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Abstract

Conventional magnetic resonance imaging (MRI) often acquires no signal in anterior cruciate
ligament (ACL) due to the short apparent transverse relaxation time of ACL. Ultrashort echo

time (UTE) MRI is capable of imaging ACL with high signal which enables quantitative ACL
assessment. This study aimed to investigate the correlations of the mechanical and microstructural
properties of human ACL specimens with quantitative three-dimensional UTE Cones (3D-UTE-
Cones) MRI measures. ACL specimens were harvested from cadaveric knee joints of thirteen
(50.9+21.1 years old, 11 males and 2 female) donors. Specimens were scanned using a series

of quantitative 3D-UTE-Cones Ty* (UTE-T2*), Ty (UTE-Ty), Adiabatic Ty, (UTE-Adiab-Typ),
and magnetization transfer (UTE-MT) sequences in a wrist coil on a clinical 3T scanner. ACL
elastic modulus was measured using a uniaxial tensile mechanical test. Histomorphometry analysis
was performed to measure the average fascicle specific surface, fascicle size, and number of

cells per unit area. Spearman’s rank correlations of UTE-MRI biomarkers with mechanical and
histomorphometry measures were investigated. The elastic modulus of ACL showed significant
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moderate correlations with UTE-Adiab-T1, (R=-0.59, P=0.01), macromolecular fraction (MMF)
from MT modeling (R=0.54, P=0.01), magnetization transfer ratio (MTR) (R=0.53, P=0.01),
UTE-T2* (R=-0.53, P=0.01), and average fascicle specific surface (R=0.54, P=0.01). UTE-MRI
showed non-significant correlations with histomorphometry measures. UTE-MRI biomarkers may
be useful non-invasive tools for the ACL mechanical assessment.

Keywords

Anterior cruciate ligament; quantitative MRI; UTE; magnetization transfer; Adiab-Ty;
mechanical properties

1. Introduction

The anterior cruciate ligament (ACL) is a key musculoskeletal tissue in the human knee joint
that constrains the relative motion between the femur and the tibia 1. ACL is comprised of
highly structured collagen fibers predominantly parallel to the long axis of the ligament 23,

ACL injury or overuse may alter the organized collagen fiber structure and can results

in fiber disruption 14, The injury-related changes of ligaments often can be detected semi-
quantitatively using conventional magnetic resonance imaging (MRI). Conventional MRI
has been used in several studies to assess the structure of ligaments and tendons 258,
Basically, MRI signal intensity of an injured or recovering ligament is higher than that of
intact tissues. Clinical MR signal intensity has been used in various studies to evaluate
ACL graft maturity following ACL reconstruction surgeries %10:19.11-18 The assessment
of ligaments using MR signal intensity is highly challenging as the signal intensity in
MRI images depends on various factors such as the scanner and coil specifications, coil
positioning, acquisition parameters, reconstruction algorithms, and signal normalization.

Quantitative MRI such as transverse relaxation time (T2 or T2*) and spin lock relaxation
time (T1p) have been also used for ACL assessment 20-26_ Quantitative MRI provides

more robust assessments compared with the simple MR signal intensity. T2* has shown
correlations with mechanical 2% and histological properties of healing ACL grafts in animal
models 24 and with mechanical properties of intact cadaveric ACL specimens 26, T1p
relaxation is the relaxation that occurs after the application of a relatively long-duration
on-resonance RF pulse in order to “spin-lock” the magnetization vector into a rotated frame
221,28 T1p relaxation time is always higher than T2 relaxation time. The T1p biomarker
has been hypothesized to be sensitive to slow-motion interactions between protons of
constrained water molecules and those of associated macromolecules in the extracellular
matrix of musculoskeletal tissues 227:28, Although T1p has been used for cartilage structural
and mechanical properties 29-32, to our knowledge it has not been used for assessment of the
native ACL.

