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1 | INTRODUCTION

We report a novel three-dimensional (3D) ultrashort echo time (UTE) sequence employing Cones
trajectory and Ty, preparation (UTE-Cones-Ty,) for quantitative Ty, assessment of short T,
tissues in the musculoskeletal system. A basic 3D UTE-Cones sequence was combined with a
spin-locking preparation pulse for T;, contrast. A relatively short TR was used to decrease the
scan time, which required T; measurement and compensation using 3D UTE-Cones data
acquisitions with variable TRs. Another strategy to reduce the total scan time was to acquire
multiple Cones spokes (Ns,) after each Ty, preparation and fat saturation. Four spin-locking times
(TSL = 0-20 ms) were acquired over 12 min, plus another 7 min for T; measurement. The 3D
UTE-Cones-T;, sequence was compared with a two-dimensional (2D) spiral-T,, sequence for
the imaging of a spherical CuSO,4 phantom and ex vivo meniscus and tendon specimens, as well
as the knee and ankle joints of healthy volunteers, using a clinical 3-T scanner. The CuSQO,4
phantom showed a Ty, value of 76.5 + 1.6 ms with the 2D spiral-T,, sequence, as well as
85.7 + 3.6 and 89.2 + 1.4 ms for the 3D UTE-Cones-T,, sequences with Ny, of 1 and 5,
respectively. The 3D UTE-Cones-T,, sequence provided shorter T,, values for the bovine menis-
cus sample relative to the 2D spiral-T;, sequence (10-12 ms versus 16 ms, respectively). The
cadaveric human Achilles tendon sample could only be imaged with the 3D UTE-Cones-Ty,
sequence (T1, = 4.0 + 0.9 ms), with the 2D spiral-T,, sequence demonstrating near-zero signal
intensity. Human studies yielded T,, values of 36.1 + 2.9, 18.3 + 3.9 and 3.1 + 0.4 ms for
articular cartilage, meniscus and the Achilles tendon, respectively. The 3D UTE-Cones-T4,

sequence allows volumetric T;, measurement of short T, tissues in vivo.

KEYWORDS

Cones, meniscus, short T, Ty, T, tendon, UTE

enhanced magnetic resonance imaging (MRI) of cartilage (AGEMRIC)

and sodium imaging have been used previously to measure PG

Osteoarthritis (OA) affects millions of people and has a substantial
impact on the economy and the healthcare system worldwide.
Amongst the most significant early changes in OA is the loss of proteo-
glycans (PGs) in articular cartilage.! Although delayed gadolinium-

Abbreviations used: 2D, two-dimensional; 3D, three-dimensional; dGEMRIC,
delayed gadolinium-enhanced MRI of cartilage; ECM, extracellular matrix; FOV,
field of view; MAPSS, magnetization-prepared angle-modulated partitioned-k-
space spoiled gradient echo snapshots; MRI, magnetic resonance imaging; OA,
osteoarthritis; PBS, phosphate-buffered saline; PGs, proteoglycans; RF,
radiofrequency; ROI, region of interest; SNR, signal-to-noise ratio; Ty,
spin-lattice relaxation in the rotating frame; TE, echo time; TSL, spin-locking
time; UTE, ultrashort echo time

distribution,? spin-lattice relaxation in the rotating frame (T;,) has
been proposed as an attractive alternative to probe biochemical
changes in cartilage.*™¢ Ty, reflects the slow interactions between
motion-restricted water molecules and their local macromolecular
environment, and provides unique biochemical information in the
low-frequency region, ranging from a few hundred hertz to a few
kilohertz.” Changes to the extracellular matrix (ECM), such as PG loss,
may be reflected in measurements of Ty, and T4, dispersion (T4, values
as a function of the spin-locking field). Recent studies have demon-
strated that T;, shows high sensitivity to PG loss in suspensions and

