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Abstract

The combination of healing anterior cruciate ligament (ACL) volume and the distributions of T2* 

relaxation times within it have been shown to predict the biomechanical failure properties in a 

porcine model. This MR-based prediction model has not yet been used to assess ligament 

degeneration in the aging human knee. Using a set of 15 human cadaveric knees of varying ages, 

we obtained in situ MR measures of volume and T2* of the intact ACL and then related these MR 

variables to biomechanical outcomes (maximum and yield loads, linear stiffness) obtained via ex 

vivo failure testing. Using volume in conjunction with the median T2* value, the multiple linear 

regression model did not predict maximum failure load for the intact human ACL; R2=0.23, 

p=0.200. Similar insignificant results were found for yield load and linear stiffness. Naturally 

restricted distributions of the intact ligament volume and T2* (demonstrated by the respective Z-

scores) in an older cadaveric population were the likely reason for the insignificant results. These 

restricted distributions may negatively affect the ability to detect a correlation when one exists. 

Further research is necessary to understand the relationship of MRI variables and ligament 

degeneration. While this study failed to find a significant prediction of human biomechanical 

outcome using these MR variables, with further research, an MR-based approach may offer a tool 

to longitudinally assess changes in cruciate ligament degradation.
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INTRODUCTION

Osteoarthritis (OA) is a degenerative condition that affects articular cartilage as well as other 

structures of the joint, including the anterior cruciate (ACL) and posterior cruciate ligaments 

(PCL) (Cross et al., 2014; Woo et al., 1991). Total knee arthroplasty (TKA) is the most 

common surgical intervention to treat advanced stages of OA, where it is common to 

remove the ACL and PCL (Bloomfield and Hozack, 2014; Buchbinder et al., 2014). The 

newest TKA implant designs allow retention of both ACL and PCL; thus, it would be 

beneficial to noninvasively assess the structural integrity of the cruciates by predicting their 

biomechanical properties in order to inform surgical decision making in the selection of 

prostheses for patients undergoing TKA.

Using MR images, it has been shown that the combination of ligament volume (amount of 

ligament tissue) and signal intensity (surrogate of tissue quality) is predictive of the 

biomechanical failure properties of a healing ligament in a porcine model (Biercevicz et al., 

2013; Weiler et al., 2001). More recently, the combination of healing ligament volume and 

the distributions of T2* relaxation times within the ligament have been found to provide a 

more robust prediction model of the structural properties (Biercevicz et al., 2014a).

To date this MR-based prediction model has not yet been used to assess ligament 

degeneration in the aging knee. Using human cadaveric knees, the objectives of this study 

were to obtain in situ MR measures of volume and T2* of the intact ACL and to relate these 

variables to biomechanical failure outcomes (maximum and yield loads, linear stiffness) 

obtained ex vivo. We hypothesized that the MR values of volume and T2* of the intact ACL 

would predict the ligament structural properties. Such an MR-based approach would offer a 

valuable tool to longitudinally assess changes in cruciate ligament degeneration, and to 

assess cruciate ligament integrity when selecting TKA prosthesis type.

MATERIALS AND METHODS

Cadaveric Specimens

Fifteen frozen human cadaver knees (5 female and 10 male, Table 1) were thawed to room 

temperature and imaged in situ. The age distribution (range 24–76) was selected to capture a 

range of ligament degeneration states, as the structural properties of the ligament have been 

shown to decrease with age (Woo et al., 1991). After MR imaging the specimens were 

frozen until mechanical testing.

MR Imaging

All image data were acquired using a 3T Siemens Tim Trio scanner (Erlangen, Germany) 

using a 20cm volume extremity coil. High-resolution 3-D gradient echo (FLASH) data sets 

were obtained with parameters: TR=33ms, TE=4.3, 7.3, 10.2, 13.1, 16ms (6 echoes), flip 
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angle=17°, FOV=180mm, slice thickness=0.8mm, reconstruction matrix size=512x512, 

slice thickness=0.8mm (contiguous slices), single average, and bandwidth=407Hz/pixel 

(Biercevicz et al., 2014a). The intact ACLs were manually segmented from the image stack 

by one examiner with 5 years of experience and 3-D models of the ligaments were created 

(Mimics 15.0; Materialize, Ann Arbor, MI) (Biercevicz et al., 2014a, 2013). MatLab 

(MathWorks, Natick, MA) was used to determine T2* maps of the ACL for each knee.