A large portion of ligament tissues possess short T2 values and therefore cannot be assessed
using conventional MRI sequences that use long TEs 33. Ultrashort echo time (UTE) MRI
sequences can image short T2 musculoskeletal tissues with high signal 3:34-37. Nevertheless,
the regular UTE biomarkers, such as UTE T1p and T2, and bi-component T2* analysis
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are sensitive to the orientation angle of the tissue relative to the scanner bore axis (B0) as
explained by the magic angle effect 3840,

A novel T1p sequence has been recently developed using an adiabatic spin-lock pulse
cluster followed by 3D UTE Cones data acquisition (3D UTE-Adiab-T1p) 3°. Adiabatic
pulses provide a robust spin-lock in the rotated magnetization frame with a highly reduced
sensitivity to B1 inhomogeneity. Recent studies have shown that the 3D UTE-Adiab-T1p

is an demonstrate low-sensitivity to the magic angle effect 4143, UTE-MRI combined

with magnetization transfer (UTE-MT) has also been recently proposed as an orientation-
insensitive technique to quantify the macromolecular content in the MSK tissues 4445, UTE-
MT modeling provides multiple parameters, including macromolecular fraction (MMF),
macromolecular relaxation time (T2mm), and exchange rates 4445, Recent studies also
demonstrate that UTE-MT modeling is insensitive to the magic angle effect 4446, supporting
its potential for effective unbiased ACL assessment. However, the relationships between
these orientation-insensitive techniques (UTE-MT and Adiab-T1p) and the mechanical and
microstructural properties of ACL have not yet been investigated.

The main objective of the present study was to investigate the correlations of a panel of
quantitative 3D UTE Cones MRI techniques (UTE-Adiab-T1p, UTE-T2*, UTE-T1, UTE-
MT) with the mechanical and microstructural properties of human ACL specimens. It should
be noted that the magic angle effect of the applied UTE-MRI techniques was investigated

in prior studies 424446, UTE-MRI-based estimation of ACL mechanical and microstructural
properties can potentially open a new venue to improve ACL injury detection or graft
monitoring after reconstruction.

2. Materials and Methods

2.1. Sample preparation

ACL specimens were dissected from thirteen fresh-frozen knee cadaveric joints from
eleven male and two female donors (50.9+21.1 years old at the time of death). Frozen
knee joints were provided by a non-profit whole-body donation company (United Tissue
Network, Phoenix, AZ). The average length of specimens was 25.1+2.9 mm. The average
volume of the specimens was 893+£342 mma3. Length and volume values for all specimens
are presented in Table 1S, in Supplemental Materials. Figure 1A shows a representative
harvested ACL specimen from a 57-year-old male donor. All specimens were arranged
around a cylindrical plastic tube (i.e., a section of a standard 30-ml syringe) as shown in
Figure 1B for MRI imaging. The time passed from the dissection to the scanning session
differed from 3 hours to 7 hours approximately for different specimens. Although the
dissected ACL specimens were kept in wet gauze to avoid large dehydration, they were
soaked in phosphate-buffered saline (PBS) for 2 hours before scanning in order to ensure
similar levels of hydration in all specimens.

2.2. Quantitative UTE-MRI

The UTE-MRI scans were performed on a 3T MRI scanner (MR750, GE Healthcare
Technologies, WI, USA) using a transmit/receive wrist coil (Mayo Clinic BC-10, two
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channels, Transmit/Receive birdcage coil). Specimens were placed in a plastic container
filled with perfluoropolyether (Fomblin, Ausimont, NJ, USA) to minimize dehydration and
susceptibility artifacts during MRI scans. The container was positioned vertically inside the
wrist coil to ensure ACL alignment perpendicular to BO. All MRI images were acquired in
the coronal plane.

Four following sets of 3D UTE Cones MRI sequences were performed, 1) 3D UTE Cones
T2* sequence to measure T2* values, 2) actual flip angle imaging with variable TR
(AFI-VTR)-based 3D UTE Cones sequence to measure T1 values 47, 3) 3D UTE Cones
Adiab-T1p sequences to measure T1p values, and 4) 3D UTE Cones MT sequences with
three saturation pulse power levels at five different frequency offsets for MT ratio (MTR)
measurements and two-pool MT modeling 444°. Data acquisition parameters for the four
quantitative UTE-MRI protocols are presented in Table 1. Features of the 3D UTE Cones
sequence have been described in previous studies 48.Details of the 3D UTE-Adiab-T1p
and two-pool UTE-MT modeling are given in earlier studies 324445, Figure 1C shows a
UTE-MRI (TE=0.032 ms, TR=500 ms, and FA=10°) image of the thirteen ACL specimens
in the plastic container filled with Fomblin (with no MRI signal) imaged in the coronal
plane.

