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Abstract

Background: In addition to the articular cartilage, osteoarthritis (OA) affects several other
tissues such as tendons, ligaments, and subchondral bone. Ty, relaxation study of these short T,
tissues may provide a more comprehensive evaluation of OA.

Purpose: To develop a 3D spin-lattice relaxation in the rotating frame (T1,) prepared zero echo
time (ZTE)-based pointwise encoding time reduction with radial acquisition (3D-T1,-PETRA)
sequence for relaxation mapping of semisolid short-T, tissues on a clinical 3 T scanner.

Study Type: Prospective.

Population: Phantom, two bovine whole knee joint and Achilles tendon specimens, 10 healthy
volunteers with no known inflammation, trauma or pain in the knee or ankle.

Field Strength/Sequence: A customized PETRA sequence to acquire fat-suppressed 3D Ty,
weighted images tissues with semisolid short T,/T relaxation times in the knee and ankle joints at

3T.

Assessment: Mono- and biexponential Ty, relaxation components were assessed in the patellar
tendon (PT), anterior cruciate ligament (ACL), posterior cruciate ligament (PCL), and Achilles
tendon (AT).

Statistical Tests: Kruskal-Wallis with post-hoc Dunn’s test for multiple pairwise comparisons.

Results: Phantom and ex vivo studies showed the feasibility of T, relaxation mapping using the
proposed 3D-Ty,-PETRA sequence. The in vivo study demonstrated an averaged mono-Ty,
relaxation of (median [IQR]) 15.9 [14.5] msec, 23.6 [9.4] msec, 17.4 [7.4] msec, and 5.8 [10.2]
msec in the PT, ACL, PCL, and AT, respectively. The bicomponent analysis showed the short and
long components (with their relative fractions) of 0.65 [1.0] msec (46.9 [15.3]%) and 37.3 [18.4]
msec (53.1 [15.3]%) for PT, 1.7 [2.1] msec (42.5 [12.5]%) and 43.7 [17.8] msec (57.5 [12.5]%)
for ACL, and 1.2 [1.9] msec (42.6 [14.0]%) and 27.7 [14.7] msec (57.3 [14.0]%) for PCL and 0.4
[0.02] msec (58.8 [13.3]%/) and 31.3 [10.8] msec (41.2 [13.3]%) for AT. Statistically significant
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(P=< 0.05) differences were observed in the mono- and biexponential relaxation between several
regions.

Data Conclusion: The 3D-T1,-PETRA sequence allows volumetric, isotropic (0.78 x 0.78 x
0.78 mm), biexponential Ty, assessment with corresponding fractions of the tissues with semisolid
short T,/Tj.

SPIN-LATTICE RELAXATION in the rotating frame (T1,) has been proposed for different
musculoskeletal applications such as detecting early-stage osteoarthritis (OA).! The T
relaxation time can quantify the biochemical changes associated with proteoglycans (PG),
water content, and disruption of collagen and anisotropy.

In addition to hyaline articular cartilage, OA affects several other tissues such as the deep
meniscus, tendon, ligament, radial and calcified layers of cartilage, and subchondral bone.
Hence, Ty, and T, relaxation study of these tissues may provide a better evaluation of OA.
23 However, these highly organized anisotropic tissues have very short T, values and as a
result are not visible in the images acquired by standard sequences (GRE or FSE) with echo
times (TEs) in the range of few milliseconds. Ultrashort echo time (UTE)* and zero echo
time (ZTE)-based pulse sequences® employ specialized acquisition and reconstruction
techniques to visualize semisolid short-T tissues in vivo.

In UTE pulse sequences, the data acquisition starts as soon as possible after application of
the RF pulses. The readout gradient is turned on at the same time, and the data are acquired
on a center-out A-space trajectory such as radial,* spirals,® cones,’ or twisted projections8 in
2D or 3D mode.

