1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Magn Reson Med. Author manuscript; available in PMC 2023 May 17.

-, HHS Public Access
«

Published in final edited form as:
Magn Reson Med. 2019 July ; 82(1): 326-341. doi:10.1002/mrm.27737.

An efficient 3D stack-of-stars turbo spin echo pulse sequence
for simultaneous T2-weighted imaging and T2 mapping

Mahesh Bharath Keerthivasanl2, Manojkumar Saranathan.2:3, Kevin Johnson!, Zhiyang
Ful2 Craig C. Weinkauf?, Diego R. Martinl, Ali Bilgin1:2:3, Maria I. Altbach?

IMedical Imaging, University of Arizona, Tucson, Arizona
“Electrical and Computer Engineering, University of Arizona, Tucson, Arizona
3Biomedical Engineering, University of Arizona, Tucson, Arizona

4Department of Surgery, University of Arizona, Tucson, Arizona

Abstract
Purpose: To design a pulse sequence for efficient 3D T2-weighted imaging and T2 mapping.

Methods: A stack-of-stars turbo spin echo pulse sequence with variable refocusing flip angles
and a flexible pseudorandom view ordering is proposed for simultaneous T2-weighted imaging
and T2 mapping. An analytical framework is introduced for the selection of refocusing flip angles
to maximize relative tissue contrast while minimizing T2 estimation errors and maintaining low
specific absorption rate. Images at different echo times are generated using a subspace constrained
iterative reconstruction algorithm. T2 maps are obtained by modeling the signal evolution using
the extended phase graph model. The technique is evaluated using phantoms and demonstrated in
vivo for brain, knee, and carotid imaging.

Results: Numerical simulations demonstrate an improved point spread function with the
proposed pseudorandom view ordering compared to golden angle view ordering. Phantom
experiments show that T2 values estimated from the stack-of-stars turbo spin echo pulse sequence
with variable refocusing flip angles have good concordance with spin echo reference values. In
vivo results show the proposed pulse sequence can generate qualitatively comparable T2-weighted
images as conventional Cartesian 3D SPACE in addition to simultaneously generating 3D T2
maps.

Conclusion: The proposed stack-of-stars turbo spin echo pulse sequence with pseudorandom
view ordering and variable refocusing flip angles allows high resolution isotropic T2 mapping

in clinically acceptable scan times. The optimization framework for the selection of refocusing
flip angles improves T2 estimation accuracy while generating T2-weighted contrast comparable to
conventional Cartesian imaging.
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1| INTRODUCTION

T2-weighted (T2w) imaging pulse sequences are routinely used for the diagnosis of various
pathologies and the turbo spin echo (TSE) pulse sequence has been a “clinical workhorse”
for 2D acquisitions. The desired T2w contrast can be achieved by selecting an appropriate
echo time (TE) and interleaving data for multiple slices within each repetition time (TR)
allows for clinically acceptable scan times. However, 2D pulse sequences are limited in

the minimum slice thickness achievable due to signal-to-noise ratio (SNR) and gradient
restrictions making 2D TSE unsuitable for high resolution isotropic imaging commonly
preferred in neuro and musculoskeletal (MSK) imaging applications. 3D acquisitions
circumvent this limitation and may provide higher SNR than 2D methods.

3D T2w imaging protocols based on single-slab 3D TSE/FSE pulse sequences!2 (e.g.,
CUBE, SPACE) are commonly used for high resolution isotropic imaging. They make use
of very long echo train lengths (ETLS) to reduce the overall scan time and employ variable
refocusing flip angles to control the signal evolution along the echo train. Data are acquired
using Cartesian sampling and the view ordering is chosen to minimize blurring from T2
decay.! The utility of this pulse sequence has been successfully demonstrated for brain,1:3
knee,*5 and spine® imaging. Tamir et al” proposed a 3D TSE pulse sequence that enables
the generation of T2w images at multiple TEs from a single acquisition. This approach
uses a random phase encode reordering in the ky-kz plane along with subspace constraints
to reconstruct the different T2 contrasts without image blurring. As an alternative to full
Cartesian acquisition, a stack-of-stars TSE pulse sequence was proposed for motion robust
T2w imaging and demonstrated for brain® and abdomen imaging.®

