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ABSTRACT

Background: Improved knee cartilage morphological delineation and T2 mapping
precision necessitates isotropic 3D high-resolution and efficient fat suppression.
Purpose: To develop and assess an isotropic 3D lipid-insensitive T2 mapping technique
of the knee for improved cartilage delineation and precise measurement of T2 relaxation
times.

Study Type: Prospective.

Phantom/Subjects: Phantoms (n=6) used in this study were designed to mimic the T1
and T2 relaxation times of cartilage and fat. The study cohort comprised healthy volunteers
(n=7) for morphometry and T2 relaxation time measurements.

Field Strength/Sequence: High resolution isotropic 3D T2 mapping technique that uses
sequential T2-prepared segmented gradient-recalled echo (Iso03DGRE) images and lipid-
insensitive binomial off-resonant RF excitation (LIBRE) at 3T.

Assessment: Numerical simulations and phantom experiments were performed to
optimize the LIBRE pulse. Phantom studies were carried out to test the accuracy of the
technique against reference standard spin-echo (SE) T2 mapping. Subsequently, T> maps
with and without LIBRE pulses were acquired in knees of healthy volunteers and the T2
relaxation time values in different cartilage compartments were compared.

Statistical Tests: A two-tailed paired Student’s t-test was used to compare the average
T2 values and the relative standard deviations (inverse measurement of the precision)
obtained with and without LIBRE pulses.

Results: A LIBRE pulse of 1ms suppressed fat with a radiofrequency (RF) excitation

frequency offset of 1560Hz and optimal RF excitation angle of 35°. These results were



corroborated by phantom and knee experiments. Robust and homogeneous fat
suppression was obtained (a fat SNR decrease of 86.4+2.4%). In phantoms, T2-values
were found in good agreement when comparing LIBRE-ISO3DGRE with SE (slope
0.93+0.04, intercept 0.11+1.6ms, R2>0.99). In vivo, LIBRE excitation resulted in more
precise T2 estimation (23.7+7.4%) than normal excitation (30.5+9.9%, P<0.0001).

Data Conclusion: Homogeneous LIBRE fat signal suppression was achieved with a total
RF pulse duration of 1ms, allowing for the removal of chemical shift artifacts and resulting
in improved cartilage delineation and precise T2 values.
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INTRODUCTION

Progressive cartilage degeneration is considered one of the hallmarks of osteoarthritis
(OA), a common condition that affects the joints and for which, so far, no effective cure
has been found (1). Rising obesity and the aging trend of the world population will likely
worsen the future prevalence of the disease, which in 2010 was already estimated to affect
3.8% of the global population(2) .

Cartilage has a limited capacity to regenerate, which makes it crucial to detect OA at an
early stage, before any permanent cartilage tissue loss. Several compositional magnetic
resonance imaging (MRI) techniques have been proven effective in quantifying and
characterizing cartilage composition at both the biochemical (3) and ultrastructural level
(4). Given the correlation between the T2 relaxation time and the increase in free water
mobility that occurs in cartilage during the early stages of the disease, T2 mapping is
considered as a sensitive quantitative technique for the detection of early OA changes (5).
T2 mapping has therefore gained increasing interest as an outcome measure in research
(6,7) and is also used in clinical routine (8).

T2 mapping techniques can be based on both two-dimensional (2D) or on three-
dimensional (3D) pulse sequences, such as dual-echo spin echo (SE) (9), multi-slice
multi-echo spin echo (MSME) (10), double-echo steady state (DESS) (11), triple-echo
steady state (TESS) (12) and spoiled gradient echo (13). Two-dimensional techniques
have limited spatial coverage and often have poor through-slice resolution, which may
cause partial-volume effects that do not allow the evaluation of specific regions affected
by the disease. In order to overcome these limitations, 3D techniques have been

developed to attain 1) higher signal-to-noise ratio (SNR) efficiency that results in improved



precision in T2 estimation, 2) wider coverage of the joint under examination, and 3) a
higher spatial resolution in the third dimension. However, such 3D techniques usually
come at the cost of a significant increase in scan time.

