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Abstract
For T1ρ quantification, a three-dimensional (3D) acquisition is desired to obtain high-resolution
images. Current 3D methods that use steady-state spoiled gradient-echo (SPGR) imaging suffer from
high SAR, low signal-to-noise ratio (SNR), and the need for retrospective correction of contaminating
T1 effects. In this study, a novel 3D acquisition scheme–magnetization-prepared angle-modulated
partitioned-k-space SPGR snapshots (3D MAPSS)–was developed and used to obtain in vivo T1ρ
maps. Transient signal evolving towards the steady-state were acquired in an interleaved segmented
elliptical centric phase encoding order immediately after a T1ρ magnetization preparation sequence.
RF cycling was applied to eliminate the adverse impact of longitudinal relaxation on quantitative
accuracy. A variable flip angle train was designed to provide a flat signal response to eliminate the
filtering effect in k-space caused by transient signal evolution. Experiments in phantoms agreed well
with results from simulation. The T1ρ values were 42.4 ± 5.2 ms in overall cartilage of healthy
volunteers. The average coefficient-of-variation (CV) of mean T1ρ values (N = 4) for overall cartilage
was 1.6%, with regional CV ranging from 1.7% to 8.7%. The fitting errors using MAPSS were
significantly lower (P < 0.05) than those using sequences without RF cycling and variable flip angles.
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Noninvasive early detection of cartilage degeneration in osteoarthritis (OA) is of increasing
clinical importance. Magnetic resonance imaging (MRI) has been widely used for detecting
and monitoring cartilage injuries (1). Recent developments in high field MR (such as the
availability of clinical systems with a field strength of 3 T) have further enhanced image spatial
resolution and signal-to-noise ratio (SNR) (2). However, conventional MRI is limited to
providing primarily morphologic changes of cartilage. Since damage to the collagen-
proteoglycan (PG) matrix in cartilage occur early in the course of OA, imaging markers that
can probe biochemical changes are essential for early detection of cartilage degeneration.
Recent developments in this active field include delayed gadolinium enhanced MRI of cartilage
(dGEMRIC) (3–5), T2 (6–10), and T1ρ (11–16) relaxation time quantification.
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The T1ρ parameter describes the spin-lattice relaxation in the rotating frame (17). It reflects the
slow motion interactions between motion-restricted water molecules and their local
macromolecular environment. The extracellular matrix (ECM) in articular cartilage provides
a motion-restricted environment for water molecules. Changes to the ECM therefore may be
reflected in measurements of T1ρ. T1ρ relaxation rate (1/T1ρ) has been shown to decrease
linearly with decreasing PG content in ex vivo bovine patellae (11) and in trypsinized cartilage
(18). In vivo studies have also shown increased cartilage T1ρ values for patients with OA
(19,20).

Current T1ρ quantification techniques are based on either two dimensional (2D) fast spin echo
(FSE) (21), spiral imaging (16), echo planar imaging (EPI) (22), or 3D gradient echo sequences
(20,23). Compared with 2D methods, 3D imaging is free from artifacts caused by slice cross-
talk. Therefore 3D sequences can generally have a thinner slice thickness, and consequently
may provide a more accurate assessment of cartilage degeneration. High-resolution MRI is
particularly attractive in the context of OA, in which cartilage becomes very thin—on the order
of or less than 1 mm. Furthermore, a 3D acquisition is desired due to the non-slice-selective
nature of the T1ρ preparation pulses (spin-lock pulses). A 3D T1ρ mapping technique has been
developed based on a steady-state spoiled gradient echo (SPGR) imaging sequence (23) and
has shown clinical promise at both 1.5T (20) and 3T (24). Using this method, however, the
energy deposited by the sequence (as estimated by specific absorption rate [SAR]) is intensive
because T1ρ preparation pulses are applied every TR. Relatively long TRs (140 ms at 1.5T and
175 ms at 3T) are used to comply with the maximum SAR mandated by the U.S. Food and
Drug Administration (FDA). This long TR results in long acquisition times. In addition, this
technique requires a prior knowledge of T1 (or an assumption) for T1ρ quantification as T1-
dependent steady-state signals are used.

