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Abstract

Conventional magnetic resonance imaging (MRI) is not capable of detecting signal from the deep
cartilage due to its short transverse relaxation time (T2). Moreover, several quantitative MRI
techniques are significantly influenced by the magic angle effect. The combinations of ultrashort
echo time (UTE) MRI with magnetization transfer (UTE-MT) and Adiabatic T, (UTE-AdiabTy,)
imaging allow magic angle-insensitive assessments of all regions of articular cartilage. The
purpose of this study was to investigate the correlations between quantitative three-dimensional
UTE MRI biomarkers and mechanical properties of human tibiofemoral cartilage specimens. In
total, 40 human tibiofemoral cartilage specimens were harvested from three male and four female
donors (64+18 years old). Cartilage samples were scanned using a series of quantitative 3D UTE
Cones To* (UTE-T2*), Ty (UTE-T1), UTE-AdiabTy,, and UTE-MT sequences in a standard knee
coil on a clinical 3T scanner. UTE-MT data were acquired with a series of MT powers and
frequency offsets to calculate magnetization transfer ratio (MTR), as well as macromolecular
fraction (MMF) and macromolecular T, (Tomm) through modeling. Cartilage stiffness and Hayes
elastic modulus were measured using indentation tests. Correlations of 3D UTE Cones MRI
measurements in the superficial layer, deep layer, and global regions of interest (ROIs) with
mechanical properties were investigated. Cartilage mechanical properties demonstrated highest
correlations with UTE measures of the superficial layer of cartilage. AdiabT;,, MTR, and MMF in
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superficial layer ROIs showed significant correlations with Hayes elastic modulus (p<0.05, R=
-0.54, 0.49, and 0.66, respectively). These UTE measures in global ROIs showed significant,
though slightly lower, correlations with Hayes elastic modulus (p<0.05, R=-0.37, 0.52, and 0.60,
respectively). Correlations between other UTE MRI measurements (T,*, T1, and Tomm) and
mechanical properties were non-significant. The 3D UTE-AdiabT;, and UTE-MT sequences were
highlighted as promising surrogates for non-invasive assessment of cartilage mechanical
properties. MMF from UTE-MT modeling showed the highest correlations with cartilage
mechanics.

Keywords

articular cartilage; ultrashort echo time; magnetization transfer; AdiabTy,; mechanical properties;
indentation test

1. Introduction

Avrticular cartilage is one of the most important components of the human knee joint,
distributing compressive loads and enabling low-friction motion (Heinegérd and Saxne,
2011). Two major macromolecular components of cartilage that can determine the joint’s
mechanical properties are collagen and proteoglycan (PG) (Sophia Fox et al., 2009). The
collagen network of the cartilage primarily controls the dynamic response, while PG is
responsible for the static mechanical properties of cartilage (Laasanen et al., 2003). Changes
in collagen and PG in cartilage are expected to affect its biomechanical status (Li et al.,
2010).

Osteoarthritis (OA) is the most common degenerative joint disease, with major impacts on
quality of life, public health, and healthcare costs (Helmick et al., 2008; Yelin and Callahan,
1995). Important biochemical and microscopic signs of OA in its early stages include loss of
PG, changes in collagen microstructure, and increases in water content (Kleeman et al.,
2005). These changes increase the permeability and decrease the mechanical stiffness of
cartilage (Kleeman et al., 2005). Softened cartilage is prone to both fissures and further
fibrillation as it fails to resist impact forces during normal loading (Palmoski and Brandt,
1981). It is crucially important to develop accurate methods for non-invasive assessment of
cartilage in early stages OA which can potentially facilitate timely interventions (Svérd et
al., 2018).