Recently, a submillimetric isotropic 3D T2 mapping technique of knee cartilage
(Iso3DGRE) (14) with a clinically feasible acquisition time (usually up to a dozen of
minutes for the knee)(15,16) has been developed and validated. Its isotropic nature
allows for reformats in any plane and minimization of partial volume effects, which results
in a more accurate T2 relaxation time quantification.

In addition to partial volume effects, the accuracy of knee cartilage T2 mapping is also
often affected by fat signal from the subchondral bone that is shifted onto the cartilage
due to their chemical shift (CS) differences, and this may especially be pronounced when
acquisitions are performed at low receiver bandwidth to increase SNR. Therefore, a robust
and time-efficient fat suppression would greatly enhance the delineation and accuracy of
cartilage T2 mapping.

Commonly used fat suppression techniques (17) typically exploit the differences in the fat
and water Ta relaxation times (18), Larmor frequencies (19), or both (20). Using inversion
recovery pulses that exploit the T differences to achieve fat saturation directly results in
prolonged scan durations (18). Similarly, the performance of conventional binomial water
excitation (WE) pulses increases with the number of sub-pulses, at the expense of RF
pulse duration. In general, all WE methods are characterized by a compromise between
RF pulse durations and thus scan time, specific absorption rate (SAR), and the sensitivity
to magnetic field (Bo) inhomogeneities and radiofrequency (RF) pulse (B1) imperfections.
Recently, a novel WE RF pulse that is robust to both Bo and B1 inhomogeneities and that

allows for a homogeneous fat suppression with a large bandwidth has been developed



and validated at 3T. This lipid-insensitive binomial off-resonant RF excitation (LIBRE)
pulse (21) was demonstrated for a range of pulse durations from 1.4 to 2.6ms and was
shown to enable superior fat suppression compared to conventional WE and fat saturation
techniques, both in terms of SNR and insensitivity to magnetic field inhomogeneities.
However, the utilization of the LIBRE pulse in knee musculoskeletal applications has not
been explored yet.

The aim of the current study was first to develop and characterize a shortened version of
the LIBRE pulse with a duration of 1ms, and then to combine it with the recently proposed
IsoO3DGRE T2 mapping technique, in order to create an isotropic 3D lipid-insensitive T2
mapping technique of knee cartilage (LIBRE-ISoO3DGRE). The technique was then

validated in phantoms and in healthy volunteers at 3T.
MATERIAL AND METHODS
LIBRE pulse optimization

The LIBRE pulse is composed of two rectangular sub-pulses that have an RF frequency
offset (frr), sub-pulse duration (t) and a specific phase offset (¢=21ft) between the first
and the second sub-pulse. This variable parameter space was exploited to achieve robust
fat suppression with total pulse duration of 1ms (i.e. 2t). When a single rectangular sub-
pulse produces a 21 rotation of the fat magnetization vector (and thus allowing for fat
signal suppression), the relation between frr, the resonance frequency of fat (frat), the RF

excitation angle (a) and t can be described by (21):

_ 1= (a/2m)?
U= Af+yap, | e




where Af is the difference between frr and frat at 3T, ABo represents the local magnetic
field inhomogeneity and a is in radians. In the absence of field inhomogeneities (ABo=0)
and assuming small RF excitation angles, the optimal frr (frropt) can be straightforwardly
calculated.

Bloch equation simulations (22) were performed in Matlab (The MathWorks, Natick,
Massachusetts, USA) to determine the optimal a (dopt) that resulted in simultaneous fat
suppression and water excitation. The T1 and T2 relaxation times were assumed to be
1320ms and 38ms respectively (similar to those of healthy cartilage (23)). Additional
parameters included a segmented k-space gradient-echo (GRE) acquisition with 100
excitations per segment, a T2 preparation module (T2prep) (24) with a duration (TEt2prep)
of 53ms, a repetition time (TR) of 7.1ms and an echo time (TE) of 3.2ms. Total LIBRE
pulse duration was set to 1ms, and the transverse magnetization (Mxy) was characterized
as a function of a and tissue frequency, with water resonating at OHz and fat at -440Hz
when using a magnetic field strength of 3T.