UTE-MRI biomarkers were calculated in three representative slices at the middle of each
ACL specimen (volume of interest, VOI is indicated in Figure 1A) within global regions of
interest (ROIs) covering the entire width of the specimens. For each slice, average signal
values within the ROI were used for the T2*, T1, and T1p fittings, and for the MT-modeling.
Then the values for three slices were averaged to obtain the average value for each specimen.

Repeatability of the UTE-MT-MRI measures have been investigated in an earlier study on
bone where an average coefficient of variation (i.e., standard deviation/average) below 2%
was observed 55. Repeatability level of other UTE-MRI measures are expected to be similar
as similar scanning and analysis steps are being used.

Single-component exponential fitting models were used to measure T>*, Ty, and Adiab-Ty,
relaxation times. The acquired UTE-MT dataset with three saturation pulse power levels and
five frequency offsets was used in two-pool MT modeling to calculate MMF and Tomm 44,
MTR values were also measured using the MT dataset. All UTE-MRI measurements and
models were performed using in-house developed codes in MATLAB (version 2017, The
Mathworks Inc., Natick, MA, USA).

2.3. Tensile mechanical test

After MRI scans, specimens were washed with PBS before running mechanical tests. The
mechanical setup with a mounted ACL specimen is shown in Figure 1D. Both ends of the
specimens were trimmed into 7x5 mm2 cross-sections approximately (the gripper space
dimension) and then mounted on the grippers of an in-house developed benchtop uniaxial
loading device. Trimming mainly involved the ligament membrane and the epilligament
layer. Other portion of specimens were kept intact. On average, 5 mm of the ACL lengths
were mounted in each gripper. The original distance between the fixed and actuated gripper
was set to 15 mm. After initial alignment and preloading to straighten the specimens (steps
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of 0.005-N tension were applied for 5s periods up to the time the sample held 0.02 N

as preload for 20s), a 1-mm tensile displacement was applied at 2 mm/min rate and the
applied force was recorded. Average maximum mechanical stress was calculated as the
maximum force (at Lmm displacement) divided by ACL cross-section. The maximum strain
for all specimens was 0.067 (i.e., 1 mm / 15 mm). The average tensile elastic modulus was
calculated as the average maximum stress divided by the average maximum strain.

2.4. Histology and histomorphometry

To assess microstructure of the ACL specimens through histomorphometric analyses, a
5-mm thick cross-sectional slice from the mid-third of the ACL (Figure 1A) was cut and
underwent histological analysis. These ACL slices were fixed in zinc-formalin fixative
(Anatech, Battle Creek, MI, USA) for three days at room temperature. The fixed samples
were dehydrated and then embedded in paraffin. A set of 5-um axial sections of ACLs
were cut and alternating slides stained with Alcian blue/periodic-acid-schiff (AB/PAC).
Two representative histology sections, 1-mm apart, were selected per ACL specimen by an
experienced histologist blinded to MRI and mechanical test results. Selected slices were
imaged using a virtual microscopy scanner (Axio Scan.Z1, Carl Zeiss, Jena, Germany) for
the fascicle structural analysis of ligament samples. ROIs for histomorphometry analysis
were selected manually covering entire cross-section of the specimens while avoiding edges
(epiligament...) and regions with staining or cutting artifacts.

Pixels belonging to fascicles (colorful pixels in Figure 3) were segmented from the void
space in the histology images using semi-automatic color-based segmentation algorithms
available in the MATLAB image processing toolbox. Fascicles were considered as the
secondary collagen fiber bundles in the ACL specimens. Number of pixels in fascicles
and number of pixels in the periphery of fascicles were counted using image processing
operations performed on the segmented images. Average fascicle specific surface was
calculated as the number of periphery pixels divided by the total number of pixels in

the fascicles. The fascicle size (thickness) at each pixel was defined as the diameter of

the largest covering circle, an oft-used definition in the literature, utilizing the distance
transform on the segmented images. Average fascicle size was calculated by averaging the
local fascicle size values over all segmented pixels. Cells in the histology images were
segmented and counted using a color-based segmentation algorithm in the MATLAB image
processing toolbox.