In this study, we propose a pulse sequence to acquire data during the transient signal evolution
in a 3D gradient echo sequence right after T1ρ preparation, to overcome the aforementioned
shortcomings. Acquisition during transient signal evolution has been applied in magnetization-
prepared gradient-echo (MP-GRE) sequences such as snapshot fast low angle shot (FLASH)
(25) and the magnetization-prepared rapid gradient-echo (MP-RAGE) (26). These sequences
differ from conventional GRE imaging by using a contrast preparation period, a relatively long
intershot delay time, and acquiring data while the signal evolves toward the steady state. The
contrast generated by the magnetization preparation sequence dominates the resulting image
contrast.

Images acquired with different levels of contrast preparation can be fitted to generate
quantitative maps. How-ever, there are several potential sources of quantification inaccuracy
when using such an acquisition. First, the longitudinal relaxation during data acquisition can
degrade the desired contrast and cause quantification deviation (27). Second, signal evolution
during the transient stage imposes different k-space weights to each phase encoding step,
imparting a filtering effect. This effect can be equivalent to low-pass filtering, resulting in
image blurring, or high-pass filtering, resulting in edge enhancement. The characteristics of
this filter depends on a number of parameters, including magnitude of the prepared signal,
tissue T1 and T2, sequence TR and TE, flip angle, spoiling method, and phase-encoding order.
A few strategies have been previously proposed to eliminate these image artifacts in the context
of T2-weighted (28) or diffusion-weighted images (27). In this study, two techniques, RF
cycling and varying the flip angle train during the acquisition of each segment, are implemented
to address these problems in the context of T1ρ quantification.

Thus, the goals of the study were as follows: 1) to develop a fast and reliable 3D T1ρ mapping
technique using the strategies discussed above; 2) to investigate the feasibility and
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reproducibility of applying this technique in vivo at 3T; and 3) to establish baseline values of
T1ρ in different regions in femoral-tibial and femoral-patellar joints of healthy volunteers.

MATERIALS AND METHODS
Sequence Design

Magnetization Preparation—The T1ρ-weighted imaging sequence is composed of two
parts: magnetization preparation for the imparting of T1ρ contrast, and a segmented 3D SPGR
acquisition immediately after T1ρ preparation during transient signal evolution, as shown in
Fig. 1. During magnetization preparation, magnetization reset pulses spoil all longitudinal
magnetization. An operator-defined recovery time (Trec) following magnetization reset
guarantees that the signal at time t− (right before T1ρ preparation) is the same independent of
spin history. Using a fat-selective inversion pulse, fat is nulled at t− after inversion time (TI).
T1ρ magnetization preparation is implemented using previously developed spin-lock
techniques (16). The spin-lock preparation sequence consists of a hard 90° pulse (with duration
of 250 µs) followed by a spin-lock pulse and a hard −90° pulse. The first 90° pulse applied
along the x-axis flips the longitudinal magnetization into the transverse plane along the y-axis.
Then, a long low-power pulse is applied along the y-axis to spin-lock the magnetization. The
duration of this spin-lock pulse, or the time of spin-lock (TSL), determines the amount of
T1ρ weighting at time t+. The second 90° pulse flips this spin-locked magnetization back to the
z-axis. The phase of the second half of the spin-lock pulse is shifted 180° from the first half to
reduce artifacts caused by B1 inhomogeneity (29). Residual transverse magnetization is
dephased by a crusher gradient. Magnetization stored along the z-axis is read out immediately
by a 3D SPGR acquisition.

Segmented Elliptic-Centric Acquisition—The data is acquired during signal evolution
toward steady state. This effectively filters the k-space data, with a different filter imparted for
different TSLs. If conventional sequential phase encoding is used, the prepared magnetization
may evolve significantly before acquisition of the center of k-space (28,30). Since the overall
image contrast is determined primarily by the signal at low frequencies, this evolution may
cause image artifact and significant inaccuracies in quantification. It is therefore desirable that
the center of k-space is sampled first and immediately after magnetization preparation. In this
study, k-space is traversed in a segmented and interleaved elliptic centric order, as illustrated
in Fig. 1b. Multiple k-space lines representing a single segment of k-space are acquired per
single magnetization preparation, and the center-most k-space lines are acquired at the
beginning of each segment. The number of k-space lines acquired per magnetization
preparation is defined as views per segment (VPS). The number in Fig. 1b stands for the
acquisition in each segment, using VPS = 8 as an example. In practice, VPS is normally much
larger than 8. VPS = 8 is used in Fig. 1b to simplify visualization of phase ordering in this
interleaved segmented elliptic centric approach.