Given the off-resonance excitation with LIBRE, the RF excitation angle a at the offset frr
allows for the optimal excitation of water protons: the actual rotation angle of water equals
the Ernst angle, and was the same for both pulse sequences used in this study. This
parameter, therefore, is not dependent on TEt2prep, TR, T1, Or T2, but it mostly depends on

frr, which defines the extent of the off-resonance excitation.
MR protocols and T2 fitting model

All experiments were performed on a 3T clinical system (Magnetom Prisma, Siemens
Healthcare, Erlangen, Germany) with a 15-channel Tx/Rx knee coil (Quality

Electrodynamics, Mayfield, Ohio, USA). Iso3DGRE pulse sequence parameters with and



without LIBRE excitation pulse (and thus with and without fat suppression capability) are
reported in Table 1. The pulse sequence diagram, together with the RF pulse design are
depicted in the Supplementary Material (Supporting Figure S1). A least-square method
was used in Matlab to perform pixel-wise T2 mapping. As previously established (25-27),
an empirical offset was added to the T2-fitting equation in order to compensate for T
recovery during the relatively long segmental acquisition time and was set to enhance

sensitivity to T2 relaxation time in order to increase the accuracy of the fit (14) as follows:

_TETZprep 5

S(TEt2prep) = So 'Ie T2+ T_Zl (Eq.2),

where So is defined as the signal when TErzpep is zero and & represents the empirical
offset. The T2-fitting offset & was empirically chosen such that the intercept value in the
linear regression between the gold standard spin echo (SE) (28) and the LIBRE-
Iso3DGRE phantom T2 values was minimized and the linear regression slope was closest

to 1.
In vitro characterization

Phantom studies were performed in order to verify the optimized LIBRE parameters frropt
and dopt, to determine the empirical fit offset, to characterize the accuracy of the technique
against the gold standard SE and finally to compare the T2 relaxation time estimation
obtained with normal excitation and with the LIBRE pulse (Iso3DGRE vs. LIBRE-
ISO3DGRE).

The phantoms used in this study were designed to mimic the T1 and T2 relaxation times
of cartilage and fat. To this end, five tubes with mixed solutions of agar (3-5% w/v) and

0.73uM NiCl2 and a tube of baby oil (Johnson and Johnson, New Brunswick, New Jersey,



USA) were built. Given the use of GeneRalized Autocalibrating Partially Parallel
Acquisitions (GRAPPA) (29), the signal-to-noise ratio (SNR) was approximated as the
ratio between the signal in a region of interest (ROI) drawn within the phantoms and the
standard deviation of the noise in an ROI of at least 20x20 pixels well outside the object
of interest (30).

A series of low-resolution LIBRE-Iso3DGRE scans with varying frr (from 1500 to 1700Hz)
were performed to confirm frropt. Additional sequence parameters are reported in Table
1. To verify aopt, the above-mentioned phantoms were scanned with LIBRE-ISo3DGRE
and with a varying from 5° to 40°. The 4% agar phantom, which has T1 and T2 relaxation
times similar to those of healthy cartilage, was used for data analysis.

The optimized LIBRE-Iso3DGRE protocol was then used to acquire the four input images
(TET2prep=0-23-38-53ms) that are needed in order to calculate a T> map. TEt2prep=23ms
was the minimum possible duration of the T2 preparation module, which was incremented
in steps of 15ms to cover the physiological range of cartilage T2 values and to maximize
T2 fitting precision (27). The empirical fit offset was chosen to minimize the intercept value
in the linear regression between the SE and the LIBRE-ISo3DGRE T2 values. The SE
sequence was performed with the following parameters TR=7000ms, TE=6.8-15-30-60-
120-250-400ms, field of view (FOV)=250x132mm?, matrix size=192x92, one slice with
slice thickness (ST)=6mm.

The T2 map of the phantoms was then used to compare the accuracy of the LIBRE-
Iso3DGRE technique against SE and to evaluate the difference in T2 estimation obtained

with Iso3DGRE and LIBRE-Iso3DGRE.
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The approximate SNR in the 4% agar phantom and in the fat compartment was measured
and compared between LIBRE water excitation and conventional WE (1-180°-1) pulse

(31) and spectral fat saturation (19).