Repeatability of the histomorphometry analysis was investigated on five randomly selected
histology sections. Histomorphometry measures were calculated by two experienced
analysts using the same Matlab code for ROI drawing and semi-automatic color-based
segmentation. Coefficients of variation were calculated for all results. The average
coefficients of variation for area fraction, specific surface, fascicle size, and cell count were
4, 4, 3, and 5%, respectively.

2.5. Statistical analysis

Normal distribution of all MRI, histomorphometry and mechanical variables were examined
using Kolmogorov-Smirnov test. All variables were found to have non-normal distributions
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as expected because of the limited number of the specimens. Thus, Spearman’s rank
correlations were calculated between average UTE-MRI quantifications, elastic modulus,
and histomorphometry measures. Correlation coefficients were used to determine the level
of correlations (poor, moderate, or high#?). All statistical analyses were performed in
MATLAB. P values below 0.05 were considered as significant. Holm—-Bonferroni method
has been used to correct the significance level for the multiple comparisons.

3. RESULTS

Figure 2 shows single-component exponential T2*, T1, T1p fittings as well as an MT
modeling curve for a representative ACL specimen (sample 1 in Fig.1C, from a 61-year-old
male donor). Figure 2A illustrates schematically the selected ROI for MRI analysis.

Figure 3 illustrates representative histological images of AB/PAS-stained slides of four
different ACL specimens. Histology sections in Figures 3A and 3C (from 88- and 27-year-
old male donors, respectively) present larger fascicles compared with the histology sections
in Figures 3B and 3D (from 31-year-old male and 42-year-old female donors, respectively).
The average specific surface of the fascicles in ACL specimens in Figures 3B and 3D
(0.0637 and 0.0603 1/um, respectively) were higher than those in Figures 3A and 3C
(0.0263 and 0.0173 1/um, respectively).

Details of subject demographics, UTE-MRI, elastic modulus, and the histomorphometry
measures distributions in studied specimens are presented in Table 2. A series of MTR
values were measured, but only MTR value for 800° pulse power at 2 kHz frequency offset
is presented in the table as the other MTR values showed similar trends.

The Spearman’s rank correlation coefficients between UTE-MRI quantification and elastic
modulus as well as histomorphometry measures of the ACL specimens are presented in
Table 3. According to Holm-Bonferroni correction for the multiple comparisons, the ACL
elastic modulus showed significant moderate*® correlations with UTE-Adiab-T;, (R=-0.59,
P=0.01), macromolecular fraction (MMF) from MT modeling (R=0.54, P=0.01), and UTE-
T2* (R=-0.53, P=0.01). Three sets of magnetization transfer ratio including MTR-8-2 (for
800° pulse power at 2 kHz frequency), MTR-8-5 (for 800° pulse power at 5 kHz frequency),
and MTR-6-2 (for 600° pulse power at 2 kHz frequency) showed significant moderate
correlations with the ACL elastic modulus (R=0.53, 0.54, and 0.53, respectively, P=0.01).
ACL elastic modulus also showed significant moderate correlation with average fascicle
specific surface (R=0.54, P=0.01). UTE-MRI correlations with histomorphometry measures
were not significant. Correlations between UTE-MRI parameters are presented in Table 2S
of Supplemental Material.

The scatter plots and linear regression analyses of ACL elastic modulus on UTE-MRI
measures are illustrated in Figure 1S of Supplemental Material.

Figure 4 depicts pixel maps of UTE-Adiab-T1p and MMF over the UTE-MRI image of the
thirteen studied ACL specimens. Correlation coefficients from linear regression models were
highest for UTE-Adiab-T;, and MMF (Figure 1S). ACL specimens with higher MMF on
average, show much lower Adiab-T1p values.
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4. DISCUSSION

This study was the first to focus on the assessment of human ACL mechanical and
microstructural properties using quantitative 3D UTE Cones techniques (T2*, Adiab-Ty,,
T4, and MTR, as well as MMF and Tomm from two-pool MT modeling). In previous
studies, UTE-Adiab-Ty, and the UTE-MT measures have demonstrated low sensitivities

to the magic angle effect which highlight them as potential non-invasive MRI-based
biomarkers for MSK tissue assessment 32424446 |t should be noted that if the tissue
orientation could be retained constantly between different MRI visits, other UTE-MRI
techniques such as UTE-T2* could also evaluate MSK tissues consistently. The UTE-MT
modeling technique has been investigated in previous studies on other MSK tissues and
demonstrated significant correlations with bone microstructural properties 29, bone 51 and
cartilage mechanical properties®?, and tendon structure 4653, The feasibility of UTE-Adiab-
T1, employment for mechanical and structural assessment of other MSK tissues are yet to be
investigated.