RF Cycling—For a sequence in which a constant α pulse is applied and there is no RF cycling
(shortened as “no cycling” hereafter), the transverse magnetization after the nth α pulse,
Mxy(n), can be calculated as:

[1]

where Mz (n,−) is the longitudinal signal right before the nth α pulse. It can be calculated based
on signal evolving from longitudinal signal right after the n−1th α pulse Mz(n−1, +) as:
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[2]

The longitudinal signal before first α pulse will be determined by preparation signal:

[3]

where τ is the delay between magnetization preparation and signal acquisition, as shown in
Fig. 1. Therefore, the transverse signal Mxy(n) after the nth α pulse is given by:

[4]

where ,

e1=e−TR/T1 and e2=e−TE/T*2

The second item in the equation is an independent additive component to the signal and will
affect quantification accuracy if not corrected.

An RF cycling technique is applied to eliminate T1 contamination in the T1ρ-weighted images
(16,27). There are two acquisitions for each phase encoding step. During the second
acquisition, longitudinal magnetization is inverted immediately after T1ρ preparation and the
flip angle for image acquisition is −α, resulting the transverse signal after the nth α pulse as:

[5]

Subtracting Eq. [5] from Eq. [4] yields:

[6]

This RF cycling scheme also yields a transient signal evolution that is independent of the
prepared magnetization Mprep.

Variable Flip Angle Train Design—As discussed above, signal evolution during approach
to steady state effectively applies a k-space filter to the ideal spatial frequency spectrum. The
applied filters properties depend on a number of parameters including magnitude of preparation
signal, tissue T1 and T2, sequence TR and TE, flip angle, spoiling method, and phase-encoding
order. It has been recognized that utilizing variable flip angles during the sequence is an
effective method for controlling the relative signal intensity variation produced by a train of
RF pulses (31). The target response in the present sequence is a uniform signal intensity for
each phase encoding step to eliminate this k-space filtering effect. Given a tissue T1 and T2,
and sequence TR, TE, and Trec (Fig. 1), the signal evolution is calculated based on Bloch
equation simulation during each repetition cycle. Then the appropriate flip angle for each α
pulse is determined iteratively in order to obtain the desired flat signal intensity. To maximize
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SNR, the last flip angle is constrained to be 90°. Perfect spoiling—that all transverse
magnetization is eliminated at the end of each α pulse cycle—is assumed. The same optimal
variable flip angle train is used for each different TSL because the transient signal evolution
is independent of the prepared magnetization as discussed in the previous section.

The sequence, as described above, has been given the name 3D magnetization-prepared angle-
modulated partitioned-k-space spoiled gradient echo snapshots (3D MAPSS). Simulation was
implemented using the following parameters: TR = 9.3 ms, Trec = 1500 ms, VPS = 64, TSL =
0, 10, 40, and 80 ms, assuming T1 = 1240 ms and T1ρ = 45 ms, which are values similar to
those of healthy human cartilage at 3T (2).

SNR Efficiency Calculation
Using the 3D T1ρ MAPSS sequence, the acquisition time and SNR for a given prescribed voxel
size, are affected mainly by two operator-defined parameters: VPS and Trec. Lower VPS will
generate higher flip angle trains (Fig. 2) and consequently higher SNR, but will also need longer
acquisition time. Trec determines the amount of saturation recovery, therefore longer Trec will
produce higher SNR but also longer acquisition time. SNR efficiency, defined as mean signal
divided by the square root of acquisition time, was simulated with varying VPS (from 4 to 256)
and Trec (from 100 ms to 3000 ms). Figure 3a illustrates the 3D plot of SNR efficiency vs. VPS
and Trec. The results suggest that shorter VPS provide higher SNR efficiency. To maintain a
reasonable scan time, VPS = 64 was used in the following study. Trec = 1500 ms was used,
which gives maximum SNR efficiency with VPS = 64. Figure 3b and c are 2D plots of SNR
efficiency vs. VPS with Trec = 1500 ms and of SNR efficiency vs. Trec with VPS = 64,
respectively.