Post processing: Intact Ligament T2* determination

To create the T2* map for each knee, a voxel-wise nonlinear least-squares fit of voxel signal 

intensity (SI) versus echo time was used. SI from all six echo times along with the SI 

relationship, SI (TE) = M0 e−TE/T2* + DC, where SI(TE) are the voxel specific SIs for the 

various echo times (TE), was used to estimate T2*. The three fit parameters M0 (equilibrium 

magnetization), T2* and the DC offset (DC), were used for the least squares fit estimation of 

T2* (Biercevicz et al., 2014b; Haacke et al., 1999). To isolate ligament specific T2* values, 

the voxels corresponding to the ligament were extracted from the T2* maps using the 3-D 

models created from the segmented images (Biercevicz et al., 2014a, 2013). Summing the 

total number of ACL voxels provided an estimate of the whole ligament volume (VOL) 

(10.2 voxels equaled one mm3).

Structural Properties

An established tensile testing protocol was used to determine the structural properties of the 

intact ACLs (Murray et al., 2010). The specimens were thawed to room temperature. The 

proximal end of the femur and the distal end of the tibia were potted in PVC pipe using a 

urethane resin (Smooth-On, Easton, Pennsylvania). The joint was carefully dissected, 

leaving only the femur-ACL-tibia complex intact. Using a servohydraulic material testing 

system (MTS 810; Prairie Eden, MN), tensile loads were applied at 20 mm/min to failure 

(Murray et al., 2010). The entire tensile load-displacement curve was recorded until a 

precipitous drop in load occurred. The maximum load, yield load, and linear stiffness values 

of the ligaments were calculated from the load-displacement data.

Statistics

Linear regression models were used to separately test the relationships between ligament: a) 

MR volume and structural properties and, b) T2* and structural properties. Subsequently, 

both ligament volume and T2* were included in a multiple linear regression model to predict 

the structural properties (SigmaPlot 12.0; Systat Software Inc., San Jose, CA) (Figure 1). 

The R-square, standard error and p-values were reported as indicators of the relationship 

strength and goodness of fit. Descriptive statistics such as maximum, minimum, median, 25, 

75% confidence intervals and kurtosis (a variable indicating the level of data clustering) 

(Belle et al., 2004) were used to assess the shape and distribution of the independent 

variables (volume, median T2*) (Figure 2, Table 3). To visualize the shape and distribution 

of the independent variables, volume and median ligament T2* were transformed to Z-scores 

and plotted as histograms (Figure 2). Z- scores indicated the number of standard deviations 

from the mean of a data set a data point is (Belle et al., 2004).
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RESULTS

Regression Prediction Models

The volume of intact human cadaveric ACLs did not significantly predict maximum failure 

load R2=0.19, p=0.100 (Figure 1A). The median T2* value also did not predict maximum 

failure load, R2=0.06, p=0.380 (Figure 1B). Using volume with the median T2* value, the 

multiple linear regression model did not predict maximum failure load for the intact human 

ACL; R2=0.23, p=0.200 (Figure 1C). Similar insignificant results were found for yield load 

and linear stiffness (Table 2). As a more specific measure of morphology, minimum cross 

sectional area for each ligament was also determined but a similar insignificant ability to 

predict structural properties was seen (maximum load; R2=0.12, p=0.235). Sub-region 

analysis of T2* values was also performed. Each ligament was split into femoral insertion, 

mid-substance, and tibial insertion regions and sub-volumes and T2* values were 

determined. These sub-regions showed a similar insignificant ability to predict structural 

properties.

Summary Statistics

The median (maximum–minimum) values for ligament volume, median T2* and maximum 

load were 1382.5 mm3 (2750.2-283.3 mm3), 13.1 ms (17.7-10.6 ms), and 706.8 N 

(1696.6-248.0 N), respectively. The 25 to 75% confidence intervals for ligament volume, 

median T2*, and maximum load, were 1087.6-1605.3 mm3, 11.8-14.8 ms, and 488.6-1046.0 

N, respectively. The kurtosis values for ligament volume, median T2*, and maximum load 

were 3.2, −0.7, and 0.3, respectively (Figure 2, Table 3). Summary statistics for yield load 

and linear stiffness can be seen in Table 3.