Our study of thirteen human ACL specimens demonstrated significant moderate correlations
of elastic modulus with Adiab-T;,, MMF, MTR, and T2* (Table 3). These UTE-MRI
biomarkers showed non-significant correlations with the histomorphometry results. The
higher MMF and MTR in the ACL specimens indicates the higher macromolecular content
(collagen and proteoglycan) which expectedly results in higher mechanical properties. The
higher T1p and T2* likely indicate more water or less structured macromolecules which can
be found in the ACL specimens with lower mechanical stiffness.

It should be noted that the focus of this study has been the investigation of the correlations of
UTE-MRI measures with mechanical and histomorphometry of ACL specimens. Differences
in the correlation levels between studied UTE-MRI measures may change if more samples
were included or other fitting models could be used such as bicomponent T2* modeling.

Elastic modulus showed significant moderate correlation with the fascicle specific surface
from histomorphometry results. The higher specific surface of the fascicles may increase
the contact area between fibers and fascicles (inter-fascicular contact area), which in turn

is assumed to increase the integration between fascicles and fibers. Such an increased
fascicle integration could lead to higher elastic modulus of the ACL as found in this study.
It should be noted that both anteromedial and posterolateral fascicle bundles of the ACL
were covered by the global ROIs in MRI and histological analysis. Although the fiber
alignment and stiffness of the anteromedial and posterolateral fascicle bundles are different,
but both fascicle bundles of the ACL were assumed to contribute similarly to the mechanical
properties of the specimens in this study. The bundles were mounted evenly into the
grippers, to minimize the potential disparities in the contributions of the anteromedial and
posterolateral fascicle bundles to elastic modulus. Nevertheless, separating the contribution
of the two bundles in performed mechanical test would be highly challenging.

Few studies have been reported investigating the correlations between the mechanical
properties of ACL and the quantitative MR techniques 220-26, To the knowledge of the
authors, correlations between quantitative MRI and intact human ACL mechanical has been
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investigated only by Biercevicz et al. 26, They investigated T2* correlations with failure
load of intact human ACL specimens harvested from 15 cadaveric knee joints from 24—

76 years old donors and reported non-significant moderate correlations (R=0.48, p=0.20)
26_Calculated correlation level between T2* and the ACL elastic modulus in the current
study was slightly higher than the correlations reported by Biercevicz et al. 26. Despite

the reported non-significant correlations in the previous study, correlation in the current
study was significant (Spearman’s correlation test). The difference in the significance levels
was likely due to the limited number of specimens in both studies, different loading rates
(20 vs. 2 mm/min), comparisons with different mechanical properties (failure load of the
femur-ACL-tibia specimens vs. elastic modulus of the dissected ACL specimens), using
different MRI sequences (Clinical FLASH vs. UTE). Notably, quantitative MRI techniques
have been used for the assessment of ACL grafts in vivo where decreasing trends of T2*,
T1p and T2 have been reported by increasing the maturity level of the ACL grafts 20-23, It
should be noted that the ACL grafts are mostly tendon sections which possess higher T2*,
T1p and T2 values compared with native ACL tissue.

Quantitative UTE-MRI techniques mainly evaluate tissues’ composition and microstructure
regardless of the specimen length and volume, which likely depend on the race, sex, and
height of the subjects. Nevertheless, ACL length and volume need to be controlled in
future diagnostic studies to avoid their influences on the conclusions about the diagnostic
capability of the UTE-MRI techniques.

The limitations of this study can be summarized in six aspects. First, the number of samples
was relatively small as is the nature of pilot studies. Moreover, the ACL specimens were
from thirteen unique donors, and were without any visible abnormality such as degeneration
or tearing. Inclusion of more ACL specimens with some degrees of degeneration is expected
to increase the generalizability of this study. Second, the ACL specimens were dissected
from tibial and femoral bone to ease MRI imaging and the corresponding comparisons
between specimens. However, this does not mimic accurately the in vivo load distribution
on the ligaments. Moreover, during the MRI scans, the specimens were not placed in their
precise anatomical direction in the body. Nevertheless, as the specimens were all in the same
direction, the orientation impact was assumed to be the same on all specimens and did not
impact the correlation study presented here. Third, specimens were soaked in PBS for 2
hours before scanning to ensure similar rehydration level which may affect the quantitative
MRI measures. However, the impact of the PBS soaking was assumed to be similar in all
specimens and did not influence the comparisons presented in this study.

