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1 | INTRODUCTION

Purpose: To develop a 3D adiabatic T, prepared ultrashort echo time cones (3D
AdiabT;, UTE-Cones) sequence for whole knee imaging on a clinical 3T scanner.

Methods: A train of adiabatic full passage pulses were used for spin locking, fol-
lowed by time-efficient multispoke UTE acquisition to detect signals from both short
and long T, tissues in the whole knee joint. A modified signal model was proposed
for multispoke UTE data fitting. The feasibility of this 3D AdiabT;, UTE-Cones
technique was demonstrated through numerical simulation, phantom, and ex vivo
knee sample studies. The 3D AdiabT;, UTE-Cones technique was then applied to 6
in vivo knee joints of healthy volunteers to measure T, values of quadriceps tendon,
patellar tendon, anterior cruciate ligament (ACL), posterior cruciate ligament (PCL),
meniscus, patellar cartilage, and muscle.

Results: Numerical simulation, phantom and ex vivo knee sample studies demon-
strated the feasibility of whole knee imaging using the proposed multispoke 3D
AdiabT;, UTE-Cones sequence. The healthy volunteer knee study demonstrated an
averaged T, of 13.9 = 0.7 ms for the quadriceps tendon, 9.7 = 0.8 ms for the patellar
tendon, 34.9 = 2.8 ms for the ACL, 21.6 == 1.4 ms for the PCL, 22.5 = 1.9 ms for the
meniscus, 44.5 * 2.4 ms for the patellar cartilage, and 43.2 = 1.1 ms for the muscle.

Conclusion: The 3D AdiabT,;, UTE-Cones sequence allows volumetric T;, assess-
ment of both short and long T, tissues in the knee joint on a clinical 3T scanner.
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AdiabT) ,, multispoke, ultrashort echo time, whole knee imaging

with cartilage degeneration,”” and spin lock at different fre-
quencies has been used to detect changes in proteoglycans

Quantitative MRI of spin lattice relaxation in the rotating
frame (T,,) has been proposed as a biomarker of cartilage
degeneration.'™ There is clinical interest in developing non-
invasive biomarkers that are sensitive to the early degenera-
tive changes in cartilage, including loss of proteoglycans
(PGs) and changes in collagen, for the early diagnosis of
osteoarthritis (OA).l It has been shown that T;, increases

(PGs) or collagen.g’9

A strong magic angle effect is an important limitation of
quantitative continuous-wave (CW) T, imaging of collagen-
rich tissues such as cartilage, menisci, and ligaments.“H3
The highly ordered collagen fibers in these tissues are subject
to strong dipole-dipole interactions that are modulated by the
term 3cos?(0)—1, where 0 is the angle between the fiber
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FIGURE 1 The 3D AdiabT,, UTE-Cones sequence used a train of AFP pulses to generate T, contrast, followed by 3D UTE-Cones data acquisition.
To speed up data acquisition, multiple spokes were sampled after each AFP pulse train

orientation and the main magnetic field By.'* Previous stud-
ies show that T, values can increase more than 200% in the
middle and deep zones of articular cartilage and 300% in lig-
aments, when 0 is oriented from 0° to 55°.'>'3 The signif-
icant T,, changes because of the magic angle effect make
the evaluation of tissue degeneration extremely complicated.

Recently, a novel imaging technique was developed in
which trains of adiabatic full passage (AFP) pulses are used
to generate T;, relaxation (AdiabT; p).ls_21 AdiabT,, has
been reported to be less sensitive to the magic angle effect
compared with both CW-T,, and T, relaxations in bovine
cartilage studies.'”° Therefore, AdiabT;, may be a more
reliable biomarker of PG loss in collagen-rich tissues than
conventional CW-T;,. In addition, AdiabT;, has other
advantages over CW spin-lock sequences. Most notably, adi-
abatic pulses are less sensitive to the spatial inhomogeneity
of the transmit RF magnetic field compared with CW spin-
lock pulses, and the flexibility of AFP pulse design allows
moderation of RF power deposition.'>'®??* Moreover, an
extended range of frequencies or correlation times are effec-
tively involved in the spin lattice relaxation when using AFP
pulses, which may provide more information on the physico-
chemical mechanisms underlying pathological changes in
tissues.