DISCUSSION

The linear combination of ligament volume and median T2* value did not significantly 

predict the structural properties of the ACL in this human cadaveric model. This could be 

due to the naturally restricted variability of the data in the cadavers tested. The majority of 

the specimens fell in the volume range of 1087.6-1605.3 mm3 (25–75% confidence interval, 

Table 3) limiting the distribution of data to test the prediction. This was shown by the 

kurtosis value (3.2, Table 3), which indicated a high level of data clustering (Belle et al., 

2004). Z-scores of the volume measure also showed a restricted variability of the data set. 

Twelve of the 15 ligament specimens were less than 1 standard deviation away from the 

mean for the volume data set (Figure 2). Distributions of the T2* Z-scores also showed 

restricted variability, with 10 of the 15 ligaments being less than 1 standard deviation away 

from the mean for the distribution. These kurtosis and Z-score statistics indicate that the 

volume and T2* distributions were naturally restricted, which can negatively affect the 

ability to detect a correlation when one exists and decrease the statistical power (Crocker 

and Algina, 1986; Huck, 1992).

A previous study looking at porcine transected and reconstructed ligaments found that the 

linear combination of volume and T2* significantly predicted the healing ligament structural 

properties (Biercevicz et al., 2014a, 2013; Weiler et al., 2001). In this previous study, there 
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were two different treatment groups of actively healing ligaments that resulted in a large 

range of evenly distributed volume and T2* data with little to no observed clustering 

(Biercevicz et al., 2014a). This stands in contrast to the current human cadaveric study, 

where a small intact ligament volume was rare and the intact ligaments were not actively 

healing, leaving the volume and T2* distributions naturally restricted. Naturally restricted 

distributions of MR variables observed in the intact ACL of a porcine model were also 

found to have a similar insignificant ability to predict structural properties when compared 

to a proven prediction in a healing ACL porcine model (Biercevicz et al., 2013)(See 

Supplement). While the MR variables did not significantly predict structural properties, 

there was evidence that high volume and short T2* times were associated with higher 

structural properties. When the specimens were split into a low failure and high failure 

group (<700 N, n=7 and >700 N, n=8, respectively) and tested for differences in volume and 

median T2* using a one way ANOVA, we found the specimens in the high failure group had 

significantly lower T2* values in comparison to the low failure group (12.5 vs 14.7 ms, p-

value=0.48). Although the high failure group tended to have larger volumes (1505 vs 1182 

mm3, p-value= 0.261), the difference was not significant.

Age negatively correlates to the structural properties of the intact cadaveric ACL (Woo et 

al., 1991); however, this correlation becomes insignificant in specimens over 48 years.

(Noyes and Grood, 1976) Our cadaveric population was clustered around 50 years (25–75% 

confidence interval 42–62 years, Table 1), indicating our specimens fell in a similar age 

bracket where volume and T2* would not have the ability to predict structural properties. 

This further suggests the age of our test sample (clustered around 50) may not have been 

ideal to capture enough variability in the volume and T2* distributions to detect a correlation 

to structural properties.

Using the MR variables of volume and T2* (or SI) to detect ligament degeneration in terms 

of ligament strength are based on previous research showing that these same MR variables 

could predict ligament structural properties in animal models of ACL or graft healing. We 

assumed that the same trends with MR variables observed during the ligament healing 

process (Biercevicz et al., 2014a, 2013; Weiler et al., 2001) would be observed in reverse 

order with a degenerating ligament. While T2* has been used to detect degeneration in the 

meniscus (Williams et al., 2012), there may be other factors specifically associated with the 

ligament degenerative process. Unlike the healing or regenerative process, these factors may 

involve characteristics besides graft size and quality. For example, osteophytes could induce 

damage to the ligament surface, which could influence the failure properties. Additionally, 

while the same trends were observed with volume and T2* in the current human cadaveric 

prediction compared to healing porcine ligaments (larger volume and shorter T2* times were 

associated with higher structural properties, (Biercevicz et al., 2014a)) there could be an 

inherent difference with the macro anatomy of the intact ligaments that lead to the 

insignificant findings reported here. For instance the collagen fibers of the intact ACL twist 

in the intra-articular space and may cause volume-averaging artifacts that could confound 

the signal intensity.(Hodler et al., 1992) Further research will be needed to clarify if these 

additional factors may confound the results.
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There were limitations to this study. To limit concerns over varying temperature effects 

across the samples (McRobbie et al., 2007), all knees were thawed to room temperature to 

standardize temperature for MR imaging. Additionally, while a carefully controlled freeze 

thaw cycle does not affect structural properties of ligaments (Woo et al., 1986), and our 

protocol controlled the number of these cycles, there is no certainty in specimen handling 

(number of freeze thaw cycles or delay between death and freezing) prior to receiving them. 