Similar to UTE techniques, in ZTE pulse sequences the data acquisition starts with
minimum delay after RF excitation. However, unlike UTE, the readout gradients are turned
on before application of the RF pulse,® and hence, the center of A-space is traversed at the
echo time of zero. Due to a mandatory delay for switching the hardware from transmitting to
receive mode, the center of A-space is not sampled, and data acquisition begins at some
minimum A-space radius. Several strategies are proposed in the literature to fill in the center
of k-space such as algebraic reconstruction,? single-point imaging (SP1),10 and water- and
fat-suppressed proton projection (WASPI).11

The comparison of ZTE and UTE sequences in qualitative knee imaging has been discussed
in previous studies.1213 Lee et al'2 showed that both UTE and ZTE pointwise encoding time
reduction with radial acquisition (PETRA)0 sequences could visualize the short T tissues
and the signal intensity in the images from both sequences was significantly lower in the
patients with a meniscal tear in comparison with the normal group. The PETRA images also
showed significant differences between the normal group and patients with degenerated
menisci. In another study, Larson et al3 reported similar contrast and signal-to-noise ratio
(SNR) efficiency between ZTE and UTE pulse sequences for volumetric imaging of
ultrashort T, components at 7 T. The UTE images suffer from fidelity artifacts, while
shading artifact was observed in ZTE images. However, methods of correction for both of
these artifacts exist.13 Radial UTE MRI sequences can also suffer from image blurring
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because of off-resonance and fast T3 signal decay. Kobayashi et all4 proposed a gradient-

modulated technique to reduce the blurring for the PETRA sequence.

For quantitative imaging of fast-relaxing tissues, different techniques such as the 3D-UTE,
715 the 2D-UTE,16-18 and the stack of spirals (AWSOS),1° have been proposed. Du et al
proposed a UTE-Ty, sequence for imaging the meniscus and Achilles tendon.20 Other
studies have investigated the suitability of quantitative T4 mapping in the Achilles tendon.

21,22 Moreover, Williams et al?® proposed measuring T as a marker for subclinical changes

in menisci after an anterior cruciate ligament tear.

Different water compartments in the tissues have different T, or T relaxation components.
For example, in most of the knee joint structures, including patellar tendon (PT), posterior

cruciate ligament (PCL), and anterior cruciate ligaments (ACL), have both dominant bound/
restricted water compartment associated with collagen and/or proteoglycans, and minor less
restricted / free water compartment associated with macromolecules. Several studies showed
the short component sensitivity to pathology by comparing the short T4 component between

healthy and patient groups.24:2° In this article we propose a technique based on PETRA10
sequence for biexponential Ty, relaxation mapping in the semisolid short T,/T relaxing

tissues such as tendons and ligaments.

Materials and Methods

3D-T1p-pETRA PUlse Sequence

Figure 1 illustrates the pulse sequence diagram and A-space trajectory of the 3D T1,-PETRA
sequence. The PETRA sequencel® was modified to integrate the T1, preparation module
with the capability of varying the spin-lock pulse duration. The sequence consists of an
optional chemical shift-based fat suppression module (Fig. 1.a1), self-compensated paired
T1p preparation module (Fig. 1.a2), PETRA hybrid readouts (Fig. 1.a3), and a delay for
longitudinal magnetization recovery for reducing T, contamination (Fig. 1.a4).

The Ty, preparation module starts with a 90 excitation pulse along the x-axis followed by a
low-power spin lock pulse along the y-axis and a —90 pulse in the x-axis to tip the
magnetization back to its initial direction along the z-axis. A 180 refocusing pulse was
applied along the y-axis in the middle of the module to compensate for the B
inhomogeneity effect. Moreover, the spin-lock pulse was divided into four segments with
altering phase to compensate the B; inhomogeneities.2

The PETRA imaging sequence consists of two readouts (radial, and a Cartesian single point
imaging [SPI1]) acquisition part and has been described previously.1 The high spatial
frequency data are acquired using radial spokes evenly distributed over a sphere in the A
space (Fig. 1.a3.1) while the center of k-space is acquired in the Cartesian part, which results
in a low-resolution image.0 In this method, the gradients are turned on first, and after the
gradient ramp up, a hard low flip angle pulse is applied followed immediately by readout
after a necessary delay time for T/R switching. The gradients have constant amplitude
during the excitation and readout. The center of A-space was not sampled in the radial part
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since it is located at the center of the excitation pulse before the mandatory delay of 70 us
for hardware switching. These essential missing central A-space points are acquired in the
Cartesian part of the sequence, one by one, with a stepwise variation of the gradient
amplitude (Fig. 1.a3.2).10 The overall acquisition scheme is segmented in the sense of
adding one Ty, preparation module before each segment of /7 consecutive PETRA
acquisitions and one delay time after each segment. The contrast-relevant inner Cartesian
part of A-space is reordered according to the distance to the center of A-space such that the
amount of Ty, weighting is strongest for the points closest to the center of A-space.