Human knee joints are composed of many different tis-
sues including articular cartilage, calcified cartilage, menisci,
ligaments, tendons, and bone, all of which are important for
the health of the joint.23*25 However, both CW-T;, and
AdiabT,, measurements based on conventional MRI pulse
sequences (such as GRE and FSE) are of limited value for
detecting early PG depletion in short T, tissues or tissue
components such as the deep radial and calcified cartilage,
menisci, ligaments, and tendons. These tissues or tissue com-
ponents typically have T,s ranging from sub-milliseconds to
several milliseconds and therefore provide little or no detect-
able signal using conventional sequences.”®>’

To overcome this challenge, we propose a combination
of a 3D ultrashort echo time sequence using cones trajecto-
ries with an AdiabT,, preparation (3D AdiabT;, UTE-
Cones) for volumetric T}, assessment of both short and long
T, tissues in the knee joint on a clinical 3T scanner. The

details of 3D UTE-Cones sequence was described in the
recent publications.**>' Multispoke acquisition after each
AdiabT), preparation was incorporated for time-efficiency.
A modified signal model for multispoke acquisition was pro-
posed for accurate T}, fitting. Both simulation and phantom
studies were carried out to investigate the accuracy of the
modified signal model. Next, the magic angle effect was
investigated by the repeated imaging of a sliced human patel-
lar cartilage sample at 5 angular orientations from 0° to 90°
relative to the By field. Finally, the new sequence was
applied to 4 ex vivo human knee joint specimens and 6 in
vivo knee joints of healthy volunteers for T, measurements
of quadriceps tendon, patellar tendon, anterior cruciate liga-
ment (ACL), posterior cruciate ligament (PCL), meniscus,
patellar cartilage, and muscle.

2 | THEORY

Features of the 3D AdiabT,, UTE-Cones pulse sequence
used in this study are shown in Figure 1. An even number
(Narp) of AFP pulses are used for AdiabT;, preparation.
When N4gp is a multiple of 4, then every 4 consecutive AFP
pulses follow a MLEV4 phase cycling scheme.’” When
Narp is equal to 4n+2 (n=0, 1, 2 ...), the first 4n AFP
pulses follow a MLEV4 phase cycling scheme, and the
amplitude of the remaining 2 AFP pulses can be arbitrarily
positive or negative because the AFP pulse can invert the
spins robustly when the adiabatic condition is satisfied.'®
Here, we use 2 positive AFP pulses. Following the AdiabT,,,
preparation are N, separate k-space spokes or acquisitions
with an equal time interval t for fast data acquisition.

The spin lock time TSL is defined as the total duration of
the train of AFP pulses, i.e., TSL = Nagp X T,, (T}, is the
duration of a single AFP pulse). TR defined in this study is
the duration between the adjacent AdiabT1p preparations. A
relatively short TR (e.g., several hundred milliseconds) is
used in the proposed sequence to accelerate data acquisition.
At steady state, the signal equation is expressed as follows
when a single acquisition (Ny,=1) is obtained after
AdiabT, , preparation:*’
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S(TSL)=Mjysin(a) e +C. (1)
I—e Twe T cos(a)

Where M, is the equilibrium state magnetization and « is
the excitation flip angle. A constant C is induced to account
for non-T,,, related factors such as background noise and
artifacts associated with data acquisition and image
reconstruction.

In our previous conventional CW-T,, study with 5
spokes per T;, preparation, acceptable T, values were
obtained by fitting the single spoke acquisition equation
(Eq. 1).* However, Eq. 1 will introduce increasing error as
the number of excitation spokes per AdiabT;, preparation
increases (i.e0,. N, > 5) because it does not model the satu-
ration effect induced by the multiple excitations. Therefore,
similar to our recent multispoke MT modeling study, we
modified the single spoke equation Eq. 1 by simply changing
cos(a) to cos™» (a) to account for the saturation effect of Ny,
acquisitions, which is expressed as follows:>

__TSL __ TR—TSL
e Tip (1 —e T)
S(TSL)=Mosin(e) ——

1—e "ve

_TR—TSL ) +C. (2)
T cosMr (o)

The motivation for Eq. 2 can be understood when consid-
ering a tissue with very long T, relative to the spoke time
interval t. In this case, the longitudinal magnetization will
not substantially recover between consecutive excitations,
resulting in progressive saturation between spokes.
Therefore, the net behavior of the multispoke excitations is
analogous to a single excitation with a flip angle of
acos(cosV(a)). In contrast, Eq. 1 assumes a short enough
T, for the longitudinal magnetization to fully recover
between each spoke. In practice, the T, values of most tis-
sues are much longer than the spoke time interval t (around
5 ms), so the signal model of Eq. 2 would be preferred. The
2 models were compared by simulation and phantom studies.

For both Eqgs. 1 and 2, accurate T; measurement is cru-
cial for T, calculation. Here, a 3D UTE-Cones variable flip
angle (VFA) method was used to measure T, by fitting the
following equation:>*

_IR
l—e 7

S=Mjysin(o) 3)

l—ef%\’cos((p)
Where ¢ is the flip angle and TR is the repetition time.
However, the VFA technique is very sensitive to B; inhomo-
geneity. Therefore, a 3D dual-TR UTE-Cones sequence was
also developed for actual flip angle imaging (UTE-Cones
AFI) ¥ to obtain a B, scaling factor by dividing the meas-
ured actual flip angle by the nominal flip angle. With a
known B; scaling factor, the flip angle ¢ in Eq. 3 can be cor-
rected for accurate T, fitting. The B scaling factor value can
also be used to correct a in both Eqs. 1 and 2 for accurate
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T, measurement. No B, correction is needed for AdiabT,,,
preparation because the AFP pulses are insensitive to B
inhomogeneity.

