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Abstract

Non-invasive methods to detect microstructural changes in collagen-based fibrous
tissues are necessary to differentiate healthy from damaged tissues in vivo but are
sparse. Diffusion Tensor Imaging (DTI) is a non-invasive imaging technique used
to quantitatively infer tissue microstructure with previous work primarily centered in
neuroimaging applications. Yet, it is still unclear how DTI metrics relate to fiber mi-
crostructure and function in musculoskeletal tissues such as ligament and tendon
in part because of the high heterogeneity inherent to such tissues. To address this
limitation, we assessed the ability of DTI to detect microstructural changes caused
by mechanical loading in tissue-mimicking helical fiber constructs of known structure.
Using high-resolution optical imaging, we found that static and fatigue loading resulted
in decreased sample diameter and a re-alignment of the macro-scale fiber twist an-
gle similar with the direction of loading. However, the DTI measurements suggest
microstructural differences in the effect of static versus fatigue loading that were not
apparent at the bulk level. Specifically, static load resulted in an increase in diffu-
sion anisotropy and a decrease in radial diffusivity suggesting radially-uniform fiber
compaction. In contrast, fatigue loads resulted in increased diffusivity in all directions
and a change in the alignment of the principal diffusion direction away from the con-
structs’ main axis suggesting fiber compaction and microstructural disruptions in fiber
architecture. These results provide quantitative evidence of the ability of DTI to de-
tect mechanically-induced changes in tissue microstructure that is not apparent at the
bulk level, thus confirming it’s potential as a non-invasive measure of microstructure in
helically architected collagen-based tissues such as ligament and tendon.
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1. Introduction
Over one third of all musculoskeletal injuries in the United States involve connective

tissue deterioration, resulting in an annual incidence of more than 10 million injuries [1].
To detect damage accumulation and improve the detection and treatment of connective
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tissue injuries, it is necessary to quantify the underlying determinants that differenti-
ate healthy from damaged soft tissues. Damage accumulation from repetitive loading
manifests as changes in tissue microstructure [2]; however, most methods used to
quantify connective soft tissue microstructure involve microscopic imaging [2, 3, 4, 5]
which requires excision of tissue for examination.

Diffusion Tensor Imaging (DTI) is a non-invasive Magnetic Resonance Imaging
(MRI) technique that measures the diffusion properties of water in tissues [6]. DTI
is sensitive to physical barriers that restrict the movement of water molecules, pro-
viding a proxy measure of tissue microstructure. For example, the DTI metric radial
diffusivity measures the degree to which water molecules are free to move in the
direction perpendicular to the principal orientation of physical barriers in a material.
Assuming the physical barriers mediating diffusion are transversely isotropic, radial
diffusivity provides an indicator of the compaction of the physical barriers (e.g. col-
lagen fibers, cells, or other constituents of the tissue) that would impede diffusion:
tightly packed aligned fibers result in low radial diffusivity and high axial diffusivity. DTI
metrics have been used to research brain neuronal structure[7], and in smaller scope,
skeletal muscle [8, 9, 10]. Efforts to study connective collagen-rich tissues (breast, car-
tilage, artery, and cervix) are sparse, but have related DTI metrics to microstructure
[11, 12, 13, 14, 15, 16], and biomechanical function [17].

DTI has been used to quantitatively assess pathologies and clinical interventions in
ligaments and tendons [18, 19, 20, 21, 22, 23, 24, 25, 26]. However, these studies are
limited to correlations between DTI metrics and injury states and lack information on
the biomechanical causation of these relationships. To our knowledge, only one study
has related DTI metrics to tissue composition in tendon [27] but did not relate DTI
metrics to microstructural assessments. A clear understanding of the relationship be-
tween collagen fiber microstructure, mechanical behavior, and DTI metrics is needed
but is challenging because of the heterogeneous nature of ligaments and tendons [28]
and the multifactorial contribution of cellullar and non-collagenous extracellullar com-
ponents to the DTI metrics measured in biological materials [29].

To circumvent this challenge, tissue-mimicking materials with known fiber architec-
ture can be used as microstructural phantoms and provide a platform to probe the sen-
sitivity of DTI measurements to detect changes in fiber microstructure[30]. Anisotropic
fiber phantoms have been used to model brain white matter, demonstrating that diffu-
sion anisotropy increases with increased fiber density [31, 32] and that principal diffu-
sion directions follow the principal orientation of the tissue fiber structure [33, 34]. In
silico models of articular cartilage fiber networks have been used to study the effect of
fiber density, orientation, and organization on diffusion properties [35]. However, hier-
archical, helical fiber structures, such as those found in ligament and tendon [36, 37],
have yet to be assessed with DTI.