SAR Estimation
The SAR for a single pulse used in the sequence was estimated as proposed by Collins et al.
(32):

[7]

where α is flip angle, τ is duration (in ms), f is a shape factor that equals 1 for a hard pulse or
equals the width of the central lobe, as defined by the zero crossing points, for a sinc pulse.
SAR (90°, 3), the SAR for a 90° hard pulse with a duration of 3 ms, was estimated as 2.83 W/
kg for a sphere model at 3T, four times the value at 1.5T as estimated in Ref. 32 using a head
coil. The minimum time delay (TD) between two spin-lock pulses will be determined from the
equation:

[8]

where SAR(αn, τn) was calculated from Eq. [7] for all pulses in the sequence. Specifically for
the MAPSS sequence, it includes the T1ρ preparation sequence (two hard 90° pulses and a spin-
lock pulse) and the α pulses in the SPGR sequences. SARFDA is the FDA-mandated maximum
SAR level that equals 12 W/kg in 1 g of tissue in the extremities averaged over five minutes.
Based on this equation, the required minimum time TD between two spin-lock pulses was 360
ms using the parameters listed below at 3T: a hard 90° pulse duration of 0.3 ms, the longest
spin-lock pulse duration of 80 ms, spin-lock frequency of 500 Hz, pulse duration of α pulses
of 1.6 ms, and VPS = 64. The TD used in present work was 2095 ms (Trec + TR × VPS = 1500
ms + 9.3 ms × 64) and was much longer than the required minimum value.
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Phantom and In Vivo Imaging
All data were acquired on a 3T GE EXCITE scanner (Waukesha, WI, USA) using a quadrature
knee coil. A commercial cylindrical T1 phantom (Diagnostic Sonar, Livingston, UK) with
known T1 = 950 ms at 3T (close to the T1 of human cartilage) was scanned to investigate the
effect of longitudinal relaxation on image quality and quantification. Cylindrical homogeneous
agar gel phantoms with different concentration (2% and 4%, weight/volume) were scanned to
compare T1ρ quantification with a previously validated sequence (16). The parameters used to
image these phantoms were: TR/TE = 9.3 ms/3.7 ms, FOV = 10 cm, in-plane matrix = 256 ×
128, slice thickness = 4 mm, bandwidth (BW) = 31.25 kHz, VPS = 64, Trec = 1500 ms, TSL
= 0/10/40/80 ms, spin-lock frequency (FSL) =500 Hz. To investigate sequence reproducibility,
the phantom with 4% agar was imaged six times, two times at magnet isocenter, two times 50–
60 mm right of isocenter, and two times 50–60 mm left of isocenter. The phantom was
repositioned between scans. The reproducibility was estimated with coefficients of variation
(CV), calculated as the ratio of standard deviation (SD) to average T1ρ. The agar phantoms
were also scanned with Trec varying from 500 ms to 2000 ms with an increment of 500 ms to
investigate the effect of different Trec times on the T1ρ quantification.

A total of four healthy volunteers (two female, two male, age range = 19–34 years) without
any clinical symptoms of OA or other knee injuries were scanned. The protocol included a
high-resolution 3D water-excitation SPGR sequence (TR/TE = 15 ms/6.7 ms, flip angle = 12,
FOV = 14 cm, matrix = 512 × 512, slice thickness = 1 mm, BW = 31.25 kHz) and T1ρ
quantification with and without RF cycling and modulated flip angle train. The parameters for
the T1ρ sequences were: TR/TE = 9.3 ms/3.7 ms; FOV = 14 cm, in-plane matrix = 256 × 128,
slice thickness = 4 mm, BW = 31.25 kHz, VPS = 64, Trec = 1.5 s, TSL = 0/10/40/80 ms, and
FSL = 500 Hz. The number of slices ranged from 22 to 30, depending on the size of the knee.
The total acquisition time for the four T1ρ-weighted images was approximately 15 min. All the
subjects were scanned twice with repositioning between scans to investigate in vivo
reproducibility.