3 | METHODS

The 3D AdiabT;, UTE-Cones sequence (see Figure 1) was
implemented on a 3T whole body scanner (GE Healthcare
Technologies, Milwaukee, WI). An 8-channel transmit/
receive knee coil was used for both RF transmission and sig-
nal reception in the following experiments except as noted.
The 3D UTE-Cones sequence used unique k-space trajecto-
ries that sampled data along evenly spaced twisting paths in
the shape of multiple cones.®'*** Data acquisition started as
soon as possible after the RF excitation with a minimal nom-
inal echo time of 32 ps. The nominal echo time is defined as
the time between the end of the rectangular pulse and the k-
space center. Both RF and gradient spoiling were used to
crush the remaining transverse magnetizations after each data
acquisition. The RF spoiling method used here is to increase
the RF phase quadratically with a phase increment factor of
117°. The T,-weighted transverse magnetizations were
crushed and will not contribute to steady-state signals. Identi-
cal non-selective AFP pulses (hyperbolic secant type 1 pulse)
with a duration of 6.048 ms, bandwidth of 1.643 kHz and
maximum B; amplitude of 17 uT were used to generate T},
contrast.*® Here, we used the shortest AFP pulse that can sat-
isfy the adiabatic condition to increase the pulse bandwidth
and get adequate TSLs for short T, tissue imaging. A gradi-
ent following the train of AdiabT;, pulses was used to crush
the remaining transverse magnetizations. The 3D AdiabT,,
UTE-Cones sequence allows for anisotropic resolution (e.g.,
high in-plane resolution and thicker slices) for much
improved SNR and reduced scan time relative to isotropic
imaging.**°

3.1 | Simulation

Numerical simulation was carried out to investigate the accu-
racy of the fitting models of Eqs. 1 and 2 for multispoke
acquisition. The simulated signal intensity of AdiabT;, prep-
aration followed the mono-exponential function of
e TSL/Tiy '8 The T, value was set to 1000 ms and the
AdiabT;, UTE-Cones sequence parameters were shown as
follows: TR = 500 ms, excitation flip angle = 10°, acquisi-
tion interval between adjacent spokes t=15 ms, the gap
between the end of the last AFP pulse and start of the excita-
tion pulse was 8 ms, each AFP pulse duration T, =6 ms,
and 8 different groups of AFP pulses in AdiabT,;, prepara-
tion with Napp =0, 2, 4, 6, 8, 12, and 16. Eleven groups of
data were generated by Bloch equation simulation with dif-
ferent numbers of acquisition spokes: Ny, = 1, 5, 10, 15, 20,
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25, 30, 35, 40, 45, and 50. Both Egs. 1 and 2 were used for
data fitting.

3.2 | Phantom study

The phantom was prepared as 2% w/v agarose gel containing
0.1mM MnCl,. In addition to the proposed 3D AdiabT;,
UTE-Cones sequence, a 3D UTE-Cones AFI sequence and
VFA UTE-Cones sequence were used for B; mapping and
T; measurement, respectively. B; maps were used to correct
both T; and T}, calculation. The phantom was scanned using
the same field of view (FOV) of 12X 12X 8cm’® and
receiver bandwidth of 166 kHz for all sequences. Other
sequence parameters were: (1) 3D UTE-Cones AFI: TR,/
TR, =20/100 ms, flip angle =45°, acquisition matrix of
64 X 64 X 20 and a total scan time of Smin 30 s; (2) 3D
VFA UTE-Cones: TR =20 ms, flip angle=5°, 10°, 20°,
and 30°, acquisition matrix of 128 X 128 X 20 and a total
scan time of 5min 48 s; and (3) 3D AdiabT,, UTE-Cones:
TR =500 ms, flip angle=10° acquisition matrix of
128 X 128 X 20, and Napp =0, 2, 4, 6, 8, 12, and 16. Six
groups of AdiabT,, data were acquired with different N, of
1,5, 15, 25, 35, and 45 per AdiabT,, preparation. The corre-
sponding scan times were 253 min 59 s, S0min 52 s, 17 min
23 s, 10min 37 s, 7min 49 s, and 6 min 11 s, respectively.
Reproducibility of the proposed AdiabT;, method was inves-
tigated using the agarose phantom. The protocol was
repeated 4 times with the MR system reset before each 3D
AdiabT;, UTE-Cones scan.

