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Abstract

Objective: Diffusion tensor imaging research on the anterior cruciate ligament (ACL) is limited,

and no study has revealed the ACL fibrous microstructure by 7.0-Tesla magnetic resonance

imaging. Therefore, we used magnetic resonance imaging to assess the ACL.

Methods: Eight porcine ACLs were investigated by diffusion tensor imaging. Imaging was

performed with a 7.0-Tesla scanner using a diffusion-weighted two-dimensional spin-echo

echo-planar imaging pulse sequence optimised for muscle. The diffusion tensor eigenparameters,

fractional anisotropy (FA), and apparent diffusion coefficient (ADC) were used for bones and

muscles. Three-dimensional projection maps of the principal eigenvectors were plotted to visu-

alise the microstructure.

Results: The mean FA and ADC for the ACL were 0.27� 0.079 and 0.0012� 0.0005, respec-

tively. There were no significant differences between the values in the proximal and distal por-

tions . However, the ADC was smaller in the centre than on the sides (0.0015� 0.0007), and the

mean FA was larger in the centre than on the sides (0.42� 0.23). The ACL fibres were parallel on

the proximal and distal sides but interweaved in the centre.

Conclusions: These findings may be beneficial for artificial ligaments.
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Introduction

Diffusion tensor imaging (DTI) is the out-

come of advancements in diffusion-

weighted imaging, in which the diffusion

of water molecules is used to evaluate the

structure and physiological state of biolog-

ical tissues. The distances that the molecules

diffuse in one direction along the space are

equal (isotropic) or unequal (anisotropy).

Magnetic resonance imaging (MRI) is

used to track hydrogen atoms in water mol-

ecules, and DTI maps the direction of

movement of water molecules.1,2

Injuries involving the anterior cruciate

ligament (ACL) are among the most

common forms of knee injuries, and these

injuries have a major effect on the stability

and flexibility of the knee joint.3 In addition

to manual examinations, MRI is used in

patients with ACL injuries to assess the lig-

aments and can effectively show damage in

up to 90% of cases.4 MRI can also indicate

the state of water molecules in living tissues

without affecting the diffusion process,5

making it the most ideal method for detect-

ing the diffusion of water molecules in

living tissues. In these examinations, a

higher magnetic field intensity is associated

with a clearer image.6

DTI is currently the only non-invasive

method that can facilitate effective observa-

tion and tracking of white-matter fibre bun-

dles. It is widely used in the brain, especially

for observation and tracking of the white

matter tract, brain development, brain cog-

nitive function, pathological changes in

brain diseases, preoperative planning and

postoperative evaluation of patients under-

going brain surgery, and myocardial

function.5,7,8 However, the literature regard-
ing the use of this technique to study
human skeletal muscle injuries and tendons

is limited.9–11 Chen et al.12 and Delin et al.13

reported that diffusion-weighted imaging
can improve the specificity of conventional

MRI for assessment of ACL tears and can
be used for quantitative analysis, allowing

evaluation of the complex healing process
of grafts and bone tunnels after ACL recon-
struction. Some studies have verified that

DTI can be used to quantitatively evaluate
the ACL injury grade and the development

of ACL grafts in vivo using a clinical 3.0-
Tesla (3.0T) scanner.14,15 To the best of
our knowledge, however, no study has eval-

uated the fibrous microstructure of the ACL
using 7.0T MRI.

Thus, the purpose of this study was to
determine the usefulness of 7.0T MRI in
assessing the fibrous microstructure of the

ACL, specifically by using DTI to recon-
struct the three-dimensional (3D) tissue

fibre structure in detail.

Materials and methods

Sample collection and preparation

Eight hind legs from approximately 6-
month-old pigs were randomly obtained
from the market and evaluated in this study.

All samples were fresh pork shanks from pigs
that had been slaughtered the same morning.
The ACL was extracted with a small amount

of bone from the femur and tibia plateau on
the attached side of the knee joint (Figure 1).