Two of the younger specimens had higher than expected T2* values and it is possible that 

unique circumstances of death or decay processes could have confounded these 

measurements. Finally, the availability and distribution of this data set may have limited our 

capacity to predict structural properties. With the current sample size (n=15) and considering 

the two independent variables in the regression model, the study was 0.80 powered to detect 

a multiple R2 of 0.45 or higher.(Draper and Smith, 1998) Adding additional cadaveric 

specimens at younger and older ages may help to better distribute the ligament volume, 

median T2* and biomechanical performance; and could potential help detect a relationship. 

Possibly 30 or more total specimens, divided evenly between a lower, middle and later age 

ranges, may have helped with prediction strength. (Noyes and Grood, 1976; Woo et al., 

1991) Unfortunately, younger cadaveric knees are not easily obtained in high quantities for 

analysis.

Using a set of human cadaveric knees, we were unable to relate biomechanical outcome to 

MR measures of volume and T2* obtained in situ. Naturally restricted distributions of 

ligament volume and T2* were likely the cause of the insignificant findings. Further 

research is necessary to understand the relationship of MR variables and ligament 

degeneration in a human cadaveric model. This study failed to find a significant prediction 

of human cadaveric biomechanical outcome using volume and T2*. Further research geared 

toward capturing younger cadaveric specimens may be valuable for creating an MR-based 

approach to longitudinally assess changes in cruciate ligament degradation and to assess 

cruciate integrity when determining indications for prosthesis type with TKA procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A) The ligament maximum load as a function of ligament volume and B) ligament 

maximum load as a function of ligament median T2* in linear regression models. C) Actual 

ligament maximum load versus predicted ligament maximum load determined using a 

multiple regression model as a function of the linear combination of ligament volume and 

median T2*. Dashed lines represent 95% confidence interval. Maximum load prediction 

equations for the intact ACLs as a function of volume (VOL), median T2*, and the linear 

combination of VOL and median T2* are inlaid in the graphs.
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Figure 2. 
Histograms of human cadaveric intact ligament Z-scores of (A) volume and (B) median T2*.

Biercevicz et al. Page 9

J Biomech. Author manuscript; available in PMC 2016 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Biercevicz et al. Page 10

T
ab

le
 1

H
um

an
 C

ad
av

er
ic

 D
em

og
ra

ph
ic

s 
fo

r 
5 

w
om

en
 a

nd
 1

0 
m

al
e 

sp
ec

im
en

s

M
ax

M
in

M
ed

ia
n

25
%

 C
I

75
%

 C
I

A
ge

 (
ye

ar
s)

76
24

54
42

62

H
ei

gh
t (

in
ch

es
)

72
62

68
67

71

W
ei

gh
t (

lb
s)

20
0

87
17

0
12

5
18

0

B
M

I
33

13
23

19
27

J Biomech. Author manuscript; available in PMC 2016 April 13.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Biercevicz et al. Page 11

Table 2

Summary of the yield load and linear stiffness equations for human cadaveric intact and ACLs as a function of 

volume (VOL), median T2*, and the linear combination of VOL and median T2*.

Dependant
Variable

Independent Variable R2 Regression
p-value

Prediction Equation

Yield Load (N) VOL 0.18 0.111 Yield (N) = 296.7 + (0.3 × VOL)

Yield Load (N) Median T2* 0.05 0.437 Yield (N) = 1262.9 − (39.2 × T2* Median)

Yield Load (N) VOL & Median T2* 0.21 0.238 Yield (N) = 738.4 + (0.3 × VOL) − (31.2 × T2* Median)

Stiffness (N/mm) VOL 0.00 0.972 Stiff (mm/N) = 106.3 + (0.00 × VOL)

Stiffness (N/mm) Median T2* 0.14 0.176 Stiff (mm/N) = 188.0 − (6.0 × T2* Median)

Stiffness (N/mm) VOL & Median T2* 0.14 0.413 Stiff (mm/N) = 191.4 − (0.00 × VOL) − (6.0 × T2* Median)
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