Magnetic resonance imaging (MRI) is a non-invasive technique for OA diagnosis. MRI can
provide accurate morphological assessment with high spatial resolution and soft tissue
contrast (Bredella et al., 1999; Guermazi et al., 2011; Recht et al., 2005). Cartilage possesses
a high percentage of organized collagenous matrix, particularly at the deep layer region,
which results, in turn, in very short T, (Chang et al., 2015). Conventional MRI is not able to
acquire short T signals; therefore, accurate cartilage quantifications, such as the
measurement of longitudinal (T4) or transverse (T, or T»*) relaxation times are challenging,
especially for deep cartilage (Du et al., 2009). Furthermore, conventional quantitative MRI
biomarkers, such as T, and Ty, are sensitive to tissue orientation in the scanner due to the
magic angle effect. Both T, and T, values may increase drastically when the collagen fibers
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are oriented from 0° to 55° relative to the BO field. Specifically, For human cartilage
specimens, different ranges of magic angle-related T2 variation have been reported,
including 233% (Shao et al., 2017), 47% (Wang and Xia, 2013), and 21% on average (Li et
al., 2011). Likewise for Ty, different ranges of magic angle-related variation have been
reported including 76% (Wu et al., 2020b), 92% (Shao et al., 2017), 32% (Wang and Xia,
2013), and 11% (Li et al., 2011). This magic angle-induced increase can far exceed changes
caused by degeneration, which are typically in the range of 10-30% (Mosher et al., 2011),
thereby complicating diagnosis and treatment monitoring based on MR quantitative
techniques. As a result, conventional MRI techniques have limited success in assessing
mechanical properties of articular cartilage, partly because of their inability to detect signal
from the deep cartilage and partly because of the strong magic angle effect.

All regions of cartilage can be imaged by ultrashort echo time (UTE) MRI techniques
(Chang et al., 2015; Juras et al., 2012). In UTE MR, signal can be detected at an echo time
as short as 8 ps (Chang et al., 2015). As a result, MR signal from otherwise “invisible”
tissues with very short T, values can now be acquired and imaged with high signal intensity.
Nevertheless, regular UTE biomarkers, such as UTE Ty, and T*, are also prone to errors
caused by the magic angle effect, resulting in drastic changes in MR quantifications due
simply to alterations in angular orientation (Chang et al., 2016; Shao et al., 2017).

A novel Ty, sequence has been recently developed using an adiabatic inversion recovery
spin-lock pulse cluster followed by 3D-UTE-Cones data acquisition (3D-UTE-AdiabTy,,)
(Ma et al., 2018a). Adiabatic pulses provide a robust spin-lock with much reduced
sensitivity to B1 inhomogeneity. Recent studies showed that the adiabatic spin-lock can
measure Ty, with low-sensitivity to the magic angle effect (Ma et al., 2018a; Wu et al.,
2020b). However, the relationship between UTE-AdiabTy,, relaxation time and cartilage
mechanical properties has not yet been investigated.

UTE MRI combined with magnetization transfer (UTE-MT) has also been recently proposed
to quantify the macromolecular content relative to water content in the tissue (Ma et al.,
2016; Y. Ma et al., 2017b). UTE-MT modeling relies on the phenomenon of magnetization
transfer to quantify protons, including directly detected water protons and indirectly detected
macromolecular protons, which possess T,* values too short for direct imaging with current
MRI techniques. UTE-MT modeling provides multiple parameters, including
macromolecular fraction (MMF), macromolecular relaxation time (T,mm), and exchange
rates. Recent studies also demonstrate that UTE-MT modeling is insensitive to the magic
angle effect (Ma et al., 2016; Zhu et al., 2018), supporting its potential for effective detection
of cartilage degeneration. However, the relationship between two-pool MT modeling
parameters and cartilage mechanical properties has not yet been investigated.

The present study aimed to investigate the relationship between a series of quantitative 3D-
UTE-Cones MRI techniques (UTE-AdiabTy,,, UTE-T,*, UTE-Ty, UTE-MT) and
mechanical properties of human tibiofemoral cartilage. UTE MRI-based prediction of
cartilage mechanical properties, as measured with an indentation test, could introduce these
techniques as a potential new non-invasive tool for quantifying cartilage biomechanics and
for the detection of cartilage degeneration.

J Biomech. Author manuscript; available in PMC 2021 December 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Namiranian et al.

Page 4

2. Materials and Methods

2.1. Sample preparation

Tibial plateau and femoral condyle were dissected from seven fresh-frozen knee joints
obtained from three male donors (88, 87, 48 years old) and four female donors (42, 68, 47,
57 years old). Frozen knee joints were provided by a non-profit whole-body donation
company (United Tissue Network, Phoenix, AZ). Tibial plateau and femoral condyle were
cut into rectangular cubes containing an approximately 14x14 mm? cross-section of
tibiofemoral cartilage and the attached subchondral bone. The cut specimens were spaced at
least 5 mm from the tibial plateau and femoral condyle edges. The total number of
specimens was 40 (3-9 samples per donor). Next, the subchondral side of each specimen
was resected using a low-speed diamond saw (Isomet 1000, Buehler, IL, USA) in order to
obtain specimens with a thin subchondral bone layer (<5mm thick). The final dimension of
specimens was approximately 14x14x7 mm3. All cartilage specimens were macroscopically
normal.

