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Abstract
Magnetic Resonance Imaging (MRI) could potentially be used to non-invasively predict the
strength of an ACL graft after ACL reconstruction. We hypothesized that the volume and T2
relaxation parameters of the ACL graft measured with MRI will predict the graft structural
properties and anteroposterior (AP) laxity of the reconstructed knee. Nine goats underwent ACL
reconstruction using a patellar tendon autograft augmented with a collagen or collagen-platelet
composite. After six weeks of healing, the animals were euthanized, and the reconstructed knees
were retrieved and imaged on a 3T scanner. AP laxity was measured prior to dissecting out the
femur-graft-tibia constructs which were then tested to tensile failure to determine the structural
properties. Regression analysis indicated a statistically significant relationship between the graft
volume and the failure load (r2=0.502; p=0.049). When graft volume was normalized to the T2
relaxation time, the relationship was even greater (r2=0.687; p=0.011). There was a significant
correlation between the graft volume and the linear stiffness (r2=0.847; p<0.001), which remained
significant with T2 normalization (r2=0.764; p=0.002). For AP laxity at 30° flexion, there was not
a significant correlation with graft volume, but there was a significant correlation with volume
normalized by the T2 relaxation time (r2=0.512; p=0.046). These results suggest that MRI
volumetric measures combined with graft T2 properties may be useful in predicting the structural
properties of ACL grafts.
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1. Introduction
The injured ACL is commonly replaced by a tendon graft during reconstruction surgery.
Because ACL reconstruction does not restore normal kinematics or reduce the risk for
premature osteoarthritis, there is an ongoing need to improve treatment options and to verify
that new treatment options improve healing. Direct biomechanical measurements of the graft
structural properties are frequently used to assess graft healing in research studies. However,
these destructive measurements require post-mortem testing, do not permit longitudinal
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assessments within subjects, and are not suitable for clinical trials. A non-invasive method,
such as MRI, that predicts the graft structural properties in vivo is needed to longitudinally
evaluate ACL graft healing in vivo within a subject.

MRI has been used to assess ACL graft maturation (Howell et al., 1991; Howell et al., 1995;
Orrego et al., 2008; Stockle et al., 1998; Weiler et al., 2001). In an effort to establish the
relationship to the biomechanical properties of a healing graft, Weiler et al. found a
correlation between the MR signal-to-noise quotient to the failure load, linear stiffness and
tensile strength of the graft in the sheep (Weiler, 2001). However, evaluation of the signal-
to-noise quotient is limited since it is dependent on acquisition and scanner characteristics.
Parameters that are independent of the acquisition characteristics are needed. It seems
reasonable to assume that geometric MRI measurements, such as ACL graft volume, would
reflect the graft structural properties. T2 mapping may also provide insight because T2
relaxation times are affected by proteoglycan, collagen and water content (Li et al., 2011;
Mosher et al., 2000; Regatte et al., 2002; Wayne et al., 2003; White et al., 2006), factors
associated with ligament/graft healing (Frank et al., 2006).

The objective of this study was to determine if an MRI-based method, which utilizes both
graft volume and T2-mapping, is predictive of the structural properties of the graft and AP
knee laxity at 30° and 60° knee flexion. We hypothesized that there are significant
correlations between graft volume, T2 relaxation time, and graft volume normalized by T2
relaxation time with the structural properties of an ACL autograft and AP knee laxity when
measured six weeks after ACL reconstruction in the goat model.

2. Methods
Model of ACL Reconstruction

Nine 4-year old male Nubian-cross goats underwent unilateral ACL reconstruction using a
bone-patellar tendon-bone autograft under an approved IACUC protocol as previously
reported (Spindler, 2009). Five goats had their graft enhanced with a collagen-platelet
composite, while four were enhanced with a collagen sponge only. One surgeon performed
the procedures to minimize surgical variations. The differences in structural properties and
AP knee laxity between the two treatment groups for these animals has been previously
reported (Spindler, 2009). Postoperatively the animals were allowed unrestricted cage
activity for 6 weeks, and were euthanized. The ACL reconstructed knees underwent MR
scanning immediately after harvest and were then stored at -20°C prior to mechanical
testing.