Fat suppression was achieved by adding a fat suppression pulsel® in front of the LEP
preparation module for each segment.

Quantitative measurement of Ty, was achieved by acquiring 3D-T1,-PETRA scans at a
series of spin-lock times ( 7).

The implementation of the reconstruction is based on the Grodzki et al method, % which
provides clinical image quality. The weight of the radial sampling points is scaled inversely
to the sampling density and adapted to the density of the Cartesian grid at the center of 4-
space to ensure a smooth transition between radial and Cartesian sampling.

T1p Relaxation Mapping

The monoexponential relaxation times were calculated voxel-by-voxel by fitting the signal
intensity decay over time to:

S(T ) = Tsl
(T = fye| -,

)

Where f is the amplitude of the exponential term, Ty, m is the monoexponential relaxation
time, Tgis the spin-lock pulse duration, and spis a constant considering the residual noise.

Subsequently, the biexponential relaxation components were calculated in the same manner
by fitting the data to:

+ 5

Tsl
+ fexpl T

_ Tsl
S(Tst) - fsexp T, 1o

1p,s

O]

Where Ty, s and Ty, | corresponds to the short and long relaxation time components,
respectively. 0 < ,< 1 and ;=1 - f;are the fractions of the short the long components,
respectively.
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In the final biexponential fitting map, the pixels that did not satisfy the following conditions
were excluded from the map:

(fs > as)&(fl > al)&(Fratio > aF)

@)

where agand a;are the minimum short and long fractions as was set to 10%27 and ar=
4.32 are the threshold based on the 2= 0.1 F-distribution table for p; =2 and p,= 4 degree
of freedom in the mono- and biexponential models, respectively. The £, is calculated as:
SSE, —SSE,
LRS!
Fratio = SSEb
L— Py

(4)

where SSE,, and SSE are the sum of square error for the mono- and biexponential models,
respectively. L is the number of 7, timepoints acquired for fitting.2’

Monte Carlo Simulations

The sensitivity of the biexponential fitting procedure to SNR, number of acquired 7g;, as
well as the fitting error for tissues with different relaxation values was explored with Monte
Carlo simulations. A set of signals was generated with a different set of 75, SNR, and Ty,
relaxation times. A random complex noise with normal distribution N(0, o) with o = 1/5NR
was added to the signal. The magnitude of the complex signal is then used as a signal with
Rician noise. The relaxation components were then estimated by fitting the biexponential
model to the noisy signal. The process was repeated for 1000 independent noise trails, and
the median of normalized absolute deviation (MNAD) was calculated for each parameter as:

|ye_ya| ]

MNAD = median (ye " ya)/z

®)

where y,and y, are the actual and estimated values, respectively.
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Phantom Study

The 3D T1,-PETRA techniques were applied to a phantom consisting of a tube of 3%
agarose (simulating biological tissue or cartilage),8 a tube of vegetable oil (simulating fat),
and a piece of a rubber eraser, simulating the tissue with semisolid short T, relaxation times.
Ta,-weighted scans were acquired with spin-lock frequency (F5) = 500 Hz at different 7
including 0 msec, 0.5 msec, 1 msec, 2 msec, 3.5 msec, 5 msec, 10 msec, 20 msec, and 30
msec. The fat suppression and Ty, preparation modules were applied at every 26 readouts to
minimize the image acquisition time, resulting in a segment size of 26. The imaging
parameters were repetition time / echo time (TR/TE): 5/0.07 msec, field of view (FOV): 200
x 200 mm, flip angle: 6, slice thickness: 0.78 mm, matrix size = 256 x 256 x 256, nominal
voxel size: 0.78 x 0.78 x 0.78 mm, receiver bandwidth = 399 Hz/px, T, recovery delay =
500 msec, number of radial spokes = 8000, number of segments = 350, number of readouts
in each segment = 26, and number of Cartesian sample points = 1419. The total scan time
was 33:45 minutes. To avoid any slice selectivity of the pulse, a short RF excitation pulse
(60 ps), was used to enable higher excitation bandwidths; however, the flip angle is limited
due to maximum available B; and specific absorption rate (SAR) constraint.10