2.2. UTE MR Imaging

The 3D-UTE-Cones MRI scans were performed on a 3T MRI scanner (MR750, GE
Healthcare Technologies, WI, USA) using an eight-channel knee coil (one RF transmission
channel and eight signal reception channels). The cartilage specimens were soaked in
phosphate-buffered saline (PBS) for 12 hours to ensure adequate rehydration after potential
drying throughout the sample preparation. All specimens were placed in a plastic container
filled with perfluoropolyether (Fomblin, Ausimont, NJ, USA) to minimize dehydration and
susceptibility artifacts during MRI scans. The scans were performed at room temperature.
The container was positioned carefully inside the knee coil to ensure that a major portion of
the radial cartilage fibers were oriented parallel to BO (cartilage surface was placed
perpendicular to BO, similar to sagittal whole knee scan). All MRI images were acquired in
the coronal plane.

Four sets of 3D-UTE-Cones MRI sequences were performed on the specimens: A) To
measure T,* values, a 3D-UTE-Cones T,* sequence was performed with the following
parameters: TR=100ms; flip angle (FA)=10°; fat saturation; multi-echoes with TEs of 0.032,
6.0, 11.6, 17.4, 23.2, and 29.0ms; and a scan time of approximately 6 minutes. B) To
measure AdiabTy, values, seven 3D-UTE-Cones AdiabTy, sequences were performed with
the following parameters: TR=500 ms; FA=10°, number of spokes=25; spin-locking time
(TSL)=0, 12, 24, 36, 48, 72, and 96ms; number of adiabatic full passage (AFP) pulses=0, 2,
4,6, 8,12, and 16. The total approximate scan time for UTE-AdiabT,, was 30 minutes. C)
To measure T4, an actual flip angle imaging with variable TR (AFI-VTR)-based 3D-UTE-
Cones sequence (AFI: TE=0.032 ms; TRs=20 and 100 ms; FA=45°; VFA: TE=0.032 ms;
TRs=20 ms; FA=5, 10, 20, 30°; rectangular RF pulse with a duration of 150 ps) was
performed with a total scan time of 30 minutes (Ma et al., 2018b). D) Additionally, a 3D-
UTE-Cones MT sequence (Fermi saturation pulse power=500°, 1000°, and 1500°; frequency
offset=2, 5, 10, 20, and 50 kHz; FA=7°; 9 spokes per MT preparation; rectangular RF
excitation pulse of 100 us) was performed for MT ratio (MTR) measurements and two-pool
MT modelling with a total scan time of 25 minutes (Ma et al., 2016; Y. Ma et al., 2017b).
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The total approximate scan time for this experiment was 90 minutes. Other imaging
parameters included: field of view (FOV)=110mmx110mm, acquisition matrix=300x300,
slice thickness=0.8 mm, number of slices=36, receiver bandwidth=+62.5 kHz. The MRI
parameters for the performed sequences are summarized in Table 1.

2.3. MRI data analysis

UTE MRI quantifications were calculated in three representative slices at the middle of each
specimen within three regions of interest (ROIs) which are schematically illustrated in
Figure 2a: first, covering superficial layer (~1/3 of the cartilage thickness), R1 (superficial
layer ROI); second, covering cartilage with dominant radial fibers (~2/3 of the cartilage
thickness in subchondral bone side), R2 (deep layer ROI); and third, covering the entire
thickness of the cartilage, R3 (global ROI). Slices were selected by trained MRI image
analysts (BN and AMA). Single-component exponential fitting models were used to
measure Ty*, Ty, and AdiabTy,, relaxation times based on published techniques (Y. Ma et
al., 2017a; Wu et al., 2019). The acquired UTE-MT data with three saturation pulse power
levels and five frequency offsets were used first for MTR calculation and then two-pool MT
modeling to calculate MMF and Tomm (Ma et al., 2018c, 2016; Y. Ma et al., 2017b). In this
model, cartilage is assumed to have two different proton pools. The first pool is the
macromolecular proton pool (comprised mainly of collagen and PG protons), which has a
very broad spectrum and an extremely short T, (<20 ps). The second pool is the water
proton pool with a much longer T,. All UTE MRI measurements and models were
performed using MATLAB (version 2017, The Mathworks Inc., Natick, MA, USA) codes
developed in-house.