Similar to ligament and tendon, engineered helical fiber constructs transfer loads
through interfibrillar shear between discontinuous fibers [38, 39, 40], and lose volume
in response to uniaxial tensile loading [41, 42]. Previously, we demonstrated that he-
lically architected fiber constructs mimic the hierarchical microstructure and tensile
behavior of ligaments [43]. These fiber constructs have also been used to replicate
the shear behavior of tendon and ligament [44]. Additionally, the constructs’ fiber di-
ameters (10-20 µm) and fiber separation distances (10-40 µm) are at the same length
scale of collagen fibers in tendon and ligament [45].

Using tissue-mimicking fiber constructs as microstructural DTI phantoms, the aim
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of this study was to establish relationships between fiber microstructure, mechani-
cal function and DTI metrics. We quantified the changes in structure and DTI met-
rics caused by mechanical loading on the tissue-mimicking fibers. These relation-
ships will provide the necessary framework for future studies to interpret mechanically-
induced changes in DTI metrics in biological ligaments, tendons, and other trans-
versely isotropic and helically architected collagen-based tissues.

Figure 1: Outline of experimental methodology. A) Mechanical loading protocols applied to
the tissue-mimicking phantom samples. B) Structural parameters measured on the phantoms:
Phanton diameter and ply twist angle. C) Diffusion Tensor Imaging data obtained from phan-
toms submerged in distilled water. D) DTI metrics used to analyze the changes in fiber mi-
crostructure caused by the mechanical loading protocols.

2. Materials and Methods
2.1. Sample preparation

Fifteen helically architected tissue-mimicking samples (Caron, linear density = 590
tex) were used for this study. The samples were randomly assigned to three groups
(n=5/group): control, static load, and fatigue load. A custom MRI compatible fixture,
with a 4 cm optical imaging window, was used to secure and image the samples (Fig-
ure 1A). One end of the sample was attached to the fixture using water-resistant epoxy
(J-B MarineWeld). All samples were fixed after mechanical loading and imaged at their
respective loading configuration.

2.2. Mechanical loading protocols
An exposed test length of 10 cm was used for all samples. The samples were sub-

jected to 50 preconditioning axial loading cycles (2 – 25 N, 1.15 Hz) prior to mechanical
loading.
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Unloaded controls: The control group was loaded to 0.2 N using a uniaxial testing
system (Instron model 5967, Instron, USA) to standardize the initial length of the sam-
ples and then fixed in place. The samples were then attached to the fixture using an
ultraviolet (UV) curable adhesive (Bluffix PW).

Static load: The free end of the static sample group was clamped using pneumatic
grips. The samples were loaded to 5 N and then attached to the fixture using the UV
curable adhesive. Static load data were collected at 100 Hz.

Fatigue load: The samples assigned to the fatigue group were subjected to 10,000
loading cycles using a uniaxial dynamic mechanical system (ElectroForce 3200, TA
Instruments, USA) using a sinusoidal waveform ramping between 2-25N at 5Hz. Ten
loading cycles were needed for the dynamic testing system to achieve a steady state
of the 2 - 25 N load limits. Displacement data were collected for all samples at the
2 and 25 N load points for each loading cycle and continuous mechanical data were
collected for one sample at 500 Hz. Following fatigue loading, the sample was loaded
to 0.2 N and then secured within the imaging fixture.

The maximum strain, ϵmax,n, during each fatigue cycle (n) was computed as:

ϵmax,n =
u25N,n − u2N,10

100mm
× 100% (1)

where u25N,n was the displacement at 25N for cycle n, u2N,10 was the displacement
at 2N for the 10th cycle, and 100 mm was the original length of the sample.

The cyclic stiffness was computed as:

kn =
25N − 2N

u25N,n − u2N,n

(2)

where u25N,n and u2N,10 were the displacement at 25 N and 2 N for cycle n, respec-
tively. The difference between the maximum and minimum cyclic load was assumed
to be 23 N per the fatigue protocol. All analyses were performed in Matlab (version
R2018b).

2.3. Bulk scale structural imaging
All samples were imaged using a high-resolution camera (100 MP, PhaseOne, Den-

mark) to measure the sample diameter and ply twist angle, indices of the primary hi-
erarchical structure, using custom Matlab (version R2018b) code and ImageJ. Sample
diameter was measured by segmenting the sample from the background, binarizing
the image, and calculating the mean distance between the sample edges. The ply
twist angle of each sample was measured manually using ImageJ (Figure 1B).