The size of the extracted bone was approxi-
mately 2.5� 2.5 cm. The ligament was
approximately 2 cm long and covered a
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round of pork meat to improve the signal-to-

noise ratio (SNR). This study was approved

by the ethics review board of Peking

University Shenzhen Hospital (approval no.

2019-211-10).

MRI

MRI scanning was performed with a 7.0T

ClinScan (Bruker, Billerica, MA, USA)

using a 64-channel knee coil. Imaging

experiments were conducted using a 3D

localiser (gradient echo) scanner and a stan-

dard mouse head coil. The extracted liga-

ment k1 was positioned at the centre of

the coil. A routine diffusion-weighted

spin-echo echo-planar imaging pulse

sequence was applied to collect a series of

axial two-dimensional images of each liga-

ment by using parameters optimised for the

skeletal muscle: field of view¼ 25� 25mm,

b¼ 600 s, gradient direction¼ 20, repetition

time¼ 690ms, echo time¼ 15.03ms, flip

angle¼ 90�, number of excitations¼ 20,

matrix size¼ 100� 100, slice thick-

ness¼ 1mm, and zero spacing.

Data analysis and visualisation

The Diffusion Toolkit on TrackVis soft-
ware (www.trackvis.org), written in Cþþ
using the graphical user interface Trolltech
Qt 4.2, was used for diffusion tensor MRI
analysis and plotting, and Visualization
Toolkit 5.0 (vtk.org) was used to view the
images. The singular value decomposition
algorithm was used to calculate the eigen-
vectors of the ACL (V1, V2, and V3) and
the eigenvalues of the diffusion tensor (k1,
k2, and k3). The apparent diffusion coeffi-
cient (ADC) and fractional anisotropy (FA)
of the fibre within each voxel were calculat-
ed using the three diffusion eigenvectors. To
obtain the mean FA and ADC values,
regions of interest were selected using
high-resolution T1-weighted images. The
ligament was divided into three equal
parts: proximal third, intermediate third,
and distal third.

Fibre tractography was performed using
the TrackVis program developed at
Harvard Medical School. In this algorithm,
the fibre tracts are reconstructed along the
eigenvector corresponding to the preferred

Figure 1. (a) Anterior cruciate ligament extracted from the knee joint with little bone from the femur and
the tibial plateau on the attached side and (b) The specimen rolled by muscle.

You et al. 3

www.trackvis.org


eigenvalue of the diffusion tensor. The

macro-fibre tracts were calculated based

on the FA values and the tensor line pro-

gressive algorithm of the clip feet near the

voxel points. Data were analysed using

IBM SPSS Statistics for Windows, Version

19.0 (IBM Corp., Armonk, NY, USA).

Continuous variables are expressed as

mean� standard deviation, and compari-

sons among groups were performed using

the dependent t test for continuous varia-

bles. For all analyses, a P value of <0.05

was considered statistically significant.

Results

The mean FA and ADC for the ACL were

0.27� 0.079 and 0.0012� 0.0005, respec-

tively. There were no statistically significant

differences between the values in the prox-

imal and distal portions of the ACL.

However, the ADC in the centre of the

ACL was smaller than those on the sides

(mean ADC, 0.0015� 0.0007; P¼ 0.03),

and the mean FA in the centre was larger

than those on both sides (mean FA, 0.42�
0.23; P¼ 0.01). The FA and ADC maps of

a representative ACL were generated and

are presented in Figure 2.

The ACL fibre structures of the principal
eigenvectors in the background of the DTI
scan are shown in Figure 3. The dark grey
portion of A represents the ACL. In the
fibre tractography analysis of the ACL,
this is indicated by a red circle. In this por-
tion, some fibres crossed each other where-
as others were parallel to each other.
Overall, the fibre shape of the entire liga-
ment was differentiated; some of the fibres
were parallel, forming different regions, and
the regions intersected one another.