2.4. Mechanical indentation testing

Cartilage mechanical properties were measured using a custom-built indentation testing
instrument employing a steel indenter with spherical tip (diameter 800 um) (Chen et al.,
2019). Cartilage specimens were washed with PBS after MRI scans and were soaked in PBS
for four hours before mechanical tests. Soaking specimens in PBS was assumed to replace
potential Fomblin infiltration in the scanned tissues. The bone side of each specimen was
fixed in 1-inch petri dishes using a commercial epoxy glue. Indentation tests were performed
while specimens were immersed in PBS. Figure 1a shows the indentation test setup
measuring the mechanical properties of a representative tibial cartilage specimen. Each
specimen was tested at five different points (petri dishes, together with their specimens, were
relocated horizontally by the operator), which were selected to be equally distributed within
a central circle covering half of the cartilage surface (Figure 1a).

The instrument provided a software-controlled vertical (z-axis) displacement of the indenter
with approximately 1-um positional precision. The device was capable of continuous load
measurement with 0.001 N resolution during the indentation test. After finding contact, the
actuator lowered the indenter at a rate of 120 pm/sec which is in range of previously
reported displacement rates (Tang et al., 2011). The loading was followed by immediate
unloading with an unloading rate of 120 um/sec. Maximum indentation depth was set to be
150 pum (approx. 10% of the cartilage thickness) in order to avoid potential nonlinearities in
cartilage deformation and impacts from subchondral bone mechanical properties on the
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indentation measures. The average thickness of cartilage samples used in this study ranged
from 1.2 to 2.5 mm. The average mechanical properties for each point were measured from
two consecutive indentation processes, with five seconds rest time in between. Figure 1b
shows the load-displacement curve for a representative indentation test (two consecutive
indentations) to measure maximum load (Pmax), Which is required for stiffness (K) and
Hayes elastic modulus (E) measurements using Eq.1 and Eq.2 (Hayes et al., 1972).
Overlaying the load-displacement curves for the two consecutive indentations illustrated a
high repeatability level in mechanical measurement process.

Ppax .- Th
e A Eq. 1
K A.w f
2
E:P (I_U) Eq.2
max 2aqwH ’

where A, v, a, w, Th, and H are contact area, poison ratio, radius of the indenter, indentation
depth, cartilage thickness, and correction factor introduced by Hayes et al. (Hayes et al.,
1972), respectively. A Poisson’s ratio of 0.45 was used in the calculations, similar to earlier
studies focused on human cartilage (Vidal-Lesso et al., 2014).

2.5. Statistical analysis

Average UTE MRI quantifications (T2*, AdiabTy,, Ty, and MTR, as well as MMF and
Tomm from two-pool MT modeling) were calculated for each specimen over three middle
slices within the superficial layer, deep layer, and global ROIs. Pearson’s correlations and
linear regression analyses were performed between average UTE MRI quantifications and
measured mechanical properties (stiffness and Hayes modulus). All statistical analyses were
performed in MATLAB.

3. RESULTS

Figure 2a shows a representative 3D-UTE-Cones MRI (TE=0.032 ms) image of ten
tibiofemoral cartilage specimens from the total 40 specimens. Single-component T,* fitting
for one representative cartilage specimen (48-year-old-male) within the global ROI is shown
in Figure 2b (T2*=25.1+2.8 ms). AdiabT, measurement of the same ROl is shown in
Figure 2c (AdiabT,,=51.2+8.2 ms). Figure 2d shows T fitting for the same cartilage
specimen, demonstrating a mean T of 779+10 ms. Figure 2e shows the corresponding two-
pool MT modeling with fitting lines for 500°, 1000°, and 1500° MT pulse powers depicted
in blue, green, and red, respectively. A mean MMF of 9.1+1.0% and a Tomm of 6.9+0.5 ps
were demonstrated.

The average, standard deviation, and the range of the mechanical and UTE MRI
quantifications for the studied cartilage specimens within superficial layer, deep layer, and
global ROIs are presented in Table 2. A series of MTR values were measured, but only MTR
values at 2 kHz frequency offset are presented in the table. Other MTR values showed
similar trends.
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The average coefficient variation between the mechanical measures of the five locations
used in each specimen was 26+12%. However, the average coefficient variation between the
two consecutive mechanical measures at each point was <2%.