Ex Vivo Bovine Study

Fresh bovine whole knee joint and Achilles tendon specimens (77 = 2) were obtained from a
slaughterhouse (Max Insel Cohen, Livingston, NJ). The tissue was covered with Parafilm to
avoid dehydration during the MRI scans. The tissues were at MRI room temperature before
starting the scans. T1,-weighted images were acquired from the specimens. The scans were
performed in the sagittal plane with F;= 500 Hz at nine different 7, including 0 msec, 0.5
msec, 1 msec, 2 msec, 3.5 msec, 5 msec, 10 msec, 20 msec, and 30 msec. To examine the T,
effect on the Ty, estimation, the ex vivo bovine specimen experiments were repeated with a
2-sec T restoration delay. The rest of the parameters were kept the same. The total scan
time was increased to 112:57 minutes. The actual T4 value of the ex vivo bovine specimens
were also measured by acquiring T1-weighted scans with 13 different inversion recovery
times (TI) including 100 msec, 200 msec, 300 msec, 400 msec, 500 msec, 600 msec, 700
msec, 800 msec, 900 msec, 1000 msec, 1200 msec, 1500 msec, and 2000 msec using the
same PETRA readout.

In Vivo Study

Ten healthy volunteers without any clinical symptoms of OA or other knee injuries were
recruited for knee and ankle study (five volunteers for each study) with a mean age of 30 + 4
years, mean weight of 63 + 15 kg, and mean height of 169 + 12 cm. The study was approved
by the Institutional Review Board (IRB), and all the volunteers provided written informed
consent prior to the MRI scan. All the scans were performed on a 3 T whole-body clinical
MRI scanner (Magnetom Prisma, Siemens Healthcare, Erlangen, Germany) with a 15-
channel Tx/Rx knee coil (QED, Cleveland, OH) and 16-channel foot/ankle coil (Siemens
Healthcare).

Fat-suppressed T;,-weighted scans were acquired using the 3D-T1,-PETRA sequence with
Fs=500 Hz at 9 74 durations including 0 msec, 0.5 msec, 1 msec, 2 msec, 3.5 msec, 5
msec, 10 msec, 20 msec, and 30 msec. The rubber was taped to the joint as a reference. A fat
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suppression module was applied to eliminate any blurring and chemical artifacts and to
increase the dynamic range of tendons and ligaments signal.2%-30 The sequence acquisition
parameters were identical to the phantom study with the total scan time of 33:45 minutes.
The Ty,-weighted images were also acquired using a customized turbo fast low angle shot
(TFL) sequence3132 for comparison. The result is presented in the Supporting Material (Fig.
S1).

Data Analysis

Monoexponential and biexponential models were fitted to the signal decay over time using
the trust-region algorithm. The Ty, components were calculated pixel-by-pixel over five
consecutive slices for each volunteer in four regions of interest (ROIs) including the knee
PT, ACL, PCL, and ankle Achilles tendon (AT). The AT was divided further into five
segments: intramuscular tendon (IMT), free proximal (FPT), free mid-tendon (FMT), free
distal tendon (FDT), and calcaneal tendon (CT).33

All the scripts were written in MatLab (R2017b, MathWorks, Natick, MA). ROIs were
manually drawn in ITK-Snap and exported to MatLab for relaxation analysis.

Statistical Analysis

Results

Statistical analysis was performed using MatLab. A pairwise nonparametric Kruskal-Wallis
test was performed to assess differences in Ty, values measured using the monoexponential
and biexponential models among the nine different ROIs in ankle and knee. The post-hoc
Dunn’s test with the significant level of a. = 0.05 was performed for multiple comparisons.