bovine cartilage samples, as well as in patients with OA.4~¢8?
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Human joints are composed of many different tissues, including
articular cartilage, calcified cartilage, menisci, ligaments, tendons and
bone, all of which are important to the health of the joint.2°~*2 How-
ever, conventional spin-locking-prepared MRI pulse sequences are of
limited value for the detection of evidence of early PG depletion in
deep radial and calcified cartilage, menisci, ligaments and tendons
because these tissues typically have T, values ranging from
submilliseconds to several milliseconds, and thus provide little detect-
able signal using conventional sequences.* > The lack of signal
means that conventional Ty, sequences are of limited value for the
detection of evidence of early biochemical changes, such as PG deple-
tion, in short T, tissues. An effective non-invasive assessment of PG
depletion could have a major impact in, not only, long T, tissues, such
as the superficial layer of articular cartilage, but in MR-‘invisible’ short
T tissues, such as deep radial and calcified cartilage, menisci, ligaments
and tendons. This, in turn, may improve our ability to make early diag-
noses, monitor clinical progress and evaluate new treatments.

In this study, we report the combination of a three-dimensional
ultrashort echo time sequence employing Cones trajectories with a
self-compensated spin-locking T, preparation (3D UTE-Cones-T,)
for volumetric T1, assessment of short T, tissues in vitro and in vivo.
The 3D UTE-Cones sequence has increased signal-to-noise ratio
(SNR) efficiency and less sensitivity to eddy currents than the conven-

tional 2D UTE sequence,l‘s"18

and can potentially provide volumetric
assessment of Ty, values for both short and long T, tissues using a
clinical 3-T scanner. In this feasibility study, the new sequence was
applied to a spherical CuSO,4 phantom, ex vivo meniscus and tendon

samples, as well as knee and ankle joints of healthy volunteers.

2 | METHODS

2.1 | Pulse sequence

All scans were performed on a 3-T Signa Twin Speed scanner (GE
Healthcare Technologies, Milwaukee, WI, USA). The sequence
consisted of a 3D UTE-Cones sequence preceded by a self-compen-
sated, spin-locking preparation pulse cluster, as shown in Figure 1.

The 3D UTE-Cones sequence employed a short radiofrequency (RF)

Spin-lock pulse
90°, -90°,

RF |— = 1 —T

]
TSL
Gx,y.z

DAW % D —
(A)

e—TE = 32 ps

rectangular pulse (duration, 26-52 us) for signal excitation, followed
by 3D spiral trajectories sampled on the Cones with a minimal nominal
TE of 32 ps.2” The 3D Cones sequence provides volumetric UTE imag-
ing in a time-efficient manner with markedly reduced eddy current arti-
facts compared with the regular 2D UTE sequence.'® Furthermore, the
3D Cones sequence has improved SNR efficiency compared with 2D
or 3D radial UTE sequences, as 3D spiral trajectories have an improved
duty cycle compared with the regular radial trajectories.?® Moreover,
the 3D UTE-Cones sequence allows anisotropic field of view (FOV)
and spatial resolution (e.g. higher in-plane resolution and thicker slice),
resulting in vastly reduced scan times. This time efficiency greatly ben-
efits clinical applications.

In the 3D UTE-Cones-T;, sequence, Ty, contrast is developed
during the spin-locking time (TSL). Quantitative measurement of Ty,
can be achieved by acquiring 3D UTE-Cones-T,,, images at a series
of TSLs. However, this process is time consuming because of the
repeated 3D UTE-Cones-T4, acquisitions. One approach to reduce
the total scan time is to use a relatively short TR (e.g. less than
200 ms). However, this approach may result in significant T, contami-
nation because of incomplete recovery of the longitudinal magnetiza-
tion.?* T, compensation is necessary for accurate measurement of

T4, based on the following equation??:

e TSL/T1ox (1 -¢~(TR-TSL)/T1

S(TSL) 1-e-TSL/Tlpxe-(TR-TSL)/Tlxcos o

xsin o+ C (1)

where TR is the time between RF excitation pulses with a flip angle a,
Ty, is the spin-lattice relaxation time of the tissue of interest and T, is
the longitudinal relaxation time of the tissue of interest. A constant
term C is introduced to account for background noise and artifacts
associated with 3D UTE-Cones-T,, data acquisition and image recon-
struction. T, values of short T, tissues can be obtained with 3D Cones
data acquisitions with variable TRs.?? The following equation can be
used to fit Tq:

1-e"TR/T1

S(TR, ) xsin o+ C (2)

1-cos axe TR/TL

where the loss of transverse magnetization during the application of

the RF pulse is neglected because of the use of a short rectangular

k-space trajectory

(B)

FIGURE 1 Three-dimensional ultrashort echo time cones T;, (3D UTE-cones-T;,) pulse sequence combines a regular 3D UTE cones sequence
(minimal nominal TE of 32 us) with a spin-locking preparation pulse cluster, which consists of a hard 90° pulse, followed by a composition spin-
locking pulse and another -90° hard pulse (A). The phase of the second half of the composite spin-locking pulse is shifted 180° from the first half to
reduce artifacts caused by B, inhomogeneity. The 3D cones sampling trajectory is shown in (B). DAW, data acquisition window; FID, free induction
decay; RF, radiofrequency; SL, spin-locking; TE, echo time; TSL, spin-locking time
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pulse (duration, 52 us, 20°). Both longitudinal and transverse relaxa-
tions during this short RF pulse are minimal as T, values (in the range
of hundreds of milliseconds or longer) and T,* values (in the range of
milliseconds or longer) are much longer than the pulse duration.
Another approach to reduce the total scan time is to acquire mul-
tiple spiral spokes (Ns,,) after each Ty, preparation. As fat saturation is
typically required in Ty, imaging, Ns, Cones trajectory data can be
acquired after each fat saturation followed by T,, preparation. Up to
five spiral spokes were tested in this study. Accuracy was evaluated
by comparing the T4, values acquired with multiple spiral spokes and
the T4, values acquired with a single spiral spoke per T4, preparation,

without and with fat saturation.

2.2 | Simulation

Numerical simulation was performed on a single-component model to
fit T4, according to Equation 1 and T, according to Equation 2. For T4,
fitting, four images with TSLs of 0.02, 5, 10 and 20 ms were generated
with T; of 700 ms, Ty, of 10 ms, TR of 160 ms and a flip angle of 16°.
For T, fitting, five images with TRs of 6.5, 10, 15, 20 and 30 ms were
generated with T, of 700 ms and a flip angle of 20°. White noise was
added to produce images with SNRs in the range 5-100. For each
SNR value, 1000 trials each with different noise realizations were per-
formed using the single-component fitting models described above.
The fitted T;, and T values, as well as the standard errors as a function
of SNR, were analyzed. However, B, errors, including B, field inhomo-

geneity and related flip angle errors, were not considered in this study.

2.3 | Phantom, ex vivo and in vivo studies

We first evaluated the 3D UTE-Cones-T;, sequence on a CuSO,
spherical ball phantom using a conventional 2D spiral-T;, sequence
as reference standard.® Then, the 3D UTE-Cones-T;, sequence was
applied to bovine meniscus samples (n = 4) and human cadaveric Achil-
les tendon samples (n = 4). Finally, the 3D UTE-Cones-T;, sequence
was applied to the knee joint of a 28-year-old healthy volunteer and
the ankle joint of a 38-year-old healthy volunteer to test the feasibility
of this sequence for in vivo applications. Institutional Review Board
approval and written informed consent were obtained prior to in vivo
scans. The 3D Cones-Ty, imaging parameters were as follows:
TR = 160 ms; acquisition matrix, 192 x 192; sampling points per Cones
spiral trajectory, 380 for the phantom and in vivo study and 388 for the
ex vivo study; sampling duration, 3.04 ms for the phantom and in vivo
study and 6.21 ms for the ex vivo study; number of Cones spiral trajec-
tories, 5891 for the phantom and in vivo study and 5731 for the ex vivo
study; number of slices, 30; TE = 32 us; flip angle, 16°; FOV of 16 cm
for the phantom and volunteers and 4 cm for the meniscus and tendon
samples; slice thickness, 3 mm for the phantom and volunteers and
1 mm for the meniscus and tendon samples; spin-locking field,
500 Hz; TSL = 0.02/5/10/20 ms for phantom, cartilage and meniscus;
TSL = 0.02/1/5/10 ms for tendons. For no fat-saturation imaging, the
total scan time was 15 min per TSL. For fat-saturation imaging, five
Cones trajectories (Ns, = 5) were sampled with each fat saturation
and spin-locking preparation pulse, with the same flip angle of 16°