Image Postprocessing
T1ρ-weighted images with varying TSLs were transferred to a Sun workstation (Sun
Microsystems, Palo Alto, CA, USA) for offline postprocessing. The T1ρ map was reconstructed
by fitting the image intensity pixel-by-pixel to the equation below using a Levenberg-
Marquardt monoexponential fitting algorithm developed in-house:

[9]

The goodness of fit for each pixel was evaluated using normalized fitting errors defined as:

[10]

where yi is the original T1ρ-weighted signal, ŷi the fitted values, n the number of different TSLs
used (four in this work), and SD is the background SD in the acquired T1ρ-weighted images.
T1ρ-weighted images with the shortest TSL (therefore with highest SNR) were rigidly
registered to the high-resolution T1-weighted SPGR images acquired in the same exam using
the VTK CISG Registration Toolkit (33). The transformation matrix was applied to the
reconstructed T1ρ map.
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Cartilage was segmented semiautomatically using high-resolution SPGR images with an in-
house algorithm based on edge detection and Bezier splines (34). Five regions of cartilage were
determined: patellar, lateral femoral condyle (LFC), medial femoral condyle (MFC), lateral
tibia (LT), and medial tibia (MT). The LFC and MFC were then further divided into trochlea
(trLF and trMF), central (cLF and cMF), and posterior (pLF and pMF) subcompartments. The
central portions of the cartilage were defined as those contiguous sections in which the normal
vectors of the Splines exhibited a maximal deviation of 30° from the longitudinal axis of the
femur as demonstrated in Fig. 4. 3D cartilage contours were generated and overlaid to the
registered T1ρ map. T1ρ values (mean ± SD) and normalized fitting errors (mean ± SD) were
calculated for different regions of cartilage, as well as for the cartilage as a whole. The in vivo
reproducibility was estimated with CV as defined previously of T1ρ values in overall cartilage
and in each of the defined compartments.

RESULTS
Simulation

Figure 5 shows signal evolution during the α train for acquisitions without RF cycling (“no
cycling”) (Fig. 5a), with RF cycling (“cycling”) (Fig. 5b), and with RF cycling + optimized
flip angle (MAPSS) (Fig. 5c). The signal was normalized to that after the first α pulse. Using
the “no cycling” acquisition, signal during the segmented SPGR acquisition decreases with
TSL = 0, 10, and 40 ms (implying a low-pass filter) and increases with TSL = 80 ms (implying
a high-pass filter). Using the “cycling” acquisition, signals with different TSLs experience the
same decreasing evolution (after normalizing to the signal after first α pulse). The MAPSS
acquisition eliminates this filtering effect by using a modulated flip angle train.

Figure 6 shows the T1ρ-weighted signals (left column) and the fitted T1ρ values (right column)
using “no cycling” acquisition (Fig. 6a), “‘cycling” acquisition (Fig. 6b), and MAPSS
acquisition (Fig. 6c), respectively. Using the “no cycling” acquisition, the T1ρ-weighted signal
shows blurring with TSL = 0, 10, and 40 ms (very slightly), and edge enhancement with TSL
= 80 ms. The calculated T1ρ values are artificially high at edges. Using the “cycling”
acquisition, the T1 relaxation contamination is eliminated and the fitted T1ρ values are accurate.
However, the T1ρ-weighted signal still shows blurring with each TSL. The MAPSS sequence
generates T1ρ-weighted signals without any blurring or edge enhancement and quantification
inaccuracy has been eliminated.

Phantom—Figure 7 shows the T1ρ-weighted images for the T1 phantom using “no cycling”
and MAPSS, respectively. Significant edge enhancement was shown in T1ρ-weighted images
with TSL = 80 ms when using “no cycling.” In the images acquired with MAPSS, no obvious
edge enhancement or blurring is visualized. Significant elevation of the fitted T1ρ was also
observed at the edge of the phantom using “no-cycling” acquisition.

Table 1 shows the T1ρ values of the 4% and 2% agar phantoms, respectively. No significant
differences in T1ρ values were found with different Trec. The T1ρ variation was less than 2.5%
and 2.0% with Trec ranging from 500 ms to 2000 ms for the 4% and 2% agar phantoms,
respectively. The CV for the mean T1ρ of the 4% agar phantom is 0.9%, demonstrating good
reproducibility.