MR Imaging
The reconstructed knees were imaged on a 3T MR scanner (Siemens TIMS Trio; Erlangen,
Germany) to determine the volume and T2 relaxation time of the graft midsubstance using a
T2-relaxometry imaging protocol (TR=2000 ms; TE at 10, 22, 26, 30, 34, 38, and 42 ms,
slice thickness = 1mm with 1mm gap). Sagittal oblique images were obtained (Figure 1).
The gap of 1 mm between slices was used to avoid artifact due to cross-excitation between
adjacent slices. To determine the graft volume, the images were displayed on a graphic
workstation (Vitrea workstation; Vital Images, Minnetonka, MN). The outline of the ACL
was manually segmented, and the volume computed using the commercial software (Figure
1). Using phantoms, we demonstrated that the volume renderings of the software were
accurate to within 1%. T2 maps of the graft midsubstance (Figure 2) were generated from
the MR relaxometry data using custom software (IDL; ITT Visual Information Solutions,
Boulder, CO) and the mean T2 time of the graft midsubstance was determined.
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Mechanical Testing
The knees were thawed and prepared for laxity and failure testing as previously described
(Spindler, 2009). The soft tissues surrounding the tibia and femur were dissected free
leaving the joint capsule intact, and the bones were potted in PVC pipes so that they could
be mounted on the material testing system.

The AP load-displacement responses of the reconstructed knees were measured using a
custom designed fixture with the knee locked at 30° and 60° of flexion (Fleming et al.,
2001). Anterior and posterior directed shear loads of ±60 Newtons were applied to the femur
with respect to the tibia using an MTS 810 Materials Testing System (MTS, Prairie Eden,
MN) while the AP displacement was measured. Tibial axial rotation was locked in the
neutral position while the coronal plane translations and varus-valgus angulation were left
unconstrained. AP laxity was reported as motion of the tibia with respect to the femur.

After completing the AP laxity tests, the femur-graft-tibia complex was isolated and
positioned so that the mechanical axis of the graft was collinear with the loading axis of the
material test system (Woo et al., 1991). The knee flexion angle was initially set at 30°. The
tibia was mounted to the base of the MTS via a sliding X-Y platform while the femur was
unconstrained to rotations. This enabled each specimen to seek its own position so that the
tensile load was distributed over the cross-section of the graft. The femur-graft-tibia
complex was then loaded to failure at 20mm/min, and the failure load and the linear stiffness
values calculated (Fleming et al., 2010).

Statistical Analyses
Regression analyses were performed to determine whether the independent variables of graft
volume and T2 relaxation time predicted the dependent variables (the graft structural
properties and AP laxity values at the 60° and 30° of flexion) using commercially available
software (SigmaStat 3.5; Systat Software, Inc). Regressions were also performed to
determine if the volume normalized by the T2 relaxation time was predictive of the same
dependent variables. One animal was excluded from analysis because we were unable to
obtain a T2 measurement; all calculations were made with data from the remaining eight
animals.

3. Results
All graft failures occurred in the midsubstance. There was a significant correlation between
graft volume and the failure load (r2=0.502; p=0.049). When the volume was normalized by
the T2 relaxation parameter, the variability was reduced and the predictability was improved
(r2=0.687; p=0.011; Fig. 1). When the T2 parameter alone was correlated to failure load, the
relationship was not significant (r2 = 0.191; p = 0.278).

There was a significant correlation between graft volume and the linear stiffness (r2=0.847;
p=0.001). When the volume was normalized by the T2 relaxation parameter, the variability
remained essentially unchanged (r2=0.764; p=0.005; Fig. 2). When the T2 parameter alone
was correlated to linear stiffness, the relationship was not significant (r2=0.049; p=0.597).

AP laxity at 30° did not correlate with graft volume (r2=0.205; p=0.260). However, when
the volume was normalized by the T2 relaxation parameter, a significant correlation was
observed (r2=0.512; p=0.046; Fig. 3). When the T2 parameter alone was correlated to AP
laxity at 30°, the relationship was not significant (r2=0.471; p=0.060).

AP laxity at 60° was not significantly correlated with graft volume (r2=0.182; p=0.291).
When the volume was normalized by the T2 relaxation parameter, variability was reduced
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but remained insignificant (r2=0.415; p=0.085). When the T2 parameter alone was
correlated to AP laxity at 60°, the relationship was also not significant (r2=0.288; p=0.170).