and 6-8 ms between acquisitions, and the scan time was reduced to
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3 min per TSL. For 2D spiral-T,,, similar imaging parameters were used
with a longer TR of 1500 ms, a longer TE of 5.6 ms for ex vivo imaging,
sampling points per 2D spiral trajectory of 4096, sampling duration of
16 ms, number of 2D spiral trajectories of 14 and a total scan time of
6 min. A sinc pulse was used for slice-selective excitation in 2D spiral-
T4, imaging. T, effects were minimized by the incorporation of T, into
the fitting of T4,. T1 was measured using 3D Cones data acquisitions
with a series of TRs (6.5, 10, 15, 20, 30 ms) and a flip angle of 20° with
a total scan time of 7 min. The 2D spiral-T;, and 3D UTE-Cones-T4,
acquisitions without and with fat saturation were applied to phantom
and bovine meniscus samples, as well as human Achilles tendon sam-
ples. Only 2D spiral-T;, and 3D UTE-Cones-T;, with fat saturation
were applied to healthy human volunteers to save scan time. The sam-
ples were stored in phosphate-buffered saline (PBS) solution for 24 h
prior to MRI. Each sample was placed in Fomblin solution (Ausimont,
Thorofare, NJ, USA), which helped to maintain hydration and minimize
susceptibility effects at tissue-air interfaces during MRI. A solenoid
coil was used for the meniscus and tendon samples. An eight-channel
knee coil was used for the phantom and in vivo knee joint study. A
quadrature knee coil was used for the in vivo Achilles tendon study.

2.4 | Image analysis

SNR was measured for each TSL and was calculated as the ratio of the
mean signal intensity inside a user-drawn region of interest (ROIl) to
the standard deviation of the signal in ROI placed in the background.
T4, values were obtained using a Levenberg-Marquardt fitting algo-
rithm developed in-house, based on Equation 1. A constant term C
was introduced to account for background noise and artifacts associ-
ated with UTE data acquisition and image reconstruction. T, was quan-
tified through exponential fitting of Equation 2. The analysis algorithm
was written in MATLAB (MathWorks Inc., Natick, MA, USA) and was
executed offline on axial or sagittal images obtained with the protocols
described above. The program allowed the placement of ROls on the
first image of the series, which were then copied to the corresponding
position on each of the subsequent images. The mean intensity within
each of the ROIs was used for subsequent curve fitting, generatinga T4
or Ty, value as well as the associated fitting error. Five different
regions of interest were fitted to determine the average T, relaxation
times and standard deviations for the phantom, meniscus, Achilles ten-
don and articular cartilage, using a single-component, curve-fitting

model.

3 | RESULTS

Numerical simulation studies demonstrated that both Ty, and T; fit-
tings were dependent on the image SNR. With a T; of 700 ms, TR of
160 ms, flip angle of 16°, T1, of 10 ms and four TSLs ranging from
0.02 to 20 ms, Equation 1 produced errors of <0.01%, 0.4%, 2.5%,
6%, 20.4% and 41.1% in Ty, fitting with SNRs of 100, 50, 30, 20, 10
and 5, respectively. As the Cones-T,, sequence typically generates
high-quality images with SNRs of ~45 for menisci in the knee joint
and ~20 for the Achilles tendon, the Ty, fitting error is expected to
be in the range 3-6% for in vivo studies. A reduced fitting error is
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expected for ex vivo studies, where the SNR is typically more than 100.
With a T, of 700 ms, flip angle of 20° and five TRs ranging from 6.5 to
30 ms, Equation 2 produced errors of less than 0.5% with an SNR
down to 8, suggesting little fitting error with this model.