3.3 | Magic angle effect study

Magic angle effect study for both T, and T, was carried out
by imaging a sliced human patellar sample (~4 mm thick)
using a wrist coil (BC-10, Medspira, Minneapolis, MN) for
both RF transmission and signal reception. The sample was
imaged with 5 angular orientations (i.e., 0°, 30°, 55°, 70°,
and 90 °) with respect to the normal direction of cartilage sur-
face. For each angular orientation, 3D AdiabT;, UTE-Cones
and 2D Carr-Purcell-Meiboom-Gill (CPMG) sequences were
used for T, and T, measurements, respectively. The CPMG
sequence is a multiple spin echo sequence to acquire a series
of data with different echo times to quantitate T, value. The
phase encoding and phase rewinder gradients in this
sequence are balanced to refocus the stimulated echoes from
imperfect 180° pulses at the same time as the spin echoes.
Because tissue T, is not sensitive to the magic angle effect,
T; measurement with a 2D inversion recovery prepared fast
spin echo (IR-FSE) sequence was performed only at angle
0°. A chemical shift saturation (FatSat) module (8 ms)
located between AdiabT,, preparation and the data acquisi-
tion was used for fat suppression. The sequence parameters
were: (1) 3D AdiabT;, UTE-Cones with FatSat:

FOV=5X5X2 cm3, acquisition matrix of 128 X 128 X 10,
receiver bandwidth = 83.3 kHz, TR = 1000 ms, flip angle =
10°, Ngp =35, and Napp =0, 4, 8, 12, 16 and 20 each with a
scan time of 6min 45 s; (2) 2D CPMG with FatSat:
FOV =5 X35 cm?, acquisition matrix of 192 X 128, slice
thickness = 4 mm, TR = 3000 ms, flip angle =90°, TEs =
10.7, 21.3, 32.0, 43.7, 53.4, 64.0, 74.7, and 85.4 ms; and (3)
2D IR-FSE: FOV=5X5 cmz, acquisition matrix of
192 X 128, slice thickness =4mm, TR =35000 ms, flip
angle =90°, TEs = 10.7 ms, and TIs = 50, 150, 300, 500,
700, 1000, 1500, 2000, and 3000 ms.

3.4 | Ex vivo knee study

High resolution whole knee imaging was performed on 4
knee samples from 4 donors (51-79 years of age, mean age
61.5 years; 1 male, 3 females). 3D UTE-Cones AFI, VFA,
and AdiabT,, UTE-Cones sequences were used to scan these
knee samples using a common FOV of 15X 15X 12cm’®
and receiver bandwidth of 166 kHz. Other sequence parame-
ters were: (1) 3D UTE-Cones AFI: TR;/TR, =20/100 ms,
flip angle = 45 °, acquisition matrix of 128 X 128 X 30, and
a total scan time of 10min 54 s; (2) 3D VFA UTE-Cones:
TR = 24 ms, flip angle =4°, 8°, 16°, 24°, 32°, and 40°,
acquisition matrix of 256 X 256 X 60, and a total scan time
of 8min 19 s; and (3) 3D AdiabT,, UTE-Cones with FatSat:
TR =500 ms, flip angle=10° acquisition matrix of
256 X 256 X 60, Ny, =21, and Napp =0, 2, 4, 6, 8, 12, 16,
and 20 each with a scan time of 8 min 19 s.

3.5 | Invivo knee study

In vivo whole knee imaging was carried out on 6 healthy
volunteers (23-42 years of age, mean age 30.3 years; 4
males, 2 females). Informed consent was obtained from all
subjects in accordance with guidelines of the institutional
review board. 3D UTE-Cones AFI, VFA, and AdiabT,,
UTE-Cones sequences were used to scan these knees, using
a common FOV of 15X 15X 10.8cm® and receiver band-
width of 166 kHz. Other sequence parameters were: (1) 3D
UTE-Cones AFL: TR/TR; =20/100 ms, flip angle =45°,
acquisition matrix of 128 X 128 X 18, acquisition stretch fac-
tor of 1.4, and a total scan time of 4 min 57 s; (2) 3D VFA
UTE-Cones: TR =20 ms, flip angle=5° 10°, 20°, and
30°, acquisition matrix of 256 X 256 X 36, undersampling
factor of 0.9, acquisition stretch factor of 1.4 and a total scan
time of 9min 28 s; and (3) 3D AdiabT,, UTE-Cones with
FatSat: TR = 500 ms, flip angle = 10 °, acquisition matrix of
256 X 256 X 36, acquisition stretch factor of 1.6, Ny, = 25,
and Napp =0, 2, 4, 6, 8, 12, and 16 each with a scan time of
2min 34 s.
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FIGURE 2 Comparison of multispoke fitting models by simulation. (A-C) Bloch equation simulated data with corresponding fitting curves of both

original (Eq. 1) and modified (Eq. 2) signal models. Each series data with a specific Ny, was normalized. The red diamond, triangle, and circle markers rep-

resented the simulated data with 1,25, and 50 spokes per AdiabT) , preparation, respectively. (D-F) Calculated T , values by the original and modified

model as N, increases from 1 to 50. The red dashed line highlights the simulated T} ,, and the blue squares and green circles represent the T, values

obtained from fitting the original and modified models, respectively. The columns represented 3 groups data with simulated T}, values of 30 (A and D),