Healthy volunteer studies

In vivo studies were approved by the Institutional Review Board (IRB) and written informed
consent was obtained from all volunteers before each scan. The knees of seven healthy
volunteers (five men and two women; average age 26.7+3.5years; age range 22—33years;
body mass index (BMI) 22.5+4.0kg/m?) were scanned with LIBRE-Iso3DGRE and
ISso3BDGRE pulse sequences and T2 maps were generated. None of the volunteers had a
history of knee trauma or surgery, pain or swelling.

Six continuous slices that covered the central region of the lateral and medial condyles
were chosen for analysis. Eight cartilage sub-compartments were defined on the sagittal
plane (femoral lateral anterior, femoral lateral central, femoral lateral posterior, lateral
tibial, femoral medial anterior, femoral medial central, femoral medial posterior, medial
tibial). The anterior and posterior margins of, respectively, the anterior and posterior
menisci were used as hallmarks to differentiate between the central and the
anterior/posterior femoral compartment. For each subject, the images acquired with the
LIBRE-Iso3DGRE pulse sequence and TErzprep=23ms were used for segmentation. The
same ROIs were then used for the 1So3DGRE T2 maps. ROIs were manually drawn in
Matlab by a research assistant (--, with 4 years of experience) under the supervision of a

musculoskeletal radiologist (--, with 9 years of experience). Positioning cushions, whose
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air volume was inflated with a hand pump, were used to avoid knee movement and to
minimize misregistration errors.

Both LIBRE-ISo3DGRE and Iso3DGRE T2 maps were visually inspected for apparent
differences in anatomical patterns. The presence of CS artifacts was visually assessed
and was classified according to the following scale: completely absent - reduced -
unchanged.

For each subject, the approximate SNR was measured in the femoral bone marrow and
in the infrapatellar fat pad fat compartments. For both T2 mapping techniques, the images
acquired with TET2prep=0ms were used for SNR analysis.

SAR values were recorded during both LIBRE-Iso3DGRE and Iso3DGRE acquisitions for

all volunteers.
Statistical analysis

Statistical analysis was performed with GraphPad Prism 6.0 (GraphPad Software, La
Jolla, California, USA).

For both in vitro and in vivo studies, the mean T2 value was calculated with its standard
deviation in each ROI.

For in vitro studies, the accuracy of the LIBRE-Iso3DGRE technique was evaluated
against the gold standard SE using a linear regression and Bland-Altman analysis (32).
The difference in phantom T2 values obtained with LIBRE-Iso3DGRE and Iso3DGRE was
ascertained by performing a Bland-Altman analysis.

For healthy volunteer studies, T2 values above 100ms (i.e. synovial fluid pixels) and below
Oms (i.e. poor fit pixels) were excluded from the analysis. Extreme outliers were also

excluded, as previously reported (14). A two-tailed paired Student’s t-test was used to
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evaluate the difference in compartmental T2 values between the LIBRE-Iso3DGRE and
IsoO3BDGRE T2 mapping techniques. The precision was defined as the inverse of the
relative standard deviation (the ratio of the standard deviation and the average T2 value
within the ROIs) and was compared between the two techniques using a paired two-tailed

Student’s t-test. Statistical significance was set as P<0.05.
RESULTS
LIBRE pulse characterization

In the absence of Bo inhomogeneities and small RF excitation angles, a LIBRE pulse of
1ms suppressed fat with a frropt 0Of 1560Hz (EQ. 1). The Mxy simulations following a T2
preparation module of 53ms and a LIBRE excitation pulse (RF frequency offset of 1560Hz,
sub-pulse duration of 0.5ms) showed maximized water excitation and a fat suppression

bandwidth of ~100 Hz at a=35° (i.e. dopt, Figure 1a).
Phantom studies

The numerically obtained aopt of 35° also resulted in the maximum obtained water SNR in
the agar phantom (Figure 1b). The images furthermore demonstrated a complete signal
suppression of the fat phantom (SNR=28.6) when using a numerically optimized LIBRE
pulse of 1ms and frropt Of 1560 Hz (Figure 1c). The numerical simulations (Fig. 1a) were
thus confirmed by the experimental findings (Fig. 1b and 1c).