In Vivo—The T1ρ values were 42.4 ± 5.2 ms in overall cartilage for the volunteers, ranging
from 36.8 ± 3.2 ms to 43.2 ± 1.3 ms in the nine defined compartments (Table 2). The average
CV for mean T1ρ in overall cartilage (global reproducibility) is 1.6%. Regional reproducibility
varies between 1.7% and 8.7% (Table 1). Figure 8a–d shows the T1ρ-weighted images in a
healthy volunteer with TSL = 0, 10, 40, and 80 ms, respectively. No obvious image blurring
or edge enhancement was observed in these images. Figure 8e and f are the fitted T1ρ maps
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using MAPSS and “no cycling” sequences, respectively. T1ρ values are artificially elevated at
the edge of LFC (arrow) in the map acquired with the “no cycling” sequence. No such effect
was seen in T1ρ maps generated using MAPSS. The fitting error (normalized to SD of
background signal) in overall cartilage and in each of the nine compartments using MAPSS
are significantly lower than those using the “no cycling” sequence (1.06 ± 0.08 vs. 2.55 ± 0.35;
P < 0.05).

The T1ρ values in the trochlea and posterior regions are slightly higher than those in the central
regions in both LFC (45.0 ± 6.8 ms in TrLF, 41.9 ± 4.2 ms in pLF, vs. 41.1 ± 3.7 ms in cLF)
and MFC (43.8 ± 6.1 ms in TrMF, 42.9 ± and 4.0 ms in pMF, vs. 41.2 ± 1.5 ms in cMF). With
this small population, no significance was found in these differences.

DISCUSSION
In this study, a 3D T1ρ quantification technique has been developed based on 3D MAPSS.
Using the transient signal during evolution toward steady state, this sequence provides a novel
fast method for acquiring 3D T1ρ-weighted images.

Using spin-lock techniques, the T1ρ preparation sequence contains long-duration RF pulses
and therefore requires more RF power than other conventional MRI sequences. In a previously
described T1ρ-weighted sequence based on a steady-state 3D SPGR sequence, the T1ρ
preparation is played out every TR (20). The sequence in turn uses a relatively long TR for
SAR reduction, and thus requires long acquisition times. In addition, a relatively low spin-lock
frequency (300 Hz) and short maximum TSL (32 ms) were used. Using 3D MAPSS, the T1ρ
preparation sequence is played out once every segment, followed by a train of α pulses for
signal acquisition. A relatively long delay time is used (Trec) for longitudinal recovery after
the acquisition of each segment. With Trec as 1.5 s (as used in this study) at 3T, the MAPSS
sequence can use spin-lock frequencies up to 1200 Hz with TSLs as long as 80 ms while still
maintaining SAR under the maximum SAR mandated by the FDA. A transmit/receive knee
coil that covered a smaller volume of tissue than the standard head coil was used in this study.
Therefore the SAR calculated with Eq. [7] may overestimate the actual SAR of this sequence.
T1ρ values have been shown to increase in osteoarthritic cartilage (16,19,20). Sampling T1ρ
decay at long TSL is necessary for accurate fitting for long T1ρ values. T1ρ increases as the
strength of the SL field increases, a phenomenon termed T1ρ dispersion (35). T1ρ dispersion
may also have tissue specificity (36). The MAPSS sequence allows using a high SL frequency
and makes it possible to study T1ρ dispersion in vivo within a wide frequency range.