60 (B and E), and 90 ms (C and F)

3.6 | Data analysis

The Levenberg-Marquardt algorithm was used to fit Eqgs. 1
to (3). All analysis algorithms were written in MATLAB
(The MathWorks, Natick, MA) and were executed offline on
the DICOM images obtained by the acquisition protocols
described above. For each fitting of Eqgs. 1 and 2, both the
T, value and its fitting error were calculated. ROIs were
manually drawn for various tissues including quadriceps ten-
don, patellar tendon, ACL, PCL, meniscus, patellar cartilage,
and muscle in all ex vivo and in vivo knee joints.

4 | RESULTS

Numerical simulations for the fitting model study are shown
in Figure 2. As shown in Figures 2A-2C, the Bloch equation
simulated data with different Ny, per AdiabT,, preparation
have different signal intensities. The data fitting with the
original model of Eq. 1 and modified model of Eq. 2 were
excellent in all simulations. However, as shown in Figures
2D-2F, the calculated T, values using the original model
were dependent on the Ny,. As expected, the calculated T,
values increased with higher N, using the original model. In
contrast, Ty, values calculated by the modified model were

very close to the true simulated value independent of the N,
suggesting improved accuracy of the modified model.

Figure 3 shows the agarose phantom results for the fitting
model study. The data acquisition time was significantly
reduced when a higher Ny, was used. As shown in Figure
3B, the phantom data acquired with different Ny, per
AdiabT;, preparation have different signal intensities, similar
to the simulation study. The obtained T, values calculated
by the original model significantly increased with a higher
Ngp- In contrast, the T, values calculated by the modified
model only increased very slightly with a higher N, which
further demonstrated the accuracy of the modified model.
The average coefficient of variation for the AdiabT,, UTE-
Cones scan of the agarose phantom on 4 repeated acquisi-
tions was < 3%, demonstrating good reproducibility of the
technique.

Supporting Information Figure S1 shows the magic angle
effect in AdiabT,;, UTE-Cones imaging of a sliced patellar
sample. Significant signal intensity changes can be found in
the localizer images with different angular orientations
between the normal direction of cartilage surface and Bo.
Excellent fitted curves using the modified signal model were
obtained for each angle. Figure 4 shows how the calculated
T, values vary with orientation angle, with CPMG-derived
T, values included for comparison. Whereas the T, value

Sp»
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FIGURE 3 3D AdiabT,, UTE-Cones of a 2% agarose phantom with 0.1 mM MnCl,. (A) The region of interest for analysis is shown as the red circle
on a selected AdiabT) , image (N, = 25, Nopp = 4). (B) Original and modified signal model fitting. The red diamond, triangle, and circle markers repre-

sent the phantom data with 1, 25, and 45 spokes per AdiabT} , preparation, respectively. (C) Calculated T , values by the original and modified models as

Ny, increases from 1 to 50. The red dashed line is the reference T , obtained with Ny, = 1, and the blue squares and green circles in represent the T, values

obtained from the fitting by original and modified model, respectively

increased by ~200% as the angle increased from 0° to 55°,
the calculated T, values only increased by ~50%.

Figure 5 shows the results of the ex vivo whole knee
study of a 63-year-old female donor. The 3D AdiabT,,
UTE-Cones sequence provides high signal and contrast
imaging of long T, tissues such as the articular cartilage and
muscle, together with short T, tissues of meniscus, quadri-
ceps tendon, patellar tendon, ACL, and PCL (Figures SA—
5C). Excellent T, fitting of the 3D AdiabT,, UTE-Cones
images with different TSLs (Figures 5SD-5F) demonstrates a
T, of 24.5* 1.3 ms for the quadriceps tendon, 38.8 = 3.2
ms for the PCL, 33.2 = 1.3 ms for the meniscus, and 55.6 =
5.2 ms for the patellar cartilage.