Monte Carlo Simulations

The Monte Carlo simulation results are shown in Fig. 2. The simulation showed (Fig. 2a)
less than 10% error in the measurement of all components with SNR >50. Under the given
SNR, acquiring scans with a fewer number of 7 is desired to shorten the total scan time. As
shown in Fig. 2b, there is less than 2% error difference between 15 and 9 7. The
improvement is negligible considering the cost of more than 50% increase in the scan time;
hence, 9 7,/ were acquired in in vivo studies. Figure 2c¢,d shows the fitting error for different
short and long components, respectively, while Fig. 2e,f demonstrated the effect of fractions.
The component with a higher fraction has less estimation error.

Phantom and Ex Vivo Bovine Study

Figure 3a shows a representative slice at different 7. The phantom signal decay over time
and the rubber eraser signal disappeared at longer 7, due to its very short T,. Figure 3b
shows the signal decay and the exponential fit at a representative voxel. The phantom
experiments demonstrated an average Ty, of 0.86+0.37 msec for the rubber eraser.

Table 1 shows the results of the ex vivo study on the bovine knee joint and AT. The
relaxation maps from a representative slice are demonstrated in Fig. 4.
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The comparison between the experiment with 500 msec and 2000 msec T restoration delay
showed a 2% difference in estimating the monoexponential relaxation. The T1 median and
interquartile range (IQR) were 623.36(57.38) ms, 570.08 (47.68) ms, and 349.16(70.14) ms
in ACL, PCL, and AT, respectively. The representative Ty and Ty, relaxation maps and fits
are shown in Supporting Information Figs. S2 and S3, respectively.

In Vivo Study

The Ty, descriptive statistics from the in vivo study are summarized in Table 1. The SNRs
(mean = SD) were 46 £ 8.9 and 32.7 + 5.5 in the ankle and knee study, respectively. The
representative relaxation maps in different ROIls in knee and ankle joints are demonstrated in
Fig. 5. Based on the £, criterion in Eq. [3], 79 + 37% of the voxels in AT, 85 + 6% of the
voxels in PT, 64 + 41% of the voxels in ACL, and 76 + 30% of the voxels in PCL were
included in the biexponential maps. The histogram distribution of relaxation components in
each ROI are shown in Fig. 6.

Figure S4 shows axial reformatted slices from fat-suppressed T1,-weighted PETRA images
of a volunteer. Slices at five different positions along the Achilles tendon including the 1)
intramuscular tendon, 2) free proximal tendon, 3) free mid-tendon, 4) free distal tendon, and
5) calcaneal tendon are presented. The ability to evaluate the relaxation maps from different
views is shown in Fig. 7.

The comparison of fit residuals of the mono- and biexponential models (Fig. S5) showed
that the biexponential model better represented the Ty, relaxation decay than the
monoexponential model. The Kruskal-Wallis followed by post-hoc Dunn’s tests for each
component revealed significant differences between relaxation components in several ROls.
The results of pairwise comparisons is shown in Table 2.

Discussion

In this article we present a ZTE MRI technique based on a PETRA sequence for in vivo,
bicomponent Ty, relaxation mapping of semisolid short-T tissues such as ligaments and
tendons on a 3 T scanner. To the best of our knowledge, this is the first work proposing a
ZTE sequence for bicomponent Ty, analysis of semisolid tissues with very short T, values.
ROIs were defined in the PT, ACL, and PCL of the knee joints and AT of the ankle joint, and
mono- and biexponential Ty, relaxation components were measured in each ROI. The
results showed that biexponential fitting might better distinguish the short relaxation time
associated with the restricted water in the macromolecules. The isotropic spatial resolution
allowed the multiplanar reformatting of the scans and evaluation of the relaxation, in any
plane, and hence the complete coverage of the surface of the tendons and ligaments.

The higher bandwidth required for 3D excitation was achieved using a very short hard RF
excitation pulse. This allows for limited flip angles due to available maximum B4 amplitude
and limited pulse duration. Li et al34 proposed a variable flip angle method using a quadratic
phase-modulated RF excitation pulse to achieve maximal transverse magnetization and
equal amplitude of the short-T signal. However, the method cannot be used for relaxation
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mapping since the signal amplitude becomes dependent on the flip angles in addition to the
T, decay.

The 8000 radial spokes acquired in this experiment covers about 4% of full Nyquist
sampling (256 x 256 x 1 = 205,887), which results in image blurring. As shown in
Supporting Information Fig. S6, increasing the number of spokes from 8000 to 24,000 will
reduce the blurring at the cost of increasing the scan time.

