the posterior, which are 
less distinct in this example. 
The anterior notch width indices 
measure <0.2 in both cases. The 
shape of the anterior notches is 
steep A-shaped

Fig. 4  Broader notches in unin-
jured identical female twins. 
The anterior notch is not clearly 
narrower than the posterior. The 
notch width indices measure >2. 
The shape of the notch is round 
and contrasts markedly to that 
of the injured twins
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be at risk. It would be appropriate to recommend that notch 
width indices be assessed on radiograph as a screening tool 
prior to CT or MRI, to determine whether siblings should 
avoid vigorous cutting sports or undergo special training 
to reduce the chances of an ACL rupture [12, 20]. Some 
authors have even suggested prophylactic notchplasty be 
performed [29]. Identifying athletes at risk should lead to 
the long-term goal of reducing the rate of ACL injuries 
which have become a critical healthcare issue, very costly 
to the young athletic population in terms of pain, suffering, 
unfulfilled sporting potential and early osteoarthritis.

Conclusion

This study has highlighted the frequency of ACL injuries 
occurring in siblings. It has provided evidence that NWI 
are narrower in siblings with ACL injuries compared to 
control siblings and has shown that a narrow NWI is a sig-
nificantly more frequently shared feature in siblings with 
ACL injuries than those without. This suggests that narrow 
notches may be a genetically predisposing factor contrib-
uting to ACL injuries in siblings. A steep A-shaped notch 
may also be a contributing factor to the pathogenesis of 
ACL injuries in siblings. However, not all sibling groups 
had narrow notches, and it appears that there may be other, 
possibly combined, predisposing factors contributing to 
ACL injuries in siblings.
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