The 3D UTE-Cones-T,, sequence was successfully implemented
for in vivo and ex vivo studies with negligible artifacts. The Ty, values
obtained from the spherical copper sulfate phantom were about 10%
higher with the 3D UTE-Cones-T;, sequences (85.7 + 3.6 ms with
Nep = 1 and 89.2 + 1.4 ms with N, = 5) than those obtained with
the 2D spiral-T4, sequence (76.5 + 1.6 ms), as shown in Figure 2.

Figure 3 shows 3D UTE-Cones-T, imaging of a bovine meniscus.
The 2D spiral-T;, sequence provided limited signal for the meniscus,
whereas the 3D UTE-Cones-T;, sequence provided much higher signal
with an SNR of 112.5 + 8.6, which is about six times higher than that
of the 2D spiral-T;, sequence. A mean T, of 638 + 42 ms was demon-
strated for the bovine menisci based on 3D UTE-Cones imaging with a
constant flip angle and variable TRs. The 2D spiral-T1, of bovine
meniscus was reported to be 16.2 + 0.9 ms, whereas 3D UTE-
Cones-Ty, showed slightly lower values of 10.5 + 0.8 ms with N, of
land12.1 + 0.6 ms with Ny, of 5. On average, the four bovine menis-
cus samples showed a Ty, of 13.4 + 1.6 ms with 3D UTE-Cones-T4,
with fat saturation and N, of 5, and 18.3 + 1.8 ms with the 2D spi-
ral-Ty, sequence.

Figure 4 shows 2D spiral-T;, and 3D UTE-Cones-T,, imaging of a
cadaveric human Achilles tendon sample. A mean T; value of
668 + 34 ms was demonstrated for the human Achilles tendon sample
based on 3D UTE-Cones imaging with a constant flip angle and vari-
able TRs. The 2D spiral-T,, sequence provided a near-zero signal for
the Achilles tendon mainly because of its relatively long TE of 5.6 ms
(signal from the Achilles tendon decayed to near zero at this long
TE). In comparison, the 3D UTE-Cones-T;, sequence provided high
signal and spatial resolution for the Achilles tendon sample with an
SNR of 25.3 + 3.8 and Ty, of 4.0 + 0.9 ms. On average, the four
human Achilles tendon samples showed a Ty, of 4.3 + 0.8 ms with
3D UTE-Cones-T,, with fat saturation and N, of 5. T4, values were
not calculated for any of the human Achilles tendon samples using
the 2D spiral-T,, sequence because of a lack of signal.

Figure 5 shows 3D UTE-Cones-T,, imaging of the knee joint of a
28-year-old healthy male volunteer. Again, the 2D spiral-T;, sequence
provided limited signal for the meniscus with an SNR of 10.8 + 2.3,

whereas the 3D UTE-Cones-T4, sequence provided much higher signal
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from the meniscus with an SNR of 448 + 52. A mean T, of
802 + 25 ms was demonstrated for the menisci of this volunteer. T;,
was measured for the tibial plateau articular cartilage (36.1 + 2.9 ms)
and the meniscus (18.3 + 3.9 ms), as shown in Figure 5B. The T, value
derived from the tibial plateau cartilage was about 19% higher
(42.8 + 4.5 ms) with the 2D spiral-T,, sequence, consistent with lon-
ger T, components contributing to spiral-T,, imaging.

Figure 6 shows 3D UTE-Cones-T;, imaging of the Achilles tendon
of a 27-year-old healthy male volunteer. The 2D spiral-T, sequence
provided near-zero signal for the Achilles tendon with an SNR of
3.2 + 0.6, whereas the 3D UTE-Cones-T,, sequence provided much
higher signal from the Achilles tendon with an SNR of 20.9 + 3.2. A
mean T, of 726 + 43 ms and T,, of 3.1 + 0.4 ms were demonstrated
for the Achilles tendon of this volunteer. T;, quantification could not
be performed on the 2D spiral-T,, images because the SNR was too
low.