T2 mapping is a parametric imaging approach that provides quantification of T2w images
for a more accurate diagnosis of pathology. It requires generation of T2w images at multiple
TE times in order to obtain a T2 map. 3D T2 mapping techniques have been proposed
using gradient echo,10:11 dual echo in the steady state,12 T2-prepared gradient echol3-16
and TSE based pulse sequences’’18 TSE based T2 mapping approaches involve acquisition
of the 3D volume at 3 or more TE times, making the scan times very inefficient for

clinical imaging.18-20 Recently, Yuan et al'” proposed a T2 mapping technique for carotid
vessel wall imaging which acquires 3 different T2w images in an interleaved manner using
compressed sensing and parallel imaging to reduce scan time. All these techniques tradeoff
scan time with the number of TE times acquired and generate T2 maps assuming an
exponential model for the T2 signal decay. The coarse sampling of the signal evolution
caused by the limited number of TEs can affect T2 estimation. This is more pronounced
when the signal model deviates from a single exponential, as it is the case when the
refocusing RF pulses deviate from the ideal 180°.21

In this work, we propose an efficient 3D stack-of-stars TSE pulse sequence for the
simultaneous generation of multiple T2w images and 3D T2 maps. We introduce an efficient
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radial view ordering to enable reconstruction of echo images and T2 maps from highly
undersampled data. We also developed an analytical framework to design the refocusing
flip angle trains that maximizes tissue relative contrast and minimizes T2 estimation error.
Images are reconstructed at multiple TEs from highly undersampled data using a subspace
constrained iterative algorithm. Performance of the sequence is evaluated using phantoms
and demonstrated in vivo for brain, knee, and carotid imaging.

2| METHODS
2.1| Technique

2.1.1| Pulse sequence—In the proposed 3D stack-of stars TSE, each kz partition is
sampled using a radial trajectory and Cartesian phase encoding is applied along the kz
dimension. Each partition is filled up in consecutive TRs before moving to the next, with the
same set of angles acquired in all the partitions. A flip back pulse?? is played at the end of
the echo train to restore the longitudinal magnetization in order to enable the use of shorter
TRs to improve scan efficiency. To suppress the free induction decay signal generated from
outside the excited slab, crusher gradients are added around the refocusing pulse.23-2

2.1.2| Pseudorandom radial view ordering—In a TSE pulse sequence, the ETL and
the number of shots are known a priori for each kz partition allowing the design of efficient
k-space coverage schemes. In this work, we introduce a pseudorandom radial view ordering
scheme to meet the following goals: (i) allow uniform coverage of k-space for each TE time,
(i) distribute radial views to reduce artifacts from T2 decay, and (iii) allow flexibility in the
choice of ETL for very long ETL imaging. The angle acquired at TE; and the TR, from the
proposed view ordering scheme is given by:

¢y = (mod(k + j, p)*A) + ((ETL - ));j =1,3,.. . ETL—1

b, = (mod(k + j. py*A) + (j*(N” ));j =0,2, .. ETL—1,

Noiew
ETL

where, N, IS the total number of radial views, p = and A = % is the optimal angular

separation between radial views for each TE.

While the previously proposed bit-reversed view ordering scheme?® fulfills requirements (i)
and (ii) it restricts the ETL to powers of 2 thereby reducing flexibility of the pulse sequence.
Another alternative is the golden angle view ordering scheme?” often used in radial gradient
echo pulse sequences. The golden angle view ordering does not restrict the choice of ETL;
however, at very high acceleration rates (such as 3—-4 views per TE), it yields a nonuniform
coverage of k-space. The proposed pseudorandom view ordering scheme ensures uniform
distribution of views for each TE by incrementing A based on the specific TR and TE being
acquired. The angles are computed for odd and even echoes in a pseudorandom manner to
ensure good radial coverage without restrictions on the ETL.
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2.1.3| Refocusing flip angle design—In Cartesian imaging, refocusing flip angle
designs have traditionally focused on minimizing spatial blurring while maintaining low
specific absorption rate (SAR).128:2% One proposed design parametrizes the refocusing flip
angles by 4 control angles @ = [ty » @en» s » 4] Which are computed using a prospective
extended phase graph (EPG) algorithm.! The control angles are used to set the target signal
intensity for the pseudosteady state signal along the echo train. In this work, we propose

an analytical framework to design the refocusing flip angles that maximizes the relative
contrast between 2 species a, b at the desired contrast equivalent TE(TE,,, ), enables accurate
T2 estimation, and reduces SAR. As described by Busse et al,?° TE,,, is defined as the TE of
a pulse sequence with a train of 180° refocusing flip angles that yields the same contrast as
the variable refocusing flip angle train.