While conducted on different days, the SE and LIBRE-ISo3DGRE T2 maps obtained from
phantom experiments agreed well (Figure 2a and 2b). A high coefficient of determination
(R?=0.99) and a good agreement (TzLiBRE-1s03dGRE=0.93%T2se+0.11ms, P=0.0002, Figure

2c) was found between LIBRE-ISo3DGRE T2 values and the gold standard SE values
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when the empirical fit offset & was set to 2.0ms. The T2 values obtained with LIBRE-
ISso3DGRE ranged from 23.8+1.0ms to 46.3+1.5ms, while those obtained with the gold
standard varied from 26.0+1.0ms to 49.4+1.6ms. While there was a small underestimation
(linear fit slope=0.93+£0.04), a negligibly small fit intercept was found (0.11+1.64ms), as
expected given the use of the empirical fit offset. The relation between SE and LIBRE-
ISsoO3BDGRE T2 values could therefore be considered directly proportional, as was
previously demonstrated for SE and ISo3DGRE T2 values (14). The Bland-Altman analysis
resulted in a bias of -2.7ms with a 95% confidence interval of £1.9ms (Figure 2d).

Phantom T2 values obtained with LIBRE-ISO3DGRE were slightly higher than those
obtained with the ISso3DGRE T2 mapping technique. Given the negligible fit intercept of
0.005+1.57ms, the linear regression analysis resulted in a relationship directly
proportional (TzLiere-1s030GRE=1.03xT21s03pGRE, R?=0.99, P=0.0002, Figure 2¢). The Bland-
Altman bias was 1.0ms and the 95% confidence interval was +1.3ms (Figure 2f).

Water signal was not lost due to the off-resonance LIBRE excitation (SNR=25.5 vs.
SNR=19 for spectral fat saturation and SNR=26 for conventional WE, Supplementary
Figure 2a) while it allowed for improved fat signal suppression (SNR=12) than
conventional water excitation (SNR=40) and spectral fat saturation (SNR=18,

Supplementary Figure 2b).

In vivo studies

In vivo, CS artifacts were no longer detectable (completely absent) when using LIBRE
pulses (Fig. 3a-h).

Averaged over all subjects, the LIBRE-Iso3DGRE T2 values (36.5+2.9ms) were slightly

but not significantly higher than those determined with Iso3DGRE (34.1+5.1ms, P=0.1),
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similar to what was observed in the phantom studies. The Bland-Altman analysis resulted
in a bias of 2.4ms with a 95% confidence interval of 7.1ms. In each compartment, the
difference between T2 values obtained with LIBRE-Iso3DGRE and Iso3DGRE was not
significant, except for the tibial lateral and femoral lateral anterior compartment (P=0.008
and P=0.006, respectively), as well as for the femoral medial posterior compartment
(P=0.03).

Overall, both LIBRE-ISo3DGRE and Iso3DGRE cartilage T2 maps showed similar
anatomical patterns. The main differences could be found at the cartilage-bone interface
(Fig. 4a-n). Here, CS artifacts caused a hyperintense layer of pixels in the images (Fig.
4b and 4h) that resulted in a thin layer of high T2 values in the maps (Fig. 4f and 4n), while
these CS artifacts were absent in the LIBRE-ISO03DGRE maps (Fig. 4a and 49).The LIBRE
pulse allowed for more precise T2 estimation, as confirmed by a decrease in the relative
T2 standard deviation (averaged over all compartments and volunteers) from 30.5£9.9%
for ISo03DGRE to 23.7+7.4% for LIBRE-Iso3DGRE (P<0.0001).

Averaged over all healthy volunteers, the reduction of fat SNR in the femoral bone marrow
and infrapatellar fat pad was 86.4+2.4% when using a LIBRE pulse.