To quantify a parameter of interest (such as T1ρ, T2) using this magnetization-prepared
sequence, it is desirable to acquire the prepared longitudinal magnetization right after the
preparation sequence. In the original work of snapshot FLASH proposed by Haase (25),
ultrashort TR (3 ms), very small flip angle (<5°), and relatively small phase encoding steps
(N = 64) were used. With these sequence parameters, the signal evolution toward steady state
was relatively small. Conventional sequential phase encoding was used and images with good
quality were obtained on a 40-cm bore 4.7T scanner. However, on a whole-body scanner, the
same imaging parameters (ultrashort TR and very low flip angle) will generate images with
either relatively low SNR or relatively low resolution (31). In later versions of snapshot
sequences, longer TR (approximately 10 ms) and higher flip angles (higher than 10) were
normally used to increase signal intensity (28). Using these parameters, there is significant
signal evolution following magnetization preparation, depending on both tissue relaxation
properties and data acquisition parameters. Thus, acquiring data using centrically reordered
phase encoding is critical so that the low spatial frequencies are sampled first (37). The centric
readout can be further optimized with interleaved and segmented elliptical centric phase
encoding (38,39), also called interleaved square-spiral phase encoding (40), where the
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centermost regions of k-space are sampled at the beginning of each segment. Thus minimum
signal evolution will be present in the center of k-space and image artifact is minimized.

Using this segmented elliptic-centric readout, the signal evolution during data acquisition acts
as a filter in k-space, as shown in Fig. 5a. Although it is possible to flatten the signal evolution
by using variable flip angle trains, different flip angle trains are needed for different TSLs,
which may confound the quantification. An RF cycling technique was implemented in this
study. The effects of this cycling technique are two-fold. First, it eliminates the component
independent of the prepared magnetization, item B(n) as in Eq [4]. Without RF cycling to
eliminate this term, quantification accuracy can be compromised. Second, this RF cycling
scheme yields a transient signal evolution that is independent of the prepared magnetization,
as shown in Fig. 5b. This makes it possible to obtain a flat signal response by applying the
same tailored flip angle train for all TSL’s.

Because there are no contaminating T1 effects in the acquired MAPSS data, prior knowledge
of tissue T1 for retrospective correction of these effects, as is required in steady state T1ρ SPGR
(20), is not needed with MAPSS. However, to tailor the flip angle train, a T1 for the tissue of
interest is assumed. For this study, cartilage T1 was assumed to be 1240 ms based on values
published by prior studies (2). Deviation from this assumed T1 value may introduce variations
from the desired flat signal profile. Previous published studies have suggested a 10% T1
variation across the cartilage, and no significant changes in osteoarthritic cartilage T1 values
(23). Simulation of signal intensity was implemented with T1 values ranging from 1116 to 1364
ms (1240 ms ± 10%) using a tailored flip angle train based on T1 = 1240 ms and VPS = 64.
The relative signal intensity variation during approach toward the steady state was less than
5% within this range of T1 values. The impact of this signal trend on actual quantification is
expected to be minimal. Muscle in the knee joint has been reported to have T1 values of
approximately 1420 ms at 3T, thus no significant quantitative inaccuracies are expected at the
interface of cartilage and muscle. However, signal from synovial fluid with T1 values greater
than 3 s may blur or otherwise impede into cartilage signal, which may result in artificially
high T1ρ values at the cartilage/fluid interfaces. Techniques to suppress fluid signal may help
to circumvent this problem.

The T1ρ values obtained using MAPSS are consistent with those obtained with our previously
validated sequence based on 2D spiral imaging both in phantoms and in vivo (16). The values
are also consistent with those in the literature using steady state 3D SPGR (20) and 2D FSE
(21). T1ρ values increase as agarose concentrations decrease in the phantom. The sequence has
shown good reproducibility both in phantom (average CV less than 1%) and in vivo (average
global CV as 1.6% and regional CV ranging 1.7–8.7%) experiments. The T1ρ values are slightly
higher in non-weight-bearing regions than in weight-bearing regions. This spatial variation in
the relaxation times may be due to different chemical compositions and/or the different
orientation of these regions relative to the external magnetic field B0. Further investigations
are needed to fully understand this regional variation in T1ρvalues.