The bandwidth of the fat sat (FS) pulse was 220 Hz (half of the chemical shift w.r.t. water)
and its duration was 5120 ps. The fat suppression was less effective in longer TSLs.
However, it is not possible to put the fat suppression module after Ty, preparation, due the
long duration of the FS pulse.

The results of the ex vivo study are in agreement with the in vivo measurement. Our Ty, , of
6.50 + 3.37 msec in AT is in agreement with the Du et al20 study (4.95 + 0.23 msec). The
reported values for Ty, m for ACL and PCL in the Ma et al® study (ACL: 34.9 + 2.8 msec,
PCL: 21.6 £ 1.4 msec) are higher than Ty, m of 21.8 + 6.3 msec and 16.2 + 4.1 msec in our
study for ACL and PCL, respectively. The reason could be due to the Ty, dispersion effect as
a result of using adiabatic spin-locking pulses in the Ma et al study.

The bicomponent Ty, analysis of bound and free water in various knee joint tissues and the
muscle was reported previously31:32:36 employing conventional readouts (TFL). Juras et al?>
reported the bicomponent T analysis of AT using a variable-echo-time (VTE) technique and

showed the significant difference for short component between healthy and diseased AT. The
longer TEs >800 ps used in that study in comparison with our study (TE = 70 us) makes the
technique more sensitive to the long component than the short component.

The proposed sequence supported using chemical shift-based fat suppression pulses for
contrast generation. However, our results showed it is less effective at longer 7. One
possible reason could be the segmented structure of the sequence. The fat suppression pulse
was applied once prior to the Ty, preparation module followed by a set of excitation pulses.
It cannot be applied before each excitation due to the time constraints. The short T4 of the
fat leads to its partial signal recovery between two consecutive FS pulses.

The application of a long continuous wave spin-lock pulse makes the sequence SAR-
intensive. In our proposed technique, the 500 msec delay used for T, recovery also
eliminates the SAR constraint. Real-time SAR monitoring during the in vivo scans
confirmed that it was always below the US Food and Drug Administration (FDA) limit
(<50%).

We have only demonstrated the technical feasibility of the 3D T1,-PETRA sequence in
providing volumetric bicomponent analysis of semisolid tissues with very short T, in a
rubber eraser phantom, ex vivo bovine knee joint, and in vivo knee joint applications. No
patients were recruited for this study and the study group was fairly small. Further
repeatability and reproducibility experiments are also warranted to validate the proposed
technique. Second, the magic angle effect can influence the Ty, value due to the dipolar
interactions of fiber orientation with respect to Bg. While the PT and AT are parallel to By
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and the PCL is orthogonal to By, the orientation degree of the tibial part of the ACL to By is
close to the magic angle.3” Application of the higher spin-lock frequency (1-2 KHz) to
diminish the magic angle effect is not feasible for in vivo studies due to the SAR constraints.
Moreover, as shown by Wang and Xia,38 only the single relaxation behavior is observed at a
higher spin-lock field. Hence, a 500 Hz spin-lock frequency was selected in this study as a
good trade-off between reducing the magic angle effect and observing the biexponential
behavior.

There is large uncertainty of the fitted parameters due to the nature of the biexponential
model for relaxation decay, and in the presence of noise several equally well-fitted
combinations of parameters can be found.3? Several investigators proposed methods to
improve the fitting of multicomponent signals, including using a priori information to
stabilize the fitting process and optimizing the acquisition parameters.“0 Recently,
Anastasiou and Hall*! used Cramer—Rao theory and simulations to show that the T fit
errors were minimized by maximizing the SNR of the images acquired, as well the number
of points used in the fitting procedure and by using a biexponential system with a high

Tool Ty ratio. However, acquiring more timepoints and increasing the SNR requires a longer
scan time. In our study, the total scan time of ~34 minutes needed to acquire 9 7 is too long
for clinical use. We will plan on using compressed sensing and deep learning reconstruction
techniques to further reduce the acquisition time in our future study. The technique can be
potentially applied to other applications such as studies of calcified cartilage layer, cortical
bone, and myelin in addition to studying ligaments and tendon disorders.