2.4. Microstructural imaging
Micro-Computed Tomography (µCT) scans were acquired of one sample from each

group to quantify fiber microstructure. The control and static load samples were
scanned using an Xradia MicroXCT 400 (Zeiss, Germany) scanner (voltage = 25 kV,
power = 5 W, resolution = 2.1 x 2.1 x 2.1 µm, FOV = 2.08 x 2.08 x 2.08 mm), while the
fatigue sample was scanned using a Rigaku CT Lab HX130 (Rigaku,Japan) scanner
(voltage = 50 kV, source power = 8 W, resolution = 2.5 x 2.5 x 2.5 µm, FOV = 2.36 x
2.12 x 2.47 mm). The fatigue sample was resized to have an in-plane resolution of 2.1
x 2.1µm.

The µCT data were binarized (Amira, Thermo Fisher Scientific, USA) and imported
into Matlab (version R2018b). For each CT slice, the fiber density was quantified as the
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ratio between the total fiber pixel area and the area of the smallest polygon enclosing
all the fibers. The second moment of area of the sample’s fiber cross section with
respect to the cross section’s minor axis was computed to evaluate fiber dispersion.

2.5. Diffusion Tensor Imaging
Finally, DTI data were collected on all samples. The diffusion encoding parame-

ters used for the DTI sequences were optimized through numerical simulations of the
Bloch-Torrey equation [46] using a binarized cross-section of the sample’s fibers that
were acquired in a previous study using µCT [43]. A parameter sweep of gradient
strengths and diffusion times was performed to identify the parameter combinations
that would maximize the encoding of structural information into the diffusion-weighted
signal, under the constraint of adequate signal-to-noise ratio (SNR).

The samples were submerged in distilled water and a vacuum chamber was used to
remove air bubbles. The submerged samples were then imaged using a 9.4 T MRI sys-
tem (Bruker, MA, USA). DTI was performed using an echo-planar imaging sequence
(TE/TR = 180/4200 ms, 12 directions, 12 excitations, b = 600 s/mm2, diffusion gradi-
ent duration δ = 80 ms, and diffusion gradient separation ∆ = 86 ms). Twenty slices
were acquired per sample (slice thickness = 375 µm, in-plane resolution = 150 x 150
µm, field of view = 19.2 x 19.2 x 7.5 mm). T2-weighted images were also acquired to
visualize the sample geometry using a Rapid Imaging with Refocused Echoes (RARE)
sequence (TE/TR = 10/4300 ms, slice thickness = 375 µm, in-plane resolution = 150 x
150 µm, field of view = 19.2 x 19.2 x 7.5 mm). The T2-weighted images were used to
segment the sample’s region of interest (ROI) from the surrounding water by segment-
ing all voxels with at least a 15% decrease in the fibers T2-weighted signal relative to
the signal measured in voxels corresponding to water.

All volumes acquired from the T2 and DTI scans were manually registered. SNR
maps of the DTI images were computed using the dwidenoise function available in
MRtrix3.0 [47, 48]. To reduce the bias caused by noise when computing the diffusion
tensor, the individual diffusion directional signals in the sample’s ROI were averaged
in each slice of the DTI scans resulting in an average SNR>20 in the non-diffusion
weighted images. The diffusion tensor of each slice was computed using the aver-
age non-diffusion weighted and diffusion weighted signals of each slice with the sig-
nal2tensor2 function of the publicly available DTI muscle toolbox [49] (Figure 1C). The
tensor was diagonalized to calculate the principal eigenvalues (λ1, λ2, and λ3). The
eigenvalues were used to calculate the following DTI metrics:

Fractional Anisotropy (FA) was calculated as:

FA =

√
(λ1 − λ2)2 + (λ2 − λ3)2 + (λ3 − λ1)2

2(λ2
1 + λ2

2 + λ2
3)

(3)

Apparent Diffusion Coefficient (ADC) was calculated as:

ADC =
λ1 + λ2 + λ3

3
(4)

Radial Diffusivity (RD) was calculated as the mean of the 2nd and 3rd eigenvalues.
Axial Diffusivity (AD) is equivalent to the first eigenvalue and the principal diffusion
direction (v⃗) indicates the direction of maximum diffusion (λ1) calculated from the dif-
fusion tensor D. The Z-orientation angle, θ, between the sample’s main axis and
the principal diffusion direction was also computed. A structural interpretation of each
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MRI metric is shown in (Figure 1D). All MRI data-processing steps, except for the noise
computations, were conducted in Matlab (version R2018b).