4. Discussion
This study demonstrates significant correlations between ACL graft volume via MRI and the
structural properties of the ACL autograft and AP knee laxity after 6 weeks of healing. T2
relaxation time alone was not significant. T2 relaxation time is affected by several
compositional factors, including water, proteoglycan, and collagen content and collagen
orientation, the interactions of which may increase variability and reduce the correlation
coefficient. However, it was interesting to note that normalizing the volume by the T2
relaxation time of the graft, as compared to volume alone, improved the failure load and AP
laxity at 30° predictions (r2=0.49 to r2=0.69).

Investigators have studied MR characteristics in both human and animal ACLs to gain
insight into the biology of graft healing (Anderson et al., 2001; Arai et al., 2008; Howell et
al., 1991; Howell, 1995; Murray et al., 2007; Ntoulia et al., 2011; Orrego, 2008; Radice et
al., 2010; Stockle, 1998; Weiler, 2001). Many of these studies have focused on signal
intensity of T2-weighted MR images, a measure of water content, which has been linked to
vascularity and graft tensile strength (McFarland et al., 1986). Using the rabbit model,
Anderson et al noted that graft signal intensity may be related to the tensile strength
(Anderson, 2001). Weiler et al reported significant correlations between the signal to noise
quotient and biomechanical strength (Weiler, 2001). Building on their study, we found that a
significant correlation between the volume normalized by the T2 relaxation time on the
failure load and stiffness of the healing ACL graft. Because T2 relaxometry is not dependent
on the scanner and acquisition parameters, it may provide a better indicator of graft healing
when used in conjunction with graft volume.

There are several study limitations that should be considered. Four of the animals received
autograft ACL reconstruction using a collagen-platelet composite while the remaining four
received the collagen sponge only. It is possible that the two treatments could have
independently affected the MRI properties. However, this concern may be minor given that
the regression lines for each treatment subgroup were nearly parallel to that when the data
were pooled, and that there was no visual evidence of the CPC or sponge in the joint at the
time of harvest. All MRI measurements were taken 6 weeks after ACL reconstruction.
Future studies will be performed to determine how these predictions may change with time
and whether one time point is prediction of another. The volume measurement accuracy was
determined using phantoms and not ACL tissue. While the same degree of accuracy cannot
be expected due to the heterogeneous nature of the graft and surrounding tissue, it is
reasonable to expect a fairly accurate ACL volume using this methodology. Other
limitations include the imaging of post-mortem samples. Nonetheless, the proof of principle
demonstrated here suggests that further research in this area should be pursued.
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Figure 1.
Sagittal oblique images were oriented perpendicular to the distal femoral epiphyseal plate in
both the coronal and sagittal planes. The intra-articular volume of the ACL graft (shown in
green) was determined by segmenting the ACL within each slice and stacking the slices.
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Figure 2.
Seven MR relaxometry images of the same slice, acquired with a fixed repetition time (TR)
of 2000 ms, and varying excitation time (TE) of 0, 22, 26, 30, 34, 38 and 42 ms,
respectively, followed by the T2 map calculated from the first 7 images are shown. For each
voxel in the slice, the T2 is calculated by fitting the signal intensity, S, as a function of TE,
according to the equation: S(TE) ∝S0exp(−TE/T2), where S0 is the signal intensity at TE=0.
A linear least-squares fit was used to calculate the T2 and S0. The T2 map shown shows the
image constructed from the pixel-wise T2 fitting. The region of interest (ROI) used to
calculate the mean T2 of the graft is shown in yellow on the T2 map.
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Figure 3.
Graft failure load after 6 weeks of healing significantly correlated with graft volume when
normalized by the T2 relaxation signal. Solid line represents the linear regression while
dashed lines represent 95% confidence intervals.
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Figure 4.
Graft linear stiffness after 6-weeks of graft healing was proportional to the graft volume
when normalized by the T2 relaxation signal. Solid line represents the linear regression
while dashed lines represent 95% confidence intervals.
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Figure 5.
AP knee laxity at 30° flexion after 6-weeks of healing correlated with graft volume
normalized by the T2 relaxation signal. Solid line represents the linear regression while
dashed lines represent 95% confidence intervals.
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