The Pearson’s correlation coefficients between cartilage mechanical properties and UTE
MRI measures are presented in Table 3. Correlations of mechanical properties with T,*, Ty,
and Tomm were non-significant. On average, cartilage mechanical properties demonstrated
highest correlations with UTE measures of the superficial layer of cartilage. AdiabTy,
MTR, and MMF in superficial layer ROIs showed significant correlations with mechanical
stiffness (p<0.05, R=-0.51, 0.47, and 0.64, respectively) and Hayes elastic modulus (p<0.05,
R=-0.54, 0.449, and 0.66, respectively). AdiabT,, MTR, and MMF in global ROIs
presented significant correlations with mechanical stiffness (p<0.05, R=-0.33, 0.49, and
0.56, respectively) and Hayes elastic modulus (p<0.05, R=-0.37, 0.52, and 0.60,
respectively).

The scatter plots and linear regression analyses of AdiabT;,, MTR, and MMF (superficial
layer, deep layer, and global ROIs) on cartilage stiffness are illustrated in Figure 3. The
scatter plots and linear regression analyses of AdiabTy,, MTR, and MMF (superficial layer,
deep layer, and global ROIs) on Hayes elastic modulus of cartilage specimens are shown in
Figure 4.

4. DISCUSSION

This study was the first to investigate correlation of a series of quantitative 3D-UTE-Cones
biomarkers (T2*, AdiabT,, T1, and MTR, as well as MMF and Tomm from two-pool MT
modeling) with human cartilage mechanical properties. UTE-AdiabT;, and UTE-MT
modeling have demonstrated low sensitivity to the magic angle effect (Ma et al., 2018a,
2016; Wu et al., 2020b, 2020a; Zhu et al., 2018). UTE-MT modeling estimates the amount
of cartilage macromolecules (e.g., collagen and PG), a measure which is hypothesized to
correlate with cartilage mechanical properties. Prior studies employing conventional Ty,
techniques for cartilage assessment have shown inverse correlation between Ty, values and
PG contents (Jobke et al., 2013; Nishioka et al., 2012); consequently, Ty, is expected to
correlate negatively with cartilage mechanical properties.

Our study of 40 human tibiofemoral cartilage specimens demonstrated significant
correlations of UTE-based MMF, MTR, and AdiabT,,, with mechanical properties (Table 3
and Figure 3 and4) measured with a non-invasive indentation test. The indentation test has
been commonly employed to assess mechanical properties of cartilage and meniscus
specimens (Antons et al., 2018; Chen et al., 2019; Choi et al., 2016; Jeng et al., 2013;
Moshtagh et al., 2016). Since indentation-based mechanical assessment is highly affected by
the properties of the tissue located near the surface, higher correlation with mechanical
properties was observed for UTE measures in superficial layer ROIs. Among the studied
UTE measures, MMF obtained from two-pool UTE-MT modeling demonstrated the highest
correlations with cartilage mechanical properties.
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A number of studies employing quantitative MR techniques on non-clinical uMRI scanners
have been reported for predicting the mechanical properties of cartilage specimens.
Nieminen et al. (Nieminen et al., 2004) reported significant correlations between bovine
cartilage elastic modulus from compression tests and superficial layer T, (20 data points,
R=0.62-0.73) as well as delayed gadolinium enhanced T; (T1gq) in global ROIs (32 data
points, R=0.70-0.93) performed on a 9.4T pMRI scanner. Wheaton et al. (Wheaton et al.,
2005) found significant correlations between bovine cartilage stiffness at equilibrium (i.e.,
no fluid flow) and average Ty, of six specimen groups (n=7 per group, R= 0.91) performed
on a 4.7 T scanner. Samosky et al. (Samosky et al., 2005) evaluated the relationship between
local mechanical properties of three human tibial cartilage samples and their T1gq values
measured on a 8.45T scanner. They reported significant correlation between T4 and local
mechanical load peaks (indentation tests, 119 data points, R=0.56). Later, Rautiainen et al.
(Rautiainen et al., 2015) reported significant correlations between mechanical properties and
various quantitative MR properties including Ty, Ty, T2, and MT-saturated T, for 14
human tibial cartilage specimens scanned at 9.4T. They also found significant Ty and Ty,
differences between early and advanced OA specimens.