Figure 2: A) Load-strain curves obtained from the static load and fatigue samples. B-C) Max-
imum strain, ϵmax,n, and stiffness, kn, as a function of loading cycle on the fatigued samples.
D-E) Changes in sample diameter and ply twist angle between the control, static load, and
fatigue sample groups. F-G) Changes in fiber density and second moment of area of the
sample’s cross section. The red circle highlights the observed fiber disruptions in the fatigued
sample.

2.6. Statistical analysis
Normality of all measurements was tested using a Shapiro-Wilks test. All structural

property measurements were normally distributed, thus unpaired t-tests were used to
evaluate the differences in the structural parameters between the sample groups (α
= 0.05). Differences between the distributions of microstructural parameters and DTI
metrics of the static load and fatigued group with respect to the control group were
evaluated using Kolmogorov-Smirnov tests (α = 0.05). All statistical analyses were
conducted in R (version 4.2.3).

3. Results

3.1. Effect of loading on mechanical and structural properties
Static loading: Static loading resulted in a J-shaped load-strain curve reflecting a

bulk scale mechanical response characteristic of collagen-rich tissues (Figure 2A).
To reach the 5 N load, the samples were displaced 2.69 ± 0.23 mm (2.69 ± 0.23%
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Figure 3: A-D) Probability density distributions of FA , ADC, AD and, RD in the control, static
load, and fatigue groups. E) Probability density distribution of the Z-orientation angle in the
three groups and visualized projection of the principal diffusion direction (v⃗). Each arrow rep-
resents the YZ projection of v⃗ computed on each slice and each column represents the twenty
slices of each sample. Arrows circled in red highlight a local misalignment in v⃗. * p <0.05, **
p <0.01 & *** p <0.001 refer to comparisons with respect to the control group.

uniaxial strain). Static loading resulted in a 25.1% decrease in sample diameter from
1.79 ± 0.12 mm in the control samples to 1.34 ± 0.03 mm in the loaded samples
(Figure 2D, p < 0.001). When compared to the control samples, the macroscopic ply
twist angle decreased by 34.3% when subjected to static load, from a ply twist angle
of 16.3 ± 2.04o in the control group to a ply twist angle of 10.7 ± 0.63o in the loaded
group (Figure 2D, p = 0.002).

The microCT analyses revealed changes in sample microstructure. The fiber den-
sity was intially 0.14 ± 0.003 for the control sample and increased by 50% (p < 0.001)
to 0.21 ± 0.004 when subjected to static loading (Figure 2F). The second moment of
area was 0.307 ± 0.011 mm4 for the control sample and decreased (p < 0.001) to 0.08
± 0.0012 mm4 under static load (Figure 2G), p < 0.001).

Fatigue loading: Similar to the static load case, the fatigue loading protocol resulted
in a J-shaped load response. All samples reached the secondary phase of fatigue
loading by 10,000 loading cycles, which is characterized by a steady increase in the
maximum strain and stiffness followed by the rapid increase observed in the primary
phase [50] (Figure 2A-C). Fatigue loading resulted in a 24.5 ± 4% increase in max
cyclic displacement and a 24.1 ± 0.7% increase in cyclic stiffness.

The fatigue loading protocol resulted in measurable macrostructural changes com-
pared to unloaded samples and were similar to the changes that occurred due to static
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loading. Fatigue loading decreased the sample diameter by 21.9% when compared to
the control group (p < 0.001). The mean ply twist angle of the fatigued group de-
creased by 23.7% (p = 0.011) with respect to the control group (Figure 2E).

Fatigue loading resulted in a 23.7% increase in median fiber density (0.174 ± 0.003
for fatigue, Figure 2F). The median second moment of area decreased to 0.165 ±
0.003 mm4 following fatigue loading (p < 0.001, Figure 2G). Notably, we observed
local regions of fiber disruption in the µCT data of fatigued samples that were not
observed with static loading (Figure 2G).

3.2. Effect of loading on DTI metrics
Of the DTI metric data, the FA, ADC, and RD of the control samples, the ADC of

the static load samples, and the RD of the fatigue samples were normally distributed.
The remaining data sets were non-normally distributed. Thus, we describe the results
of DTI measurements using medians and median absolute deviations.