4 | DISCUSSION

There are numerous tissue types comprising the knee joint, including
cartilage, ligaments, tendons, synovium, meniscus and bone. Studies
have shown that component failures, such as structural changes in col-
lateral ligaments*? or meniscal damage or position, can lead to cartilage
loss.'22% For example, Hunter et al.'! examined the association of
meniscal pathological changes with cartilage loss in symptomatic knee
OA. They found that each aspect of meniscal abnormality (whether
change in position or damage) had a major effect on the risk of carti-
lage loss.* In general, the deterioration or misalignment of any of
the tissues comprising the knee joint can increase the progression of
OA.10-1223 Ag such, it is essential to be able to image as many compo-
nents as possible to allow for the comprehensive assessment of longi-
tudinal OA patient groups. UTE provides the ability to image all of the

major components in the knee joint,13'24

and the high signal and cover-
age afforded by the 3D UTE-Cones sequence indicate that it promises
to be a robust solution for this clinical research problem.

In recent years, there has been increased interest in the quantita-
tive imaging of short T, tissues, such as tissue components of the knee
joint, especially the meniscus.2>"2% For example, Krishnan et al.?®
investigated dGEMRIC imaging of both meniscus and cartilage, and

found a significant correlation between T4(Gd) of the meniscus and
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FIGURE2 T, quantification of a spherical ball phantom filled with copper sulfate using a two-dimensional (2D) spiral-T,,, sequence, which showed
a Ty, value of 76.5 + 1.6 ms (a), a three-dimensional ultrashort echo time cones Ty, (3D UTE-cones-T,,) sequence, which showed a T4, value of
85.7 + 3.6 ms (B), and a 3D UTE-cones-T;, sequence with one spin-locking preparation and one fat saturation pulse followed by five spokes
(Nsp = 5), which showed a Ty, value of 89.2 + 1.4 ms (C). FS, fat saturation; NFS, no fat saturation; TSL, spin-locking time
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FIGURE3 Selected three-dimensional ultrashort echo time cones Ty, (3D UTE-cones-T,,) images of a bovine meniscus sample with different spin-
locking times (TSLs) of 0.02 ms (a), 5 ms (B), 10 ms (C) and 20 ms (D), as well as T4, quantification with a two-dimensional (2D) spiral-T,, sequence,
which showed a Ty, value of 16.2 + 0.9 ms (E), 3D cones-T;,, sequence, which showed a Ty, value of 10.5 + 0.8 ms (F), and 3D UTE-cones-Ty,
sequence with one spin-locking preparation and one fat saturation pulse followed by five spokes (Ns, = 5), which showed a T, value of

12.1 + 0.6 ms (G). FS, fat saturation
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FIGURE 4 Selected three-dimensional ultrashort echo time cones T, (3D UTE-cones-T,,) images of a cadaveric human Achilles tendon sample
with a TE of 32 ps and different spin-locking times (TSLs) of 0.02 ms (a), 1 ms (B), 5 ms (C) and 10 ms (D), as well as spiral-T;, imaging of the
same sample with aTE of 5.6 ms and different TSLs of 0.02 ms (E), 1 ms (F), 5 ms (G) and 10 ms (H). T4, of the Achilles tendon sample can only be
quantified with the 3D UTE-cones-T;, sequence, which showed a Ty, value of 4.0 + 0.9 ms (I)

T1(Gd) of the articular cartilage of the knee in OA. These interesting
results suggest that knee joint degeneration occurs in both tissues.®
Rauscher et al.?® reported a high correlation between meniscal Tip
and clinical findings of OA, suggesting the importance of T;, imaging
of the meniscus. Bolbos et al.?” investigated the relationship between
meniscal Ty, and adjacent cartilage T;, in knees with acute anterior
cruciate ligament injuries, and found a strong injury-related relation-
ship between meniscus and cartilage biochemical changes. Wang