Discussion

DTI has been used to analyse the brain
stem and myocardium, which contain
more free hydrogen protons and can show
a clearer image in DTI analysis.11,13 In the
present study, several isolated ligaments
were imaged using DTI. The most impor-
tant aspect of this study is that it is the first
to obtain images of the fibrous microstruc-
ture of the ACL using a DTI sequence with
7.0T MRI. In the 3D figures obtained in
this experiment, each fibre showed different
colours in the strike direction, and the rep-
resentative directions were different. The
images showed parallel and intersecting
fibres in different regions of the same

Figure 2. The (a) ADC and (b) FA values of one anterior cruciate ligament. In (a), the red portion represents
the muscle, the green portion represents ligament, and the black with blue portion indicates bone.
ADC, apparent diffusion coefficient; FA, fractional anisotropy.
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ACL in each of the eight tested samples.

These findings can be attributed to the cell

array, which differs with stress and the

kinematics of sports.16 Hatakenaka et al.17

reported the stress distribution within the

ACL body as well as that over the surface,

the 3D deformations and stress distribu-

tions of the ACL viewed from other sides

in addition to those from the medial side,

and the variations in the stress distribution

pattern in the ACL when the tibia was dis-

placed anteriorly or posteriorly.
In this study, the degree of ACL tissue

anisotropy was characterised by the mean

FA and ADC. The mean FA tended toward

1, indicating that the structure had a strong

degree of anisotropy.18 The mean FA in the

central portion was larger than those in the

proximal and distal portions. This indicates

that the fibres at the centre of the ACL have

a stronger degree of anisotropy due to the

interaction of fibres in the middle portion of

the ACL. Thus, most of the fibres within

the centre are oriented differently, and the

collagen fibres are arranged in a disorderly

cross pattern. Most of the fibres were

ordered in the same way on both lateral

sides. This result is similar to the findings

reported in a study in 2013, wherein the FA

and ADC values of all portions in the

human ACL showed no statistically signif-

icant differences.11,12

In this experiment, not all ACLs were

imaged using DTI. In isolated ligaments,

the free water content is further lost, and

the resulting imaging data may be influenced

by wrapping of the muscle around the liga-

ments. Because the ACL is composed of

dense connective tissue, the number of

mobile hydrogen protons in water molecules

is low, and the formation of macromolecules

results in longer echo times, causing greater

attenuation during signal acquisition.

Therefore, the SNR is relatively low.19,20

The diffusion-sensitive factor (b value) repre-

sents the degree of sensitivity in diffusional

movements. The current range of b values

provided by the MRI equipment was 0 to

10000 s/mm2. The diffusion sensitivity of

water molecules in MRI increases with

increasing b-values, but the SNR decreases

accordingly. The b value used in this study

Figure 3. Axial images of the ACL with muscle. The images are shown in the following order: (a) high-
contrast T1-weighted image obtained using the spoiled gradient recalled pulse sequence, (b) fibre tracking of
a small selected portion (red circle in (a)) of the ACL, and (c) fibre tracking of ACL integrity (the fibres were
parallel on the proximal and distal sides and were interweaved in the centre).
ACL, anterior cruciate ligament; ROI, region of interest.
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was 600m/s, which was also responsible for
the low SNR. The degree of signal reduction
depends on the tissue type, tissue structure,
physical and physiological states, and
microenvironment.21,22

This study had some limitations. First,
no human ACLs were tested in this study.
Therefore, the findings obtained in this
study cannot completely represent the
data for humans. Human experiments will
be conducted in the future. Second, the
error in the analysis of the ligaments was
very large because the SNR was low. To
reduce this error, the voxel size should be
increased in future experiments or micro-
computed tomography should be used
instead to yield a more representative anal-
ysis of the ligament fibre structure and
obtain more accurate results.

Conclusions

This study verified the ability to assess the
fibrous microstructure of the ACL by 7.0T
MRI and yielded the first such images of
the ACL fibres. The fibre shape of the
ACL was differentiated. The fibres were
parallel on the proximal and distal sides;
however, they were interweaved in the
centre. These imaging results provide a the-
oretical basis for future development of
artificial ACLs in clinical reconstruction.
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