Figure 6 shows the results of an in vivo whole knee study
of a 23-year-old male volunteer. Similar to the ex vivo sam-
ple study, the 3D AdiabT;, UTE-Cones sequence also pro-
vides high signal and contrast imaging of both short and
long T, tissues in the whole knee joint (Figures 6A—6C).
Excellent AdiabT),,, fitting of the 3D AdiabT;, UTE-Cones

100

FT, |
+ 1,

T,, and T, (ms)
IS o o0
(=} (=} (=)

33
(=)
T
I

80

0 1 L 1 1
0 20 40 60

Angle orientation (degree)

100

FIGURE 4 Comparison of magic angle effect for cartilage T , val-
ues from 3D AdiabT, , UTE-Cones and T, values from a CPMG sequence

images with different TSLs (Figures 6D-6F) demonstrates
a Ty, of 13.7+1.0 ms for the quadriceps tendon, 22.5 *
1.2 ms for the PCL, 21.5 = 1.1 ms for the meniscus, and
43.5 = 5.9 ms for the patellar cartilage.

Table 1 summarizes the T, values for quadriceps ten-
don, patellar tendon, ACL, PCL, meniscus, patellar cartilage,
and muscle for the 4 ex vivo knee images and the 6 in vivo
knee images. Relatively consistent T,,, values were derived
for each knee tissue within each experiment, although the ex
vivo T, values are consistently higher than the correspond-
ing in vivo T, values.

5 | DISCUSSION
We have demonstrated in this study that the proposed 3D
AdiabT;, UTE-Cones sequence can provide reliable volu-
metric T, assessment of both short and long T, tissues in
whole knee imaging on a clinical 3T scanner. Our simulation
and phantom studies suggest that the modified signal model
is more preferred for the time-efficient multispoke acquisi-
tion than the original signal model. Furthermore, the magic
angle study using a sliced human patellar cartilage sample
demonstrated that the T;, values generated from the 3D
AdiabT,, UTE-Cones technique were much less sensitive to
the magic angle effect than CPMG-derived T, values, and
compared with CW-T,,, values from previous studies.'>"?
Our ex vivo and in vivo whole knee studies demonstrate its
feasibility in quantifying T, for quadriceps tendon, patellar
tendon, ACL, PCL, meniscus, patellar cartilage, and muscle.
Knee OA is recognized as a whole organ disease. Previ-
ous studies have shown that failure of any component, such
as meniscal positioning or collateral ligament damage, can
lead to cartilage loss.>**>" In general, the deterioration or
misalignment of any of the tissues comprising the knee joint
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FIGURE 5 3D AdiabT,, UTE-Cones imaging of an ex vivo knee sample (63-year-old female donor). Representative AdiabT,, images with regions
of interest (red circles) and corresponding fitting curves of quadriceps tendon, PCL, meniscus, and patellar cartilage are shown in the first and second rows,
respectively. The T}, values of quadriceps tendon, PCL, meniscus, and patellar cartilage were 24.5 + 1.3,38.8 + 3.2,33.2 = 1.3,and 55.6 = 5.2 ms,
respectively

can accelerate the progression of OA.>72°27 As such, it is Recent studies have shown that AdiabT, is sensitive to
essential to image all major components in the knee joint to both ex vivo enzymatic cartilage degradation and in vivo
allow for comprehensive assessment of OA. In this study, we articular cartilage degradation in OA patients.'®**° More
demonstrate that the 3D AdiabT;, UTE-Cones sequence can importantly, the AdiabT),, is much less sensitive to the magic
image and calculate T, values for all the major components angle effect than both conventional CW-T,, and T, as dem-
in the knee joint including both short and long T, tissues. onstrated in previous bovine cartilage studies.'®* Our
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FIGURE 6 3D AdiabT,, UTE-Cones imaging of an in vivo healthy knee (23-year-old male volunteer). Representative AdiabT , images with
regions of interest (red circles) and corresponding fitting curves of quadriceps tendon, PCL, meniscus, and patellar cartilage are shown in the first and sec-
ond rows, respectively. The T}, values of quadriceps tendon, PCL, meniscus, and patellar cartilage were 13.7 + 1.0,22.5 + 1.2,21.5+ 1.1,and 43.5 =
5.9 ms, respectively
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TABLE 1

4 ex vivo human knee samples as well as their average and SD values (ms)

Ex vivo knee 1 2

Quadriceps tendon 245+13 219+ 1.8
Patellar tendon 225*1.5 264 £3.1
ACL 45.8+2.0 532=*8.9
PCL 38.83.2 389+45
Meniscus 332*+1.3 36.8 3.7
Patellar cartilage 55.6 5.2 59.7*+9.8
Muscle 60.9 = 4.1 553 *8.1

human patellar cartilage study extends these findings to 3D
UTE-Cones adapted AdiabT,;,, sequences. The combination
of T, preparation with UTE sequences can also be used to
quantify other clinically meaningful short T, tissues in the
knee joint such as the meniscus.**** The meniscus plays an
important role in normal knee function, and there is high
interest in evaluating degenerative changes in the meniscus
with T, sequences.’*™? For example, Rauscher et al.*’
reported a high correlation between meniscal T, and clinical
findings of OA, suggesting the importance of T, imaging of
the meniscus. However, only long T, components in the
meniscus could be quantified in that study because they used
clinical gradient echo sequences with TEs around 4 ms,
which are too long to detect the short T, components that
comprise a significant proportion of the meniscus. Therefore,
the 3D AdiabT;, UTE-Cones sequence is likely to provide a
more accurate assessment of cartilage degeneration in
the meniscus compared to the magic angle sensitive
CW-T;, sequence based on conventional gradient echo
sequences.***?