The LIBRE-Iso3DGRE pulse sequence resulted in significantly lower SAR when
compared to its non-fat suppressed counterpart for the healthy volunteer studies
(0.063+0.005W/Kg for LIBRE-Iso3DGRE and 0.079+0.007W/Kg for Iso3DGRE,

p<0.0001).
DISCUSSION

In this study we sought to combine a recently developed isotropic 3D T2 mapping

technique with a novel robust and short water excitation RF pulse for improved knee
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cartilage evaluation. Cartilage delineation and T2 map precision were improved by using
the new lipid insensitive T2 mapping technique that was devoid of CS artifacts resulting
from nearby lipid signals.

The LIBRE pulse was optimized by means of numerical simulations and was then
combined with the Iso 3DGRE T2 mapping technique. The fat suppression characteristics
obtained using a short 1ms total pulse duration were consistent with previously reported
results (21) with pulse durations between 1.4ms and 2.6ms.

This lipid insensitive technique was then tested and validated in vitro. Phantom T2 values
were compared with those obtained with the gold standard SE and a high correlation was
found. The comparison between T2 values obtained with Iso3DGRE with normal excitation
and with the LIBRE pulse showed a direct proportionality and a slight trend of
overestimation by LIBRE-Iso3DGRE.

In vivo, T2 maps of knee cartilage in seven healthy volunteers were obtained with both
techniques. The average LIBRE-Iso3DGRE T2 values were higher than those obtained
with 1Iso3DGRE, and the corresponding Bland-Altman bias of 2.4ms was consistent with
the overestimation trend observed in phantoms. In both cases, the empirical fit offset
was carefully chosen in order to minimize the intercept value in the linear regressions with
the SE technique (14). The two T2 mapping methods are characterized by a slightly
different timing and Ta relaxation contributions, which most likely caused the small
differences in T2 values. The robust and homogeneous fat suppression obtained with the
short LIBRE pulse prevented CS artifacts from fatty subchondral bone marrow that were
responsible for a thin lamina of high T2 values at the cartilage-bone interface (10) in the

technique without fat suppression. The absence of this high T2 layer might be the reason
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why the LIBRE pulse used in this study allowed for more precise T2 estimation (i.e. lower
relative standard deviation) when compared with standard excitation.

In general, knee cartilage T2 mapping suffers from the presence of volume averaging and
chemical shift artifacts (33) that might affect the goodness of T2 quantification in terms of
accuracy and precision. The submillimetric isotropic resolution (i.e. 0.6mm) obtained with
the present technique limited the partial volume artifacts that could arise from the
volumetric signal averaging of bone and cartilage at their interface. CS artifacts, despite
having a minimal effect on cartilage thickness measurements with GRE-based pulse
sequences (34), may still cause phase-cancellation and misregistration or shadowing
effects in ISo3DGRE T2 mapping (14).

Uniform fat suppression - particularly challenging due to the complex magnetic
environment that characterizes musculoskeletal imaging - was therefore achieved by
using the LIBRE pulse (21). The LIBRE-Iso3DGRE acquisition time was one minute longer
compared to Iso3DGRE (11.1 vs. 10.1 minutes, +10%). Moreover, given the longer pulse
duration and therefore lower RF pulse amplitude, the LIBRE-Iso3DGRE pulse sequence
resulted in significantly lower SAR when compared to its non-fat suppressed counterpart
for the healthy volunteer studies. If conventional WE (a 1-180°-1 pulse (31)) or fat
saturation (19) techniques were used in combination with the 1Iso3DGRE technique, they
would result in a similar increase in acquisition time: +20% for the WE and +6% for the fat
saturation pulse (data not shown). However, both methods produced heterogeneous and
less effective fat suppression.

Note that to avoid CS artifacts, water excitation methods may be preferred over spectral
fat saturation, because fat signal recovery due to Ti cannot be neglected when

acquisitions are performed using a large number of segments as was the case in this
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study. However, the shortest binomial water excitation pulse (1-180°-1), which consists of
two RF pulses with a fixed inter-pulse delay chosen to allow 180° of phase evolution
between water and fat spins (i.e. 1.1ms at 3T) has a total RF pulse duration of
approximately 1.7ms at 3T and has a relatively narrow fat suppression bandwidth (31,35).
Dixon (36) or inversion-based fat suppression techniques were not considered in this
study due to their intrinsic long imaging time (17) that is not suited for T2 mapping
techniques.