Fourth, histological analysis was performed on axial planes of the ACL specimens

which limits the histomorphometry analysis to the fascicle cross-sectional microstructure
and the cell counts. Adding histology in a longitudinal plane could allow for

additional measurements, including characterization of fascicle crimp patterns. Furthermore,
longitudinal plane histology would improve the validity of this study because the fiber
bundle alignment and stiffness vary along the ligament length. Such differences in the
superior, middle, and inferior portions of the specimens could be adding noise to the
presented data and decreasing the reported significance level. Fifth, this study was
performed on ex vivo specimens after a single freeze-thaw cycle, which may have
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influenced the results. However, studies have shown that a single freeze-thaw cycle does
not significantly affect biomechanical properties 4. Furthermore, freezing was expected

to affect the histological measures similarly in all specimens, therefore the correlation
results may be valid. Nonetheless, a well-designed in vivo study should be performed

in the future to examine the correlations between the MRI measures and the ACL
mechanical properties, potentially using arthroscopic mechanical test instruments for
patients undergoing knee surgeries. Sixth, reliability and repeatability levels of UTE-MRI
and histomorphometry techniques were not investigated in this study. However, adequate
reliability and repeatability levels were expected to be achieved for UTE-MRI and
histomorphometry measurements. Specifically, we have previously performed an in vivo
reproducibility investigation on bone UTE-MT-MRI and observed an average coefficient of
variation (i.e., standard deviation/average) equal to 1% for MMF 55, On the other hand,
histomorphometry analysis was performed by an experienced analyst blinded to other results
via a semi-automatic measurement approach.

5. Conclusions

A series of 3D UTE Cones biomarkers, including T2*, Ty, Adiab-Ty,, MTR, MMF and
Tomm were investigated for their correlations with the microstructural and mechanical
properties of human ACL specimens. ACL tensile elastic modulus showed significant
moderate correlations with UTE-Adiab-T1,, MMF from two-pool UTE-MT modeling,

MTR and UTE-T2*. UTE-MRI showed non-significant correlations with histomorphometry
measures. This study highlighted the potential of UTE-MRI techniques for the ACL
mechanical assessment which can help improve ACL injury detection which requires further
investigations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
(A) A representative fresh anterior cruciate ligament (ACL) specimen harvested from the

knee joint of a 57-year-old male. The middle third of the specimen is highlighted as the
volume interest region (VOI) analyzed in MRI and histology studies. (B) ACL specimens
arranged around a sectioned portion of a standard 30-ml syringe, which was fixed with
tape. (C) UTE-MRI (TE=0.032 ms, TR=500 ms, and FA=10°) image of the thirteen ACL
specimens in a plastic container filled with Fomblin (with no MRI signal) imaged in the
coronal plane. Two rubber phantoms are in the field of view for the purpose of orientation.
(D) ACL specimen mounted on the grippers of the in-house developed benchtop uniaxial
loading device for mechanical tensile tests.
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Quantitative UTE-MRI analyses in a representative human ACL specimen (sample 1 in
Fig.1C, from a 61-year-old male donor). (A) selected region of interest (ROI) for sample 1
depicted schematically on the UTE-MRI image. (B) Single-component exponential fitting
of T2* decay, (C) T1 recovery, (D) Adiab-T, decay (AdiabTy, signal decay vs. differing
spin-lock time, TSL), and (E) two-pool MT modeling analyses in sample 1. MT modeling
uses three pulse saturation powers (400°, 600° and 800°) and five frequency offsets (2, 5,
10, 20, 50 kHz). MMF and T2mm refer to macromolecular fraction and macromolecular T2,

respectively.
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Figure 3:
Cropped histological Alcian blue/periodic-acid-schiff (AB/PAC) stain images (4%2.5 mm)

of four different ACL specimens from a (A) 88-year-old male donor (sample 6 in Fig.1C),
(B) 31-year-old male donor (sample 2 in Fig.1C), (C) 27-year-old male donor (sample 4

in Fig.1C), and (D) 42-year-old female donor (sample 9 in Fig.1C). Larger fascicles are
observable in specimens in A and C compared with specimens in B and D. Specimens in A
and C (121 and 102 kPa, respectively) presented lower mechanical properties compared with
specimens in B and D (213 and 399 kPa, respectively).
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Figure 4:
(A) Adiab-T1p and (B) MMF pixel maps in the thirteen studied ACL specimens. Specimens

with lower MMF values show higher T1p values.
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Table 1:

Data acquisition parameters for quantitative UTE-MRI protocols.