et al.2®

investigated the subregional, compartmental and whole T,,
values of menisci in patients with doubtful/minimal relative to moder-
ate/severe OA and healthy controls at 3 T. They found that lateral
anterior and medial posterior meniscus subregions in healthy controls
showed significantly lower T, values than the corresponding menis-
cus subregions in patients with OA. These results suggest that damage

in the medial posterior subregion and medial compartment of menisci

might be associated with OA.?8 A drawback of the above techniques
is that they all utilized clinical gradient echo sequences with a TE of
around 4 ms, which is comparable to the T,* value of the meniscus
and is therefore too long to detect the short T, components that com-
prise a significant proportion of the entire tissue. The long T, compo-
nents in the meniscus were probably the only contribution to the
detected signal. UTE-type sequences, with much shorter TEs, are
expected to provide better depiction and characterization of the
meniscus. Therefore, the 3D UTE-Cones-T4, sequence is likely to pro-
vide more accurate assessment of PGs in the meniscus relative to the
T1, sequence based on conventional gradient echo sequences.2é"28
By definition, the TEs of UTE sequences are very short and the
ability to reduce TR to decrease the imaging time is promising. The
complication of reducing TR is the reduced recovery of the longitudinal

magnetization. At steady state, this introduces T, contamination, as
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FIGURE5 Selected three-dimensional ultrashort echo time cones Ty, (3D UTE-cones-T;,,) images of the knee joint of a 28-year-old healthy male
volunteer with four different spin-locking times (TSLs) of 0.02 ms (a), 5 ms (B), 10 ms (C) and 20 ms (D). The femorotibial cartilage and meniscus are
seen with high spatial resolution, signal and contrast. Single-component curve fitting shows a T, value of 36.1 + 2.9 ms for the articular cartilage

(E) and 18.3 £ 3.9 ms for the meniscus (F). ROI, region of interest

Cones-T,

T,=31+04ms

Noermlizol 3D Cones: T, Sigmal

FIGURE 6 The Achilles tendon of a 38-year-old healthy male volunteer imaged using the three-dimensional ultrashort echo time cones T;, (3D
UTE-cones-Ty,) sequence with four different spin-locking times (TSLs) of 0.02 ms (a), 1 ms (B), 5 ms (C) and 10 ms (D), and the two-dimensional
(2D) spiral-T1p sequence with four different TSLs of O ms (E), 1 ms (F), 5 ms (G) and 10 ms (H). The Achilles tendon was depicted with high spatial
resolution, signal and contrast with the 3D UTE-cones-T1p sequence, but with near-zero signal with the 2D spiral-T;, sequence. Single-component
curve fitting shows a T4, value of 3.1 & 0.4 ms for the Achilles tendon, which could only be measured with the 3D UTE-cones-T4, sequence (I)

described by Aronen et al.?* The ability to accurately report and com-
pare Ty, values across different pulse sequences and field strengths is
important. To accurately account for T; contamination, T,* and T;
values of the tissue are required,?’ resulting in increased scan time.
This compensation is further confounded by multiple components of
T>* relaxation commonly encountered in UTE musculoskeletal applica-

tions,30-32

which limits comparisons with T;, sequences based on con-
ventional clinical sequences with much longer TEs.*~¢

We employed Cones acquisitions with variable TRs for efficient
volumetric T4 mapping. The Cones acquisition is important, especially
for short T, tissues whose T; values cannot be readily measured with
conventional clinical techniques.?? However, this technique is sensitive

to flip angle errors. Cones imaging with actual flip angle imaging is one

3334 and will be

method for accurate T, mapping of short T, tissues,
investigated in future studies. Another approach used to reduce the
total scan time is to acquire multiple spokes per spin-locking prepara-
tion and fat saturation. This approach markedly reduced the total scan
time by Ngp, but affected only moderately the T4, values, as demon-
strated in the phantom and bovine meniscus sample studies shown in
Figures 2 and 3, respectively.