Simulation results have shown that shorter VPS will produce higher SNR efficiency in MAPSS
(Fig. 3). In practice, relatively long VPS (64 or higher) needs to be used so that the total scan
time is reasonable. Parallel imaging has been used to reduce scan time for T1ρ quantification
(38). Using MAPSS, parallel imaging can reduce the total scan time, and/or—when used to
reduce VPS—increase SNR efficiency. The current sequence is developed for T1ρ
quantification; however, the MAPSS technique can be applied for quantification of other
parameters such as T1, T2, and diffusion coefficients.
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CONCLUSIONS
A fast and reliable 3D T1ρ quantification technique has been developed in this study based on
MAPSS. This sequence provides a fast 3D quantification technique of T1ρ, and potentially of
other parameters of interest. Quantitative assessment of the cartilage matrix will enhance our
ability to diagnose and monitor cartilage degeneration in OA and other knee injuries. To
establish the role of T1ρ quantification in OA, a larger study involving a cohort of healthy
controls as well as patients with OA at different stages is warranted in the future.
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FIG. 1.
a: Sequence diagram for T1ρ-weighted imaging using 3D MAPSS. b: k-Space trajectory of the
interleaved segmented elliptic-centric acquisition. The numbers stand for the data acquisition
segment. VPS = 8 is used to simplify visualization and normally VPS is larger than 8.
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FIG. 2.
Flip angle trains with different VPS to provide a uniform signal intensity through phase
encoding steps. To maximize SNR, the last flip angle is constrained to be 90°.
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FIG. 3.
a: SNR efficiency  vs. VPS and Trec. b: SNR efficiency vs.
VPS, with Trec = 1500 ms. c: SNR efficiency vs. Trec, with VPS = 64. SNR efficiency is in
arbitrary units.
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FIG. 4.
Definition of trochlea, central, and posterior subcompartments in femoral condyles. Solid line:
central regions; Dashed line: trochlea (anterior) and posterior regions.

Li et al. Page 16

Magn Reson Med. Author manuscript; available in PMC 2009 August 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIG. 5.
Signal evolution (normalized to signal after first α pulse) using “no-cycling” acquisition (a),
“cycling” acquisition (b), and MAPSS (c). Using the “no cycling” acquisition, signal decreases
with TSL = 0, 10, and 40 ms (implying a low-pass filter) and increases with TSL = 80 ms
(implying a high-pass filter). Using the “cycling” acquisition, signals with different TSLs
experience the same decreasing evolution. The MAPSS acquisition eliminates this filtering
effect by using a modulated flip angle train as shown in Fig. 2.
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FIG. 6.
Simulated T1ρ-weighted signals (left column) and the fitted T1ρ values (right column) using
“no-cycling” acquisition (a) and (b), “cycling” acquisition (c) and (d), and MAPSS (e) and
(f), respectively. Using the “no cycling”’ acquisition, the T1ρ-weighted signal shows blurring
with TSL = 0, 10, and 40 ms, and edge enhancement with TSL = 80 ms (a). The calculated
T1ρ values are artificially high at edges (b). Using the “cycling” acquisition, the T1 relaxation
contamination is eliminated and the fitted T1ρ values are accurate (d). However, the T1ρ-
weighted signal still shows blurring with each TSL (c). The MAPSS sequence generates T1ρ-
weighted signals without any blurring or edge enhancement (e) and quantification inaccuracy
has been eliminated (f).
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FIG. 7.
T1ρ-weighted images and T1ρ maps using “no-cycling” (upper) and MAPSS acquisition
(lower), respectively. From left to right: T1ρ-weighted images with TSL = 0, 10, 40, and 80 ms
and the reconstructed T1ρ maps. Significant edge enhancement was seen in T1ρ-weighted
images with TSL = 80 ms using “no-cycling” acquisition. No obvious image blurring or edge
enhancement was shown in images with MAPSS. Significant elevation of the fitted T1ρ was
also observed at the edge of the phantom using “no-cycling” acquisition.
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FIG. 8.
a–d: T1ρ-weighted images in a healthy volunteer using MAPSS. TSL = 0, 10, 40, and 80 ms.
e: The reconstructed T1ρ map using “no-cycling” acquisition. f: The reconstructed T1ρ map
using MAPSS. Artificially elevated T1ρ values were seen (arrow) in (e).
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Table 1
T1ρ Values of Agarose Phantoms With Different Trec

*

Trec 500 ms 1000 ms 1500 ms 2000 ms

2% agar 78.8 ± 8.2 76.9 ± 5.0 77.0 ± 3.8 76.8 ± 3.0

4% agar 44.6 ± 4.2 44.4 ± 2.5 43.8 ± 1.9 43.7 ± 1.7

*
Values are given as mean ± SD.
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