Page 18

Sequence . Slice . Scan
Imaging Protocol parameters . Ba?ﬁ:\'z')d th (;%\é) Matrix thickness S,I\:ge time
(TRITE/FAITSL/O/A) (mm) (min)
3D UTE Cones TR =100 ms; FA = 10°; fat saturation;
To* TEs=0.032, 4.5, 11.6, 17.4, 23.2, and 29.0 ms 625 70x70  300x300 1 46 !
?Rc?ugffﬁ"';?f L A1 TE = 0,082 ms; TRs = 20 and 100 ms; FA
11D ANGT8, - — 450 VFA: TE = 0.032 ms; TRs = 20 ms; FA = +62.5 70x70  300x300 1 46 31
AFI Variable TR, o
5,10, 20, 30
VTR)
3DUTE Cones TR =500 ms; TE=0.032 ms, FA =10°; TSL =0,
Adiab-T1p 12, 24, 36, 48, 72 and 96 ms 625 70x70  300x300 ! 46 29
3DUTE Cones TR =100 ms; TE=0.032 ms, FA = 7°; 6 =400°, 1605 10x70 300300 1 46 -

MT

600°, and 800° A= 2, 5, 10, 20, and 50 kHz

*
TR: repetition time, TE: Echo time, FA: Flip angle, TSL: Spin-locking time for T1p, 6: Fermi saturation pulse power for MT, A: Frequency offset

for MT
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Table 2:

Average, standard deviation, and range of the UTE-MRI, mechanical and histomorphometry properties in the
studied ACL specimens.

" Adiab- MTR-8,2 Area Specific Fascicle
Age (Y) (Trrfs) (;]r,lls) Tlp '\?(%I)F T(ZJ;)m (kPa) fraction Surface Size
(ms) ) (%) (L/um) (um)

mean+SD  50.9+21.1 11.3+3.3 823+85 60.2+109 11.4+15 6.5+03 255424 209+96 61.8+6.9 0.034+0.016 30.2+14.2
Min 25 6.0 650 39.6 9.7 59 18.8 103 48.3 0.017 10.6
Max 96 19.2 935 80.2 14.4 6.9 28.5 399 72.0 0.064 59.3

Cell
count
@
mmz2)

264+248
2.9
902

MTR-8,2 refers to magnetization ratio at 2 kHz frequency offset for 800° pulse power level.
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Table 3:

Spearman’s rank correlation coefficients between UTE-MRI and measurements from mechanical and
histomorphometry analysis.

Specific

E (kPa) S(L]j.;:?ﬁ)e Fasralcrlﬁ)sue (ff/"nﬁ?#zr;t
T2* -0.53 (p=0.01) -0.45(p=0.04)  0.43 (p=0.05)  -0.09 (p=0.71)
T1 -0.33 (p=0.13) -0.08 (p=0.76)  0.15 (p=0.51)  —0.05 (p=0.85)
Adiab-T1p -0.59 (p=0.01) =-0.33 (p=0.13) 0.36 (p=1.00)  -0.26 (p=0.25)
MMF 0.54 (p=0.01)  0.22 (p=0.33)  -0.25 (p=0.27)  0.20 (p=0.39)
T2mm  -0.31(p=0.18) -0.17 (p=0.46) 0.12 (p=0.62)  —0.34 (p=0.13)
MTR-8,2* 053 (p=0.01)  0.25(p=0.27)  -0.27 (p=0.22)  0.22 (p=0.33)
E (kPa) 0.54 (p=0.01)  -0.46 (p=0.03)  0.15 (p=0.51)

#.

MTR-8, 2 refers to magnetization ratio at 2 kHz frequency offset for 800° pulse power level.

Significant correlations are indicated with bold numbers, based on Holm-Bonferroni method
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