In addition to lower RF power deposition compared with
CW-T,, prepared sequences, the proposed AdiabT;, UTE-
Cones sequence is more resistant to both B; and B inhomo-
geneities because of the adiabatic pulse character and rela-
tively broad pulse spectral coverage of 1.643 kHz. Therefore,
AdiabT;, prepared sequences will also be preferred over
CW-T,, prepared sequences in high field MRI where these
effects are more significant. In addition to the HS1 type of
AFP pulse used in this study, other RF types such as HS4
and HS8 can also be designed for AdiabT,, prepara-
tion.">'%2° Different T, characters can be generated by dif-
ferent types of RF pulses. For example, T;, generated by
HS4 type pulse trains is slightly more sensitive to cartilage
degeneration but also more sensitive to the magic angle
effect compared with the T, generated by HSI type pulse
trains.?’

Significant scan time reduction for the 3D AdiabT,,
UTE-Cones sequence was achieved using multispoke data

T, and its fitting standard errors (ms) of quadriceps tendon, patellar tendon, ACL, PCL, meniscus, patellar cartilage and muscles in

3 4 Average

23.8+20 195*+1.5 225*22
232+25 175+ 1.7 22.4*3.7
493=*53 452+54 484 +3.7
44339 38.5+£4.0 40.1 =2.8
33.7+29 348 3.6 346=*1.6
58.7*x10.2 443*+6.4 54.6 =7.0
58.6 £64 51.8£6.3 56.7 4.0

acquisition in this study. Both simulation and phantom stud-
ies demonstrated that the modified signal model of Eq. 2 was
appropriate for T}, fitting by incorporating saturation effects
during the multispoke acquisition. A low flip angle was used
for signal excitation to avoid image artifacts induced by the
signal intensity variations among the acquisition spokes. As
can be seen from both phantom (Figure 3) and knee data
(Figures 5 and 6), an interesting phenomenon was observed:
the signal intensity of the data acquired with an AdiabT,,,
preparation of a non MLEV4 phase scheme (e.g., Napp = 2
or 6) was still located properly along the fitting curve. This
suggests that heteronuclear decoupling with a MLEV4 phase
scheme is not necessary for AdiabT},, contrast generation.
There is an important difference between our sequence
and the sequence recently reported by Zhang et al.?! for 3D
adiabatic T;, mapping. In our sequence, to increase the
SNR, there is a gap between the end of the acquisition spoke
series and the next AdiabT,,, preparation. However, no such
gap exists in the Zhang et al.>' sequence, because they used
a high field animal scanner that has much better SNR per-
formance. In addition, whereas Zhang et al.?! used a semi-
analytical approach, we used a simplified model because the
accurate signal equation can be even more complicated than
the Zhang et al.*' signal equation. However, as demonstrated
by both simulation and phantom studies, we can still get
good fitting results with our simplified signal model. As
shown in the fitting curves in both Figures 5 and 6, the data
of all the tissues in the knee fit the mono-exponential model
well. Different proton pools in a tissue are likely to have dif-
ferent T, values, and in particular, the extremely short T,
proton components may have shorter T;, values. However,
AFP pulses cannot be made short enough to get the
AdiabT,, signal decay curve for the extremely short T, com-
ponents because of the limitation of both RF peak power and
specific absorption rate (SAR) levels in clinical scanners. A
relatively high peak B, value was used for the AFP pulses to
shorten the RF duration so that more signals from the short
T, tissues (such as meniscus) can be acquired. SAR will be
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TABLE 2 T, and its fitting standard errors (ms) of quadriceps tendon, patellar tendon, ACL, PCL, meniscus, patellar cartilage and muscles in

6 in vivo human knee samples as well as their average and SD values (ms)

In vivo knee 1 2 3
Quadriceps tendon 13.6 0.6 134x1.1 13.6 £ 1.0
Patellar tendon 9.3*0.5 93*+04 9403
ACL 35.0x45 373+38 334x35
PCL 21.5*19 229=*1.7 21.2*2.0
Meniscus 23.0*+1.6 213*+14 262+ 1.9
Patellar cartilage 423 +6.5 47.7*+6.9 473=*175
Muscle 43.7+4.38 42.0*=4.7 41.8+4.2

increased because of the relatively high RF power. However,
the SAR level of the proposed protocol is still in the safe
range for extremity imaging where the use of multispokes
and a transmit/receive 8-channel knee coil help reduce SAR.