From studies on clinical MRI scanners, Lammentausta et al. (Lammentausta et al., 2007)
reported significant correlations between mechanical properties (via indentation tests) of
cadaveric human patellar cartilage specimens and superficial layer T, (n=14, R=0.54-0.62)
as well as T, (R=0.40-0.46) and T1gq (R=0.30) in global ROIs performed ona 1.5T
scanner. Tang et al. (Tang et al., 2011) reported significant correlations between Ty, values
on a 3T scanner and phase angle (7 cadaveric specimens, n=34 data points, R=0.91), a
viscoelastic mechanical behavior of cartilage, while correlations with elastic mechanical
properties were not significant. Bae et al. (Bae et al., 2014) reported UTE-Ty, at 3T as a
biomarker sensitive to biomechanical softening of human temporomandibular joint discs
caused by multiple loading steps. Choi et al. (Choi et al., 2016) found positive correlations
between the thickness of lamellar layer visualized in UTE MRI at 3T and the meniscus
indentation stiffness (n=9, Spearman’s correlation coefficient (SCC)=0.73). Svard et al.
(Svérd et al., 2018) showed that arthroscopic stiffness and T, mapping could distinguish
between the OA and normal femoral cartilage at 1.5T, however, no significant correlation
was observed between T, and mechanical properties. Grondin et al. (Grondin et al., 2019)
reported significant correlation between cartilage mechanical properties (via compression
tests, n=24, R=0.36-0.68) and bound water fraction obtained from multi-component driven
equilibrium steady-state observation of T, and T, (mcDESPOT) measures on a 3T scanner.

Correlation levels of the abovementioned MRI techniques with the mechanical properties of
articular cartilage were similar to the correlation levels presented in this study, particularly
for studies performed in clinical MRI scanners. However, those MRI techniques based on
conventional T, or Ty, measurements are known to be sensitive to the magic angle effect (Li
etal., 2011; Shao et al., 2017; Wang and Xia, 2013; Wu et al., 2020b). UTE-AdiabT,, and
UTE-MT techniques can evaluate both short and long T, components in articular cartilage
with little sensitivity to the magic angle effect (Ma et al., 2016; Wu et al., 2020b, 2020a; Zhu
et al., 2018), and are expected to be more robust in the evaluation of cartilage mechanical
properties. Indeed, our preliminary results indicate that MMF from UTE-MT modeling and
UTE-AdiabTj, are useful and promising surrogates for predicting the mechanical properties
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of human articular cartilage. However, UTE biomarkers (MMF, MTR, and UTE-AdiabT,)
are only moderately correlated with stiffness and Hayes elastic modulus of articular
cartilage. The advantages of the presented UTE-MRI measures over conventional
biomarkers (T2, T1p, T1, T1gg, €tc.) have yet to be investigated.

The UTE-MT modeling technique has been investigated in previous studies on other MSK
tissues and has demonstrated significant correlations with bone microstructural properties
(Jerban et al., 2019e, 2019b, 2019d), bone mechanical properties (Jerban et al., 20193,
2018), and tendon structure (Jerban et al., 2019c; Zhu et al., 2018). The potential of UTE-
AdiabTj, technique for mechanical and structural assessment of other MSK tissues is yet to
be investigated.

The repeatability of the UTE-MT modeling measures was investigated in a prior study
performed on lower leg bones of volunteers and resulted in coefficients of variation below
3% (Jerban et al., 2019b). The repeatability of measuring mechanical properties using our
in-house indentation test instrument was very high, as the coefficient of variation was below
2% for the two consecutive measurements at each location.

