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Abstract
Examination of anterior cruciate ligament (ACL) anatomy is of great interest both in studying injury
mechanisms and surgical reconstruction. However, after a typical acute ACL rupture it is not possible
to measure the dimensions of the ACL itself due to concomitant or subsequent degeneration of the
remaining ligamentous tissue. The contralateral ACL may be an appropriate surrogate for measuring
anatomical dimensions, but it remains unknown whether side-to-side differences preclude using the
contralateral as a valid surrogate for the ruptured ACL. This study examined whether the ACL volume
is significantly different between the left and right knees of uninjured subjects. ACL volumes were
calculated for the left and right sides of 28 individuals using a previously-validated MRI-based
method. The mean ACL volume was not significantly different (p=0.2331) between the two sides in
this population. Side-to-side ACL volume was also well correlated (correlation=0.91, p<0.0001).
The results of this study show that the volume of the contralateral ACL is a valid surrogate measure
for a missing ACL on the injured side. This non-invasive, in vivo technique for measuring ACL
volume may prove useful in future large-scale comprehensive studies of potential risk factors for
ACL rupture, in quantification potential loading effects on ACL size as a prophylactic measure
against ACL rupture, and in the use of ACL volume as a screening tool for assessing risk of injury.
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Introduction
Various intrinsic anatomical and structural factors have been investigated as potential risk
factors in non-contact anterior cruciate ligament (ACL) injuries. Since female athletes have
been shown to have up to eleven times the relative risk of sustaining an ACL rupture than their
male counterparts (Arendt and Dick, 1995; Gwinn et al., 2000; Lindenfeld et al., 1994), many
studies have sought to understand the relevance of ACL morphology for injury by performing
gender-based comparisons of ACL properties. Studies using in vivo magnetic resonance
imaging have shown that female ACLs have significantly smaller cross sectional areas, even
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when controlling for weight (Anderson et al., 2001) and height (Dienst et al., 2007) than males,
and that female ACLs are also narrower than male ACLs (Davis et al., 1999). Cadaveric studies
have found that female ACLs have a smaller cross sectional area, are shorter, and have a smaller
volume than male ACLs (Chandrashekar et al., 2005); they also have lower mechanical
properties, including modulus of elasticity, than male ACLs (Chandrashekar et al., 2006).
While these studies have observed gender differences that might explain the increased risk of
ACL rupture in females, direct comparison of injured and non-injured individuals would be
more appropriate to establish causality between ACL properties and rupture risk.

One recent study did compare ACL volume between injured subjects and gender, height, age,
and weight matched controls, thereby directly drawing an association between ACL volume
and injury events (Chaudhari et al., 2009). In that study, the contralateral ACL volume was
used as a surrogate measure for the volume of the ruptured ACL. The contralateral ACL
volumes of injured subjects were significantly smaller than the ACL volumes of matched
control subjects. Ideally, if it were possible to measure the volume or other properties of a torn
ACL then those could be compared to uninjured controls to directly infer the importance of
these properties to the injury event. However, because the volume of a ruptured ACL cannot
be measured in vivo, it is desirable to use the contralateral ACL volume as a surrogate measure.
Unfortunately, to date no study has been performed examining the side-to-side differences in
ACL volume in healthy, uninjured knees to determine whether contralateral ACL volume is a
valid surrogate measure for the volume of a ruptured ACL. The purpose of this study was to
test the hypothesis that the volume of the ACL is significantly different between the left and
right knees of uninjured subjects.

Methods
Subjects and Imaging

Twenty-eight subjects (17 males, 11 females; body mass 72.9±13.9kg; height 1.75±0.08m)
participated in the study after providing IRB-approved written informed consent. All subjects
were recruited through community advertising, and the only exclusion criteria were a history
of prior lower extremity soft-tissue injury requiring surgical repair/reconstruction;
meniscectomy of more than 25% of the meniscus; or fracture requiring internal fixation. MR
images (GE Signa 1.5T, sagittal 3D-SPGR, voxel size 0.55mm × 0.55mm × 1.5mm) were taken
of both knees using a lower extremity coil. Given a nominal midsubstance ACL width of
approximately 5 mm (Anderson et al., 2001), these scan parameters result in approximately 3–
4 sagittal slices where the midsubstance of the ACL is visible, with additional slices showing
the full extent of the insertions. Both scans were performed during the same session. Each knee
was placed in full extension and padding was placed around the knee so that it remained relaxed
and in full extension during imaging.

ACL Segmentation
The entire ACL of each knee, including femoral and tibial insertions, was manually segmented
from the MR images using standard software (Amira 5.0.0, Visage Imaging, Carlsbad, CA)
under the guidance of an experienced orthopedic surgeon (Figure 1a). The volume of each
ACL was then determined from these segmented slices using Amira (Figure 1b). Each ACL
was segmented on two independent occasions, and the two measurements were averaged to
get the final ACL volume. This technique has been previously validated using porcine ACLs
(Chaudhari et al., 2009). The validation study showed a 0.98 correlation between MRI-based
ACL volume estimates using a similar imaging sequence and true ACL volume measurements
after dissection. The range of porcine ACL volumes (1850–2636 mm3) encompasses the mean
of our ACL volumes (1895 mm3), giving support to the use of porcine ACL volumes in the
validation of this technique for human ACL volume measurements.
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Statistical Analyses
We used a multi-factor ANOVA model with ACL volume as response, and gender, age, height,
side, and trial number as fixed effect predictors. Subjects were used as random effects nested
within gender. Association between the left and right side average ACL volumes were studied
using correlation coefficient. Differences in the right and left average ACL volumes were
examined for association with height. Summary statistics are reported as mean ± standard
deviation (Table 1). SAS JMP Version 8 (SAS Institute, Cary NC) software was used for
analyses. Level of significance was set at 0.05.