Several factors may pose limitations to the present study. First, the influence of incidental
magnetization transfer, diffusion, modulation of k-space across the excitations per
segment, and magic angle effects on the T2 estimation were not investigated. Second, the
cartilage ROIs were manually segmented - this approach was naturally less reproducible
in determining the cartilage-bone interface than using an automated segmentation routine
that would have reduced observer bias in determining cartilage boundaries. Third, since
the LIBRE sub-pulses are not spatially selective, aliasing artifacts were observed in the
left-right phase encoding direction. Increasing the matrix size in this direction would have
circumvented this limitation, but at the expense of longer acquisition time. However,
artifacts arose near the edges outside the FOV and did not affect the segmentation of
cartilage in the central regions of the lateral and medial condyles. Fourth, the proposed
sequence will not assess the bound-water components of cartilage, which have T2* values
on the order of 0.5-0.8ms (37) (38) and will have a negligible contribution to the signal at
TE=2.1-3.2ms compared to that of the unbound water. Furthermore, as opposed to
menisci and ligaments, the bound water fraction of cartilage, is not predominant and
accounts only for 15.2-18.5% (37,38) of the water. At the different TEs, the short-T>

component therefore causes a negligible difference of 0.26% in our T2 quantification. The
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analysis of the short T2 components of cartilage requires specific quantification
techniques, such as ultrashort echo time (UTE) techniques (39).

The study design itself also has several limitations. First, the number of analyzed healthy
subjects was small. Second, no patient studies were included and therefore the ability to
visualize abnormalities was not assessed.

Future developments may focus on the application of this technique in a specific patient
population or other body parts. Possible applications include the ankle and the hip (albeit
with adaptations to accommodate for fold-over effects) is foreseeable. The flexible and
variable parameter space of the LIBRE pulse could be further exploited in order to
decrease its total duration. However, a shorter pulse duration will result in increased RF
pulse amplitude and an increased frr (and therefore farther off-resonance excitation).
Both these effects will cause SAR growth, which would necessitate a longer recovery time
in compensation. Finally, an automated or semi-automated routine may be added in order
to reduce operator bias in cartilage segmentation and compressed sensing (40) may be
used to decrease the acquisition time.

In conclusion, it was demonstrated that a LIBRE RF excitation pulse as short as 1ms can
be successfully combined with a 0.6-mm isotropic 3D GRE T2 mapping technique for
guantitative knee cartilage evaluation. Homogeneous and robust LIBRE fat signal
suppression allowed for the removal of CS artifacts and resulted in improved cartilage

delineation and more precise T2 values.
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Table 1. Pulse sequence parameters used in this study.The left and middle optimized

parameter sets were used both in vivo and in vitro, while the right parameter set was only

used during optimization of fge in vitro.

Sequence LIBRE- Iso3DGRE Low-Res

parameters Iso3DGRE LIBRE-
ISo3DGRE

Slices (-) 144 144 48

RF pulse duration (ms) | 1.0 0.3 1.0

Phase encoding Left/Right Left/Right Left/Right

directions

Repetition time (ms)
Echo time (ms)

T2 preparation
durations (ms)
Receiver bandwidth
(Hz/px)

Phase partial Fourier (-)
Slice partial Fourier (-)

Matrix size (-)

Anterior/Posterior
7.1
3.2

0, 23, 38, 53

301

Y

272 x 280 x144

Anterior/Posterior
5.2
2.1

0, 23, 38, 53

301

Y

272 x 280 x144

Anterior/Posterior

4.8

2.2

53

445

Y

96 x 92 x 48



Acquired voxel

volume (mm?3)
GRAPPA factor* (-)

Scan time (min)