This study has several limitations. First, the number of samples and especially the number of
donors were relatively small, limiting the statistical significance. Our samples were from
only seven donors, without advanced cartilage degeneration. \We were not able to investigate
the differences between samples from young and elderly donors for two primary reasons:
first, the number of cartilage specimens from young and elderly donors was not similar, and
second, specimens were not harvested from the same location in the tibiofemoral cartilage.
Consequently, investigating the intra-donor and inter-donor differences in MRI and
mechanical properties was not possible. The inclusion of more samples with more advanced
degeneration is expected to increase the statistical significance of this study. Since all
specimens selected in this study were macroscopically normal, soaking specimens in PBS
for four hours after MR imaging did not result in any considerable swelling, A shorter PBS
soaking time should be an important consideration when specimens are more degenerated
(as will be the case in future studies). Second, MMF has been compared with single-
component relaxation times (Tzx, Ty, T1,). Bi-component fitting analyses were not
performed in this study due to the limited acquired data points. Well-designed future studies
should be focused on investigating other UTE-MRI parameters with potential low sensitivity
to magic angle effect. Such UTE-MRI parameters (for instance, the fraction of short To+/Ty,
component) can be developed using bi-component fitting analyses (Qian et al., 2010; Shao et
al., 2016; Sharafi et al., 2017). Third, histological analysis was not performed, so the degree
of degeneration for each cartilage sample was unknown. Fourth, this study was performed ex
vivo on tibiofemoral cartilage specimens where surrounding muscle and synovium liquid
were not present. An in vivo study should be performed to examine correlations between
UTE-MT measurements and cartilage mechanical properties (via arthroscopic indentation).
In vivo MMF correlations with mechanical properties could also be affected by subject
motion during the MRI scan (Wu et al., 2019) and by difference in temperature between the
body and standard room conditions (Jerban et al., 2019f). The fifth limitation of this study
was the long scan time. Employing different accelerating techniques, such as stretching the
cones readout trajectory (Wan et al., 2019) or advanced image reconstruction techniques,
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such as parallel imaging and compressed sensing (Otazo et al., 2010), may help reducing the
total scan time.

5. Conclusions

A series of 3D-UTE-Cones biomarkers, including To*, T1, AdiabT;,, MTR, MMF, and
Tomm were investigated for their capacities to predict mechanical properties of human
tibiofemoral cartilage in an ex vivo study. MMF, MTR, and AdiabTy, measured in the
superficial layer and global ROI of cartilage demonstrated significant correlations with
stiffness and Hayes elastic modulus, as measured with an indentation test. On average,
mechanical properties showed higher correlations with UTE measures in the superficial
layer ROI. Of the studied biomarkers, MMF showed the highest correlations with cartilage
mechanical properties. This study highlighted the UTE-MT technique for assessment of
mechanical properties of tibiofemoral cartilage.
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UTE three-dimensional ultrashort echo time imaging
RF radio frequency

FOV field of view

ROI region of interest

TE echo time

TR repetition time

MT magnetization transfer
MTR magnetization transfer ratio
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AFP adiabatic full passage
AFI-VTR actual flip angle imaging with variable
PBS phosphate buffered saline
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(a) Experimental setup for indentation test performed on a representative human tibial
cartilage. The indenter was machined out of steel, and its tip was spherical (diameter
0.8mm). Five locations were indented on the cartilage surface, and average results were used
for each specimen. (b) Load-displacement curve indicating the loading and unloading
processes at a displacement rate 0f120um/s (maximum indentation depth was 150 pm,
assuming one tenth of the average cartilage thickness). Overlaying load-displacement curves
for two indentation processes showed the high repeatability level of the mechanical

measurement (average coefficient of variation <2%).
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Figure 2.

(a) UTE MRI (TE=0.032 ms, TR=500ms, and FA=10°) image of ten tibiofemoral cartilage
specimens scanned in a plastic container filled with fomblin (with no MRI signal). R1, R2,
and R3 are representative regions of interest (ROIs) covering the superficial layer, deep
layer, and total thickness of the cartilage, respectively. (b) T>* single-component exponential
fitting (signal decay vs. differing TEs) for a representative cartilage specimen (48-year-old-
male indicated in Fig 2a) within R3, covering the entire cartilage thickness (global ROI). (c)
AdiabTy,, single-component exponential fitting (AdiabT, signal decay vs. differing spin-
lock time, TSL) for the same ROI. (d) T, single-component exponential fitting for the same
ROI. (e) The two-pool MT modeling analysis using three pulse saturation power levels (500°
in blue, 1000° in green, and 1500° in red) and five frequency offsets (2, 5, 10, 20, 50 kHz).
MMF and Tomm refer to macromolecular fraction and macromolecular To, respectively.
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(i)

Scatter plots and linear regression analyses of (a, b, ¢) AdiabTy,, (d, e, f) MTR (1000°
power and 2KHz frequency offset), and (g, h, i) MMF on cartilage stiffness. MRl measures
were performed in (a, d, g) superficial layer, (b, e, h) deep layer, and (c, f, i) global ROIs.
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Figure 4.
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(i)