In conclusion, the 3D Ty,-PETRA technique provides a robust volumetric bicomponent Ty,
mapping of semisolid short T tissues such as ACL, PCL, and PT in the knee joint and AT in
the ankle joint.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 3:
The phantom consists of a tube of 3% agarose (simulating biological tissue or cartilage), a

tube of vegetable oil (simulating fat) and a piece of a rubber eraser, simulating the tissue
with semisolid short T, relaxation times. The oil signal is reduced due to the application of
FatSat pulse. The fast Ty, relaxation decay can be observed in the rubber eraser.
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FIGURE 4:
Representative Ty, maps from ex vivo bovine scans in four ROIs including (al) Anterior and

posterior cruciate ligaments, (a2) patellar tendon, and (a3) Achilles tendon. (b1-3) The
binary map is showing the location of pixels included in the biexponential estimation. (c1-3)
mono relaxation time, (d1-3) short Ty, relaxation time, (e1-3) long Ty, relaxation time, (f1-
3) short Ty, fraction, and (g1-3) long Ty, fraction maps.
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FIGURE 5:

Representative Ty, maps of in vivo knee and ankle study. (a1-4) mono Ty, relaxation time,
(b1-4) short Ty, relaxation time, (c1-4) long Ty, relaxation time, (d1-4) short Ty, fraction,
and (el1-3) long Ty, fraction maps.
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FIGURE 7:
Reformatted (al-d1) axial and (a2—d2) coronal monoexponential maps from sagittal (a3—d3)

plane in (al-a3) patellar tendon (b1-b3) ACL, (c1-c3) PCL, and (d1-d3) Achilles tendon.
The positions of reformatted slices are denoted on the corresponding maps.

1duosnuep Joyiny

J Magn Reson Imaging. Author manuscript; available in PMC 2019 November 01.




Page 20

Sharafi et al.

uopus] [eauBdRD 1D ‘uopual [esiq 88l
14 ‘uopual PIA 8814 1IN ‘UOPUS] [RWIX0Id 831 :1dH UOPUSL Jejnosniuenul 1 |A] ‘UOpUs] SaIydY 1V ‘Juswebi a1e1oni)) J011a1sod :0d uswebi] aje1onid Jousuy OV ‘Uopusl Jejjaled :1d

“(1V pUe “10d 10V ‘Ld) Suopua) pue sjuawebi] ur suonoesy Buipuodsaiod pue sawi) uorexeyas 9T 1 jusuodwodnnw Jo (4O1) aBues ajrenbisiul pue sueIpaiA

(ceeT) 8T'TY (zeeT) 2885 (28°0T) vE'TE (zo'0) 6E°0 (Sz'0T) 82'S  uOpUR) SB|IYOY
(05°5) g6'GE (05'5) S0'v9 (sL9) v1'se (82°0) 880 (se'9) 16°€ 12 s9|yov
(L927) 6T'TY (29'2) 1885 (e0'6) 82°0¢ (¥0'0) L0 (9v'9)68'9  LAd sallydv
(rv'S) 6€°GE (v'S) 1979 (r9'2) L0'9g (8e0) LEO (209)08'€ LN salludv
(69'9) 80'1E (69'9) 26'89 (To'6) €82 (ee'0) 0’0 (¥9'1) 90'€ 1dd sa|ludv
(ev2)oLte (e vess  (L9zT)6LTy (£00) 980 (0z2)88c  LINISAINUIY

(e0'vT) 9€'L (eovT) v9ey  (89%T) 9922 (98T) 9T'T (e evit 10d 983U

(tger)esss  (1Gen) vey  (€8°21) 69y (eT2) 99T (rv'6) 19°€C 10V 98U

(se'sT) €T°ES (se'sT) 289y (9£°8T) 2€'L€ (tot)s90  (6v'¥T) 26'ST 1d 98U
(259) L&Y (25'9) €9'SS (66'v) 55'ce (L00) ev'0 (891) 2v's 1v suinog
entrs (28'2) 68y (96'2) 6222 (€T°0) ¥9'0 (e52) 16°2T 10d suinog
(99'9) €9°€L (99°G) L&'9¢ (¥8'1) L8'Se (€z0)GL0 (8e2) 91'8T 70V aulnog
(L0'6) 96'19 (20'6) ¥0'8E (56'9) S8'TY (¥0'0) ¢v'0 (51'9) 29'92 1d suinog