The 3D UTE-Cones-T;, sequence is expected to provide lower Ty,
values for short T, tissues, such as menisci and tendons, because of the
contribution of the shorter T, components, which may be detected
with the 3D UTE-Cones-Ty, sequence with a TE value of 32 ps, but
is difficult to detect with conventional gradient echo-based T,,

sequences with much longer TEs.24~2® For example, Wang et al.?®
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applied a 3D gradient echo-based T;, sequence to the knee and
reported a Ty, value of around 28 ms for healthy menisci, which is
about 56% longer than the T, value measured with the 3D UTE-
Cones-Ty, sequence. However, shorter Ty, values were found for the

menisci of healthy volunteers by Rauscher et al.,?®

who reported a
T4, value of around 14.7 ms (a TE value of 4.1 ms was used), and by
Bolbos et al.,2” who reported a T1p value of around 15 ms (a TE value
of 3.7 ms was used). Clearly, more research is needed to clarify this dis-
crepancy. The Achilles tendon is ‘invisible’ with all conventional clinical
sequences, and its Ty, value cannot be assessed with conventional T4,
sequences. The UTE-based T;, sequence seems to be a good approach
for reliable T;, measurement of this tissue with extremely short T,*

values (typically less than 2 ms),**

as demonstrated in Figures 3 and
6. Furthermore, it is likely that there is a bi-component T, contribu-
tion from short and long T, components of meniscus and Achilles ten-
don, as well as other short T, tissues. Bi-component T, analysis would
require more TSLs and longer scan times, which makes clinical imple-
mentation challenging, and therefore more research on acceleration
is needed.

There are several limitations of this study. First, only technical fea-
sibility is shown in this study. The bovine meniscus seems to have a
longer T4, value than the human meniscus (18 versus 10 ms), and ex vivo
human Achilles tendon seems to have a longer T;, value than the
in vivo human Achilles tendon (4 versus 3 ms). Further research is
needed to correlate Cones-Ty, with tissue degeneration. The applica-
tion to patients with OA remains to be investigated. Second, the
UTE-Cones-Ty, sequence employs 3D spiral data sampling, which
may generate spatially varying spiral artifacts and thus affect noise cal-
culation, leading to errors in T, fitting. However, this error is likely to
be small considering the high SNR of 3D UTE-Cones-T;, images. Third,
T, errors as a result of B; inhomogeneity are not considered in this
study and will be investigated in the future.>>3* Fourth, fat saturation
is less effective when multiple spiral spokes are acquired following
each fat saturation and spin-lock preparation. Residual signal from
bone marrow fat may infiltrate into the adjacent deep layer of articular
cartilage or other soft tissues as a result of an off-resonance effect,
resulting in quantification error. Fifth, a long T, phantom was used in
this study without further validation on short T, phantoms. This is
because the reference 2D spiral T4, sequence has a minimal TE of
>3 ms and cannot reliably evaluate short T, phantoms. Sixth, multiple
spiral spokes are sampled after each spin-locking preparation.
Although this approach greatly reduces the total scan time, it also leads
to an overestimation of Ty, by about 4%. This error is likely to be a
result of different Ty, contrast for each spiral interleave as each spiral
trajectory goes through the k-space center, and each of the five spiral
trajectories has different T, relaxation. The 3D magnetization-pre-
pared angle-modulated partitioned-k-space spoiled gradient echo
snapshots (3D MAPSS) sequence employs a similar approach by
acquiring multiple Cartesian k-space lines of data per spin-locking
preparation.>> However, in 3D MAPSS, most of the Cartesian lines
do not pass through the k-space center, and thus the difference in T4
relaxation for these data does not affect T,, calculation.

Our study demonstrates the feasibility of T,, imaging of short T,
tissues, such as meniscus and Achilles tendon, with the 3D UTE-

Cones-Ty, sequence. The self-compensated, spin-locking preparation

NMR
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pulse preceding the 3D Cones sequence provides a novel SNR-effi-
cient method to obtain volumetric Ty, contrast in a clinically accessible
scan time. In addition to increased volumetric coverage (relative to 2D
radial UTE imaging), the reduced artifacts and increased signal should
provide improved reliability for longitudinal studies validating UTE

T4, for the assessment of OA progression.
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