0.63 x 0.63 x

0.63

2%

111

0.63 x 0.63 x

0.63

2%

10.1

1.56 x 1.56 x 3

0.3

* GRAPPA applied in the phase encoding direction.
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Figure 1. LIBRE pulse optimization for Iso3DGRE imaging of the knee. a) Simulation
of the transverse magnetization Mxy following a T2 preparation module (TEt2prep=53mS)

and LIBRE pulses as a function of tissue frequency and RF excitation angle a. The
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horizontal axis was centered at OHz on the water resonance frequency, with -440Hz (white
arrow) representing the resonance frequency of fat (at 3T). The red dotted line indicates
a=35°, which allowed for simultaneous maximum water excitation and fat suppression.
The fat suppression bandwidth was ~100Hz (white arrows). b) The SNR in the 4% agar
phantom was plotted against a. The maximum (and thus optimal) SNR occurred at a=35°,
in accordance with the findings from the numerical simulations. ¢) The SNR in the baby
oil phantom that mimicked the magnetic properties of fat was plotted against the RF
frequency offset (frr). The minimum (and thus optimal) SNR occurred at frropt=1560Hz,
as determined by (Eq.1). The insets show uniform (frr=1560Hz) and suboptimal

(frr=1700Hz) fat suppression.
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Figure 2. In vitro comparison between LIBRE-ISo3DGRE, SE and Iso3DGRE T2
mapping techniques in a phantom containing five agar-NiCl2 tubes. The percentage
of agar is indicated in the SE T2 map. Note that the phantom arrangement is slightly

different. a) LIBRE-Iso3DGRE and b) SE T2 map of the agar phantoms. c) Even if LIBRE-
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Iso3DGRE T2 mapping underestimates the SE T2 values (linear fit slope=0.93+0.04), the
relationship between the T2 values obtained with the two techniques is directly
proportional (linear fit intercept=0.11+1.6). d) The LIBRE-Iso3DGRE T2 mapping
technique resulted in a bias of -2.7ms and 95% confidence interval of £1.9ms. e) The
linear regression of the LIBRE-IS03DGRE T2 values with the ISo3DGRE T2 values resulted
in a perfect direct proportionality, as indicated by a linear fit intercept of zero in the
regression equation. f) The Bland-Altman analysis of the phantom studies between the
Iso3DGRE T2 mapping technique with and without LIBRE pulse resulted in a bias of 1.0ms

and 95% confidence interval of £1.3ms.
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Frequency encoding direction

Volunteer 1

Figure 3. LIBRE-Iso3DGRE and Iso3DGRE sagittal slices spanning from the lateral
to the medial condyle in a healthy volunteer. Both a-d) LIBRE-IS0O3DGRE and e-h)
Iso3DGRE images were obtained with TEt2prep=0ms. The signal arising from the fat tissue
around the joint (orange arrows) was suppressed as well as the signal from the fatty
subchondral bone marrow that caused the appearance of CS artifacts at the interface
between cartilage and subchondral bone (black arrows). The fat suppression was
homogeneous (blue arrows) and consequent improved cartilage delineation was obtained

with the LIBRE pulse at the expense of only +10% of the acquisition time than normal
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excitation. Despite a visual signal intensity difference, the SNR from the muscle tissue

was the same for both LIBRE-ISo3DGRE and Iso3DGRE techniques.

LIBRE-Iso3DGRE

Iso3DGRE

Figure 4. Representative medial LIBRE-ISo3DGRE and Iso3DGRE input images and
T2 maps in two healthy volunteers. a, g) Input images (TETzprep=0ms) obtained with the
LIBRE-Iso3DGRE and b, h) the Iso3DGRE technique. Note that the window/level settings
are different in order to allow for anatomical visualization and optimal cartilage
segmentation. The zoomed-in region demonstrates the absence of CS artifacts, as
opposed to the Iso3DGRE image (green arrows). c, i) LIBRE-ISoO3DGRE and d, 1)
IsoO3DGRE input images obtained with TEtzprep=23ms were used for cartilage
segmentation. e, m) LIBRE-Iso3DGRE and f, n) Iso.3DGRE T2 maps overlaid on related
morphological images. In the Iso 3DGRE image, the white arrow indicates the effect of CS

artifacts on T2 value estimation (higher values).