Results
Height was the only significant predictor of ACL volume in the multi-factor model (p=0.0275).
In an ANOVA model with only height and side as fixed effects, height was highly significant
(p=0.0002). Upon adjusting for height, the mean ACL volume was not significantly different
(p=0.2331) between the right and left sides. Least squares estimates (±Standard Error) of the
mean ACL volumes at the average height of 68.8” were R=1907.74 (±58.66) mm3 and
L=1881.55 (±58.66) mm3. Average right and left ACL volumes were also well correlated
(correlation=0.91, p<0.0001) (Figure 2). There was no association between their differences
and height (p=0.1149).

There appears to be no training effect with this technique, since the difference between the 1st
and 2nd measurements was not significant (p=0.3510). The coefficient of variation (CV)
between the repeated measures ranged from 0–6%, with a mean of 2.8%.

Discussion
With the right and left ACL volumes having a significant correlation (correlation=0.91,
p<0.0001) and having no association between their differences and height (p=0.1149), the
results of this study show that the volume of the contralateral ACL is a valid surrogate measure
for a missing ACL on the injured side. Though only based on two repeated measures, with a
mean CV of 2.8% and a range of 0–6%, this technique also shows good precision, making it
an acceptable technique for measuring ACL volume in vivo and enabling future studies on the
importance of ACL morphology to injury risk. These results are consistent with the findings
of Dargel et al. (2009), who reported that neither total length nor cross-sectional area of the
ACL were different between right and left knees of cadaveric specimens.

While it was well within the error of the measurement, a slightly higher average volume was
measured on the right side than the left side (26.2 mm3). However, this difference does not
appear to be clinically significant as it only amounts to about 1% of the average volume,
whereas the previously reported average difference between injured and matched control
subjects was 231 mm3 (Chaudhari et al., 2009).

The primary limitation of this technique is that it requires manual segmentation of the ACL
from the MRI. Depending on the field strength, chosen excitation sequence, and individual
subject variation, it can sometimes be very difficult to distinguish the ACL from surrounding
tissues. The 3D-SPGR sequence was chosen as the best sequence for cartilage contrast rather
than ACL contrast, so it is possible that the precision and accuracy of this technique might be
improved by choosing a different sequence and/or by intra-articular injection of a contrast
agent.

To compare our results to previously published studies, average ACL volumes were calculated
for both males (2040±396 mm3) and females (1671±269 mm3). The ACL volumes calculated
for this study fall within the range of previously reported values. An earlier cadaveric study
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using 3-D scanning software found larger ACL volumes (2722±706 mm3 in males; 1996±530
mm3 in females) than were found during this study (Chandrashekar et al., 2006). Their larger
ACL volumes might be due in part to over-estimation by the 3-D scanning method, because it
cannot detect surface concavities (Hashemi et al., 2005). ACL volumes found by Charlton et
al. (2002) using an MRI-based method similar to ours were smaller (839mm3 in males,
652mm3 in females) than those found in our study. For their study, however, a 2.5mm slice
thickness and a low-field MRI scanner (0.2T) were used. It was our experience that ACL
boundaries were not always clear, especially at the femoral and tibial insertions, which could
have led to an under-estimation of actual ACL volume. The clarity of the ACL in the MRI
would only be degraded with a lower-field MRI scanner, and this degraded image quality could
propagate to a greater under-estimation of ACL volume. Moreover, the segmented ACL is
often truncated if an insertion lies between image slices. The larger the slice thickness that is
chosen, the greater this truncation effect is.

Nevertheless, Chaudhari et al. (2009) showed, using porcine ACLs, that MRI-based
measurements of ACL volume correlate very well with actual ACL volumes. That data
combined with the data from this study showing the side-to-side similarity in ACL volume in
this population suggests that the contralateral volume can serve as an appropriate surrogate
measure for ruptured ACL volume. Future larger-scale studies can be used to confirm that this
relationship holds true for the general population, to evaluate the potential of ACL volume as
a predictor of ACL rupture and screening tool for assessing risk of injury, and to investigate
the potential for the ACL to respond to its loading environment as a prophylactic measure to
avoid injury.
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Figure 1.
Manual ACL segmentation process using Amira. A) Manual segmentations of an ACL in a
sagittal plane slice. While this is initially done in the sagittal plane, the outlines can be seen
and modified in the coronal and axial planes. B) Smoothed, 3-D surface generation from manual
segmentations. The surface was smoothed for visualization purposes only and was not used
for volume calculations.
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Figure 2.
Left vs. Right ACL volumes for healthy subjects. The two measurements were well correlated
(correlation = 0.91, p <0.0001).
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Table 1

Summary Statistics (N = 28)

Variable Mean±SD Range

Gender 17 Male, 11 Female

Age 35.0±12.2 yrs 20 to 66 yrs

Height 1.75±0.08 m 1.60 to 1.91 m

Right average ACL volume 1907.7±432.7 mm3 1343.6 to 2986.0 mm3

Left average ACL volume 1881.6±367.7 mm3 1248.7 to 2990.2 mm3

Difference in Mean ACL Volumes (R-L) 26.2±181.0 mm3 −485.9 to +425.0 mm3

  95% CI for Difference in Means (−44.0 to + 96.4 mm3)

  Interquartile range (−75.1 to 137.3 mm3)

Absolute Difference in Mean ACL Volumes 132.8±123.3 mm3 4.3 to 485.9 mm3
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