Tensile static loading resulted in changes in fractional anisotropy (FA) and radial
diffusivity (RD). FA increased by 28.1% (p<0.001), from 0.32 ± 0.04 in the control
group to 0.41 ± 0.05 in the loaded group. RD decreased by 13.0% (p<0.001) with
static loading when compared to the control group, from 0.81 ± 0.10x10−3 mm2/s to
0.70 ± 0.10x10−3 mm2/s. Static loading did not significantly change ADC, AD, and
Z-orientation angle compared to the control samples (Figure 3).

Fatigue loading resulted in changes to the apparent diffusion coefficient (ADC),
axial diffusivity (AD), radial diffusivity (RD), and the Z-orientation angle of the principal
diffusion direction (θ). ADC increased 5.85% to 1.06 ± 0.13x10−3 mm2/s (p=0.003),
median AD increased 8.2% to 1.47 ± 0.16x10−3 mm2/s (p<0.001), and median RD
increased 4.94% to 0.85 ± 0.11x10−3 mm2/s (p=0.024). The Z-orientation angle of the
fatigued samples increased by 31.1% (p=0.024) compared to the control samples, with
a z-orientation angle of 5.82 ± 2.80o in the fatigued samples compared to 4.44o in the
control samples (Figure 3). These fatigue-induced changes were not homogeneous
along the length of the sample; but instead were observed in specific locations along
the samples’ length (Figure 3E).

4. Discussion

This study identified DTI metrics related to mechanically-induced changes in tissue-
mimicking phantoms. In the samples loaded under static tension, we found that in-
creasing FA and decreasing RD were related to fiber compaction and increased fiber
density (Figure 4). Previous studies have shown that FA is directly proportional to the
fiber density of parallel fiber phantoms [31, 33]. While no data, to our knowledge, is
available on how ADC, RD, and AD change as a function of fiber density in physical
phantoms, in silico modeling of water diffusion in fiber networks shows that RD is more
likely to be affected by an increase in fiber density than AD [35].

The decrease in sample diameter and ply twist angle and increase in fiber density
of the static load group agrees with a mathematical formulation that accounts for fiber
diametrical compaction as the main microstructural mechanism driving the sample’s
low-stress tensile behavior [42]. This formulation takes into account the compressibility
of fiber-based materials derived from van Wyk’s theory [51] and assumes negligible
fiber sliding, interfibrillar friction, and fiber stretch during the toe region of the sample’s
load-displacement curve. Our results support the role of fiber diametrical compaction
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as a potential mechanism that can explain the toe region and large Poisson’s ratio
[52] observed in ligaments and tendons with helically architected collagen fibrils and
fibers. Coupled with the shear lag models [39], a more comprehensive microstructural
description can be provided for the tensile behavior of ligaments and tendons.

In the fatigued samples, we found an increase in ADC, AD, and RD that suggests
an increase in fiber disorganization, as more disorganized fiber structures would allow
for more water diffusion. Increases in fiber disorganization could also account for
the changes in principal diffusion direction and Z-orientation angle measured in the
fatigued samples as disrupted fiber architecture could allow for more diffusion along
the radial direction of the sample (Figure 4). Our microstructural data suggests that
fatigued samples have local disruptions in fiber microstructure that account for these
changes in DTI metrics (Figure 3E). The principal diffusion direction has been used as
a surrogate for fiber orientation in both composite and biological fiber-based materials
[53, 14, 11], thus our results suggest that fatigue loading results in microstructural
disruptions that create axial misalignments in fiber microstructure.

Fatigued samples resulted in a biphasic fatigue behavior (Figure 2A-C) similar to
tendons [54, 55] and fiber-based composites [56]. Although the microstructural mech-
anisms driving this behavior remain unknown, the fiber architecture of both tendon
and fiber-based composites show a disruption in fiber architecture during the second
phase of fatigue loading [54, 55, 2, 56]. Our results agree with these studies, as the
DTI metrics and microCT data indicate a disruption in the fiber architecture in the fa-
tigued group. Thus, DTI metrics may provide further insight into the microstructural
changes in tissues that occur as a result of different pathologies.

Figure 4: Schematic showing the changes in structure and DTI metrics caused by tensile and
fatigue loading in tissue-mimicking phantoms.