(4O uepsw  ((4O1) elppw  (HOI1) Uelppw  (HO1) Uelppw  (4O1) Uelpow
(%) luoioeld (%) Suonoe i (esw) ) (esw)STL (sssw) Wty sioy

ApniS apjuy pue 8aud| OAIA Ul pUe 3UIAOg OAIA X8 JO Arewiwns

‘T314gvlL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Magn Reson Imaging. Author manuscript; available in PMC 2019 November 01.



Page 21

Sharafi et al.

Author Manuscript

sjusuodwo) Jenuauodxalg pue -ouoly 10) S|OY 1UaIalIa Usamiag uostiedwo)) asimired 90H-1sod s.uung

¢31avil

Author Manuscript

0T00 00T 0T00 9500 EY00 12d  xLlAI
9800 00T 9800 820 900  1d  wldd
¥100 00T ¥I00  ST0 200 10d  «ldd
00T 00T 00T 00T 00T LAl  ldd
120 00T 020 990 €0  1d LWd
600 00T 600 OT0 G0 10d L4
00T 00T 00T 00T 00T LAl  LNd
00T 00T 00T 00T 00T Ldd L4
680 00T 680 160 860 1d 1lad
890 00T /90 920 860 1od  lad
660 960 660 00T 160 1Al  1ad
660 00T 660 00T 860 Ldd  1lad
00T 00T 00T 00T 00T LA4  1ad
660 00T 660 00T 00T  1ld 1O
S60 660 S60 ¥.0 00T 19d 1D
S80 680 §80 00T 290 1Al 1D
160 660 160 00T 690 1dd 1D
660 00T 660 00T 860 LAN4 LD
00T 00T 00T 00T 00T 1dd 1D
00T 00T 00T 00T 00T  1ld 7OV
00T 00T 00T 00T 00T 12d 7OV
2,00 00T 2000 W0 Y000 LAl £TOV
00T0 00T €000 620 9000 ldd 1OV
1E0 00T 6100 890 OVO0 LNJ ~1OV
160 00T €0 260 190 1ad4 IOV
000T 660 00 00T /60 1D OV
luopoesq 9Ty Suopoesq STy Wy zi04  TI0W

Author Manuscript

Author Manuscript

J Magn Reson Imaging. Author manuscript; available in PMC 2019 November 01.



Page 22

Sharafi et al.

Author Manuscript

"Uopua] [eauBdRD 1D ‘uopual [elsiq sald

:1d4 ‘uopual PI 8314 1 INH ‘UOPUS] [BWIX0.d 891 :1dH UOpUS] Jejnasnwenul 1 Al ‘Uopus] Sa|Iydy 1V ‘Juswebi 81eioni)d JoLaIsod 10d uswebi a1e1oni) Jousluy OV ‘Uopua] Jejjaled :1d

*YSLIBISE YIM PUB PjOg Ul UMOYS 8Je (G0'0 > /) 8ouaiayip Jueaniubis A|[eansiels e yim suoifal syl

00T 00T 00T 00T 00T 1d 10d
9200 00T 9200 ¢v'0 0v00 1d  «1INI

luonoes4 ¥y Suomoeuq ST W) zioy  TI0M

Author Manuscript Author Manuscript Author Manuscript

J Magn Reson Imaging. Author manuscript; available in PMC 2019 November 01.



	Abstract
	Materials and Methods
	3D-T1ρ-PETRA Pulse Sequence
	T1ρ Relaxation Mapping
	Monte Carlo Simulations
	Phantom Study
	Ex Vivo Bovine Study
	In Vivo Study
	Data Analysis
	Statistical Analysis

	Results
	Monte Carlo Simulations
	Phantom and Ex Vivo Bovine Study
	In Vivo Study

	Discussion
	References
	FIGURE 1:
	FIGURE 2:
	FIGURE 3:
	FIGURE 4:
	FIGURE 5:
	FIGURE 6:
	FIGURE 7:
	TABLE 1.
	TABLE 2.