The FatSat pulse will saturate part of tissue magnetiza-
tions especially for short Tj tissues, leading to reduced SNR.
However, in UTE imaging with radial or spiral sampling,
chemical shift artifacts manifest as ringing artifacts, which
will affect the quantitative measurement. Therefore, it is pre-
ferred to lose some image SNRs using a FatSat pulse rather
than get inaccurate T;, values. Fat saturation time was
counted in the non-spin-lock time (i.e., TR — TSL) in the
equation. Moreover, with Bloch simulation, we found that
placing the fat saturation time between the AdiabT),,, prepara-
tion, and the acquisition spokes has similar fitting results
compared to when we placed the fat saturation time right
before the AdiabT,, preparation. This is because the fat satu-
ration time is much shorter than TR in this study. Addition-
ally, coil ring-down time should be considered in the
definition of the shortest echo time, which is very important
for accurate T; quantification of short T, tissues. However,
the majority of UTE articles published so far have used the
definition of TE as the time between the end of the short rec-
tangular pulse and the start of k-space center. We have cho-
sen to follow that convention in this article. Furthermore,
because we used the same echo time for all the AdiabT,,
preparations, the image contrasts are mainly generated by
these AdiabT,, preparations. Therefore, even when contami-
nated with coil ring-down effects, we can still get accurate
quantitative T, values.

In general, as can be seen from Tables 1 and 2, the T,
values of the tissues measured in the in vivo knee study were
consistently lower than the values in the ex vivo knee study.
These differences likely reflect the differences in temperature
during imaging. The faster T;, decay in vivo may be caused
by the stronger spin or molecular fluctuations at the higher
temperature of volunteer knee joints than cadaveric knee
joints. Because this work focused on technical development,

4 5 6 Average

149+13 13.7*1.0 129+1.2 13.9£0.7
9.6 £0.7 9.4=x0.5 11.3£0.6 9.7%0.8

37.5+5.6 36.1 £3.9 30.0 3.0 349x238
226 1.7 225+1.2 19.0x 1.5 21614
21.4x1.7 21.5+1.1 21.7x1.6 225=*1.9
42.5+6.6 435*+59 44.1£6.2 445+24
43.7+438 445+32 43544 432 =*1.1

we only reported the feasibility of T,, quantification for
most of the tissues about the knee joint, including tendons,
ligaments, meniscus, cartilage, and muscles. We are planning
to perform a more systematic magic angle imaging study for
cartilage, including the different layers (superficial, transi-
tional, radial, and calcified layers), with several quantitative
MRI techniques including T, T,, and MT modeling.**

This study has several limitations. First, we have only
demonstrated the technical feasibility of the 3D AdiabT,,
UTE-Cones sequence in providing volumetric quantitative
T, imaging of both short and long T, tissues both ex vivo
and in vivo. No patients were studied in this work. Second,
the sensitivity of 3D AdiabT;, UTE-Cones measurements to
knee joint degeneration has not been investigated. It will be
necessary to conduct a systematic study of knee joints with
different degrees of degeneration followed by histological
evaluation. Third, the 3D AdiabT;, UTE-Cones sequence
used for in vivo imaging was ~18 min long, which is still rel-
atively long for a patient study. The scan time can be further
reduced with a smaller number of TSLs, such as 4. Moreover,
fast 3D acquisition with acceleration techniques such as par-
allel imaging or compressed sensing can be used to further
accelerate the data acquisition.** Fourth, only patellar carti-
lage was used for this magic angle study. Other tissues, such
as Achilles tendon, menisci, and ligaments, would also be
very interesting for future magic angle studies.*****

6 | CONCLUSION

The 3D AdiabT,;, UTE-Cones technique provides robust volu-
metric quantitative T, measurement of both short and long T,
tissues including quadriceps tendon, patellar tendon, ACL,
PCL, meniscus, patellar cartilage, and muscle in the knee joint.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article.

FIGURE S1 Patellar cartilage sample images used to study
the magic angle effect on 3D AdiabT,, UTE-Cones. Local-
izers, AdiabT,, images, and corresponding fitting curves of
5 angular orientations (0°, 30°, 55°, 70°, and 90 ° between
the normal direction of cartilage surface and the main
field By) are shown. The localizer was imaged by a con-
ventional GRE sequence with TE/TR =3.2/8.6 ms. The
selected AdiabT,, images were acquired with Nogp =0, 4,
8, and 16. The obtained T, values are shown together
with the fitting curves.
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