In a previous study in the Achilles tendon, higher FA was correlated to lower col-
lagen content and lower collagen alignment while higher ADC, AD, and RD were cor-
related to higher collagen content [27]. In breast cancer tissue, higher ADC was cor-
related to higher collagen content but FA was inversely correlated[11]. Thus, it is not
clear whether tissue specific interpretations of DTI metrics and their relationship to the
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tissue microenvironment are required to explain these contrasting findings with respect
to FA. Nonetheless, DTI metrics have been correlated to clinical level findings.

In vivo studies of injured knee Anterior Cruciate Ligaments (ACLs) found a de-
crease in FA in those with higher levels of injury [23]. Anterior knee laxity is related to
the mechanical integrity of the ACL [57] such that increased laxity (or ligament slack) in
an injured knee indicates either structural or compositional degradation. After internal
bracing, FA in the ACL has been reported to decrease and was hypothesized to be
caused by an altered geometrical configuration of the tissue and was inversely corre-
lated to knee laxity [22]. This is consistent with our results, as the application of tensile
loading to remove the slack from our samples significantly increased their FA. Because
the organization of cells in ligaments and tendons follows reorganization of collagen
fibers due to their slackness [58], collagen fiber architecture could be an appropriate
mediator of DTI metrics in this scenario. Both cellular and non-collagen extracellular
components may also play a role in the DTI metrics of collagen-based tissues [29] and
therefore a combination of both collagen fiber architecture and cellular content could
explain these results. Notably, in the case of injury, swelling and inflammation may
also contribute to changes in diffusion metrics.

Because our future goal is to assess the ability of DTI to measure the collagen fiber
microstructure of tendons and ligaments, our phantoms provide a platform that allow
us to only take into account changes in fiber architecture thus confirming the sensitiv-
ity of DTI to changes in microstructure. Previously, in silico and fiber based phantoms
have been used to assess changes in cartilage [35] and white matter [31, 32, 33].
Since our phantoms are reproducible, have a tissue-mimicking well characterized mi-
crostructure, and induce diffusion-related changes, they are suitable for use as DTI
phantoms [30] of helically architected fibers. To the best of our knowledge, this type of
fiber architecture has not been studied before using DTI.

A limitation to this study is that we were not able to analyze the DTI metrics of
our phantoms at the in-plane resolution in which the data was acquired. Because the
phantoms are made of acrylic, the volume occupied by the phantom’s fibers is MRI-
invisible and decreases the overall signal acquired in each voxel. This led to some
local areas of the samples having low SNR that could confound the DTI metrics we
measured. This problem was solved by averaging the signals within the sample cross-
section, however, at the expense of in-plane resolution. However, the variation along
the samples’ length was still quantified and differences were observed between the
different sample groups. Another limitation is that our microstructural measurements
were limited to one sample per group and are not co-registered to the DTI data we
measured. We believe, nevertheless, that our µCT data are representative of the
microstructural changes caused by mechanical loading in the three groups of samples.
The frequency and extent of fiber disruptions that occurred due to fatigue, as well as
the mechanisms that caused these disruptions, could be assessed in future studies.

Finally, the validity of these results in the complex environment of tendons, liga-
ments, and other biological tissues needs to be confirmed and is the subject of future
work. We believe, however, that our results provide a framework to evaluate how
DTI metrics are affected by changes to collagen fiber microstructure in ligaments and
tendons. The ability of DTI to non-invasively detect microstructural changes within a
macroscopic field of view support the use of DTI to non-invasively assess microstruc-
tural disruptions in biological and composite materials. Since current microscopic as-
sessments in biological and composite materials are invasive and highly localized, DTI
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could become an important tool to conduct damage analysis in fiber-based materials
and more importantly ligaments, tendons, and other musculoskeletal soft tissues [59].
Thus, DTI metrics may serve as a biomarker for microstructural changes indicative
of mechanical function of ligaments, tendons, and other collagen-rich tissues in order
to detect damage prior to failure and monitor clinical interventions of ligaments and
tendons in the clinical setting.

5. Conclusion

This work describes the ability of DTI to detect mechanically-induced changes in
a tissue-mimicking microstructural phantom. We show that tensile loading results in
increased fiber density caused by the diametrical compression of helically architected
fibers and is associated with higher FA and lower RD. We also show that fatigue load-
ing results in fiber architecture disruption that result in higher ADC, AD, and RD as well
as a disruption in the alignment of the principal diffusion direction with the phantom’s
main axis. These results provide a framework to assess the ability of DTI to detect
mechanically-induced changes in the collagen fiber microstructure of ligaments, ten-
dons and other helically architected collagen-based soft tissues.
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