Scatter plots and linear regression analyses of (a, b, ) AdiabTy,, (d, e, f) MTR (1000°
power and 2KHz frequency offset), and (g, h, i) MMF on Hayes elastic modulus of cartilage.
MRI measures were performed in (a, d, g) superficial layer, (b, e, h) deep layer, and (c, f, i)

global ROls.
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Table 1:

Summarized MRI sequence parameters

Sequence

TRs/TES/TSL (ms); FA (°); Saturation pulse power, ® (°);
frequency offset, Af (KHz)

Other parameters

Page 19

Scan time
(min)

3D-UTE-Cones T,*

3D-UTE-Cones
AdiabTy,

AFI-VTR 3D-UTE-
Cones T1

3D-UTE-Cones MT

TR=100; TEs=0.032, 6.0, 11.6, 17.4, 3.2, 29.0; FA =10
TR =500; TSL =0, 12, 24, 36, 48, 72 and 96; FA =10

AFI: TE = 0.032; TRs = 20 and 100; FA = 45; VFA: TE = 0.032;
TRs = 20; FA =5, 10, 20, 30;

TR=103, © =500, 1000, and 1500; Af = 2, 5, 10, 20, and 50; FA =

FOV =110 mm2
Matrix = 300x300
Slice thickness = 0.8 mm
Number of slices = 36
Receiver bandwidth = +62.5 kHz

6

30

30

25
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Table 2:

Page 20

Average, standard deviation, and range of the mechanical and UTE MRI properties in the studied cartilage

specimens.
. MTR MTR MTR Hayes .
AdiabT T,mm
T, (ms)  Ti(ms) me © 152 -0 -5 '\?(%)F ) modulus S{;;fggis
%) ) (%) (MPa)
Superficial 32185  791%115  55.8#6.1  29#3  24#3  11#1  84#13  6.9:0.4
layer [21,59]  [640,1103] [46.372.1] [21,35] [16,28] [613] [5.210.8] [6.2,8.0]
D I r 28.8+7.7 68669 41.1£3.6 36+2 29+2 14+1 12.0+1.2 6.9+0.2 0.39£0.17 0.17+0.10
€eplayer 114.7503] [491,801] [335475] [31,39] [26,32] [11,16] [10,15]  [6.4,7.4] [0.07,0.88] [0.04,0.54]
Global 301492  T73%79 493+53  33x2  27#2  13+1  99#13  6.9+03
[1959]  [565919] [38.6,64.7] [26,37] [21,30] [10,15] [7.513.1] [6.3.7.7]

*
MTR-15-2, MTR-10-2, and MTR-5-2 refer to magnetization ratios at 2 kHz frequency offset for 1500, 1000, and 500° pulse power levels,

respectively.
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Pearson’s correlation coefficients between mechanical properties and UTE MRI.

Table 3:

Page 21

T, T, AdiabT;, MTR-15-2" MTR-10-2" MTR-5-2° MMF T,mm
007 -020  -0.54 0.40 0.49 0.35 066  -0.25
Hayesmodulus  p_n6g  p-021  P<001 P<0.01 P<0.01 P=0.03 P<0.01 P=0.12
Superficial layer
Stiffress 005 -020  -051 0.38 0.47 0.34 064 022
P=0.76 P=021  P<0.01 P=0.01 P<0.01 P=0.03 P<0.01 P=0.25
009 -031  -017 0.01 0.02 0.02 041  -0.29
Hayesmodulus  pon59  p=po5 =031 P=0.93 P=0.92 P=0.88 P=0.01 P=0.07
Deep layer
Stiffness 012  -027  -0.15 0.01 0.03 0.04 039  -027
P=0.47 P=0.09 P=0.37 P=0.98 P=0.87 P=0.83 P=0.01 P=0.09
003 -026  -037 0.44 0.52 0.25 060  -0.21
bl Hayesmodulus  p_ngs  p=011  P=002 P<0.01 P<0.01 P=0.12 P<0.01 P=0.19
Global
Stiffness 003 -022  -0.33 0.42 0.49 0.22 056  -0.19
P=0.86 P=0.17 P=0.04 P<0.01 P<0.01 P=0.17 P<0.01 P=0.25

*
MTR-15-2, MTR-10-2, and MTR-5-2 refer to magnetization ratios at 2 kHz frequency offset for 1500, 1000, and 500° pulse power levels,

respectively.
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