The analytical framework is based on the following objective function

max relC, (T1,, T2, T1, T2, TE,,, o) W

a

(5(T10: 724 TE ey, @) = 5(T15, T2, TEyp, @ ))

— is the relative contrast between 2
5(T140 720, Ty, @ )

where, relC,, =

tissue types and s(.) is the signal at TE,,, for the respective tissues.

In order to enable accurate T2 estimation, the unconstrained objective function is augmented
by constraints to (i) decrease the T2 estimation error within an acceptable threshold and

(ii) increase the SNR, measured as the area under the T2 decay curve, by prolonging the
signal evolution curve to ensure the latter echoes are not corrupted by noise. In addition,
constraints are added to maintain SAR within acceptable limits. Thus, the flip angle design
problem can be expressed as a constrained optimization:

max relC,,(T1,,T2,T1, T2, TE,,)

a

s.t.crlb (Tla, T2a,7) <7
snrﬂ(Tlu, T2, 7) + snr,,(Tl,,, T2, 7) > €; @

R
bl ) < n;
D < Wi < Cpars P < A < O

where, crib(.) is the analytical Cramer-Rao lower bound (CRLB) with = being the acceptable
bound on the variance of the estimator and snr(.) is defined as the area under decay curve
(AUDC). b1..., is used as a subject independent measure of SAR and is defined as a

function of the total RF power (RF.,,) and the total scan time (T....) of the pulse sequence:

RF, total

bl = . An additional lower bound constraint is added to reduce motion-related

scan

signal dephasing at very low refocusing flip angles.39:31

At very long ETLs, the shorter T2 species is more susceptible to estimation error due to the
rapid signal decay. Thus, the CRLB was computed for the short T2 species and added as a
constraint. The CRLB was derived from the Fisher information matrix using the EPG based
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signal model with an independent and identically distributed noise assumption. Derivatives
of the EPG were computed numerically based on the recursive relationship described by
Layton et al.32 The resultant CRLB was expressed as a function of the tissue relaxation
times and the control angles.

2.1.4| T2 estimation—The highly undersampled TE k-space data sets from the stack-
of-stars TSE pulse sequence are reconstructed using a subspace constrained algorithm33
with locally low rank regularization.”3# In this technique, the signal evolution is constrained
to a lower dimensional subspace using principal component (PC) analysis on a basis of
curves generated using the forward EPG model. The signal at the #7 echo when using shorter
TRs and flip back pulses is modeled as follows3®:

Trec
1- exp(— 71 )
Trec
L —exp (—5)/(T1, T2, Bl,, @y, ..., @i, TEpr) ©
(T1, T2, Bl,, @, ..., ®, TE)

S(TE) = M,

where, M, is the steady state longitudinal magnetization, T,.. = TR — T, is the recovery
period from the last echo to the end of the TR and B1, corresponds to the normalized B1
value used to account for flip angle deviations due to RF field inhomogeneity. The function
f(.) is the EPG model given by

f(T1,T2,Bl,,®, ..., ®,TE) = sin(Bl,.®.(z)) @
EPG(T,,T2,Bl,,esp,®,, ..., D))

Here, @.,(z) is the excitation flip angle along the slab obtained by discretizing the excitation
RF slice profile based on the number of slices within the slab, @, is the refocusing flip angle
for the i echo and esp s the echo spacing between the refocusing pulses. ®..(z) is assumed
to be a constant function for nonselective excitations. The slice profiles were computed
using Bloch simulations and considered the effect of relaxation between the RF pulses.

The PC subspace basis is generated by simulating the TSE signal using the model
in Equation 3. Signal redundancy across the temporal dimension can be exploited by
approximating the TE images (X) in a lower dimensional subspace,

X~rO M (5

where, X is the ETL x N matrix such that the rows are the different echoes and the columns
are the N pixels in each TE image, @, is a L dimensional PC subspace such that L « ETL,
and M are the PC coefficients. The constrained reconstruction recovers the individual PC
coefficients which are then projected on to the basis to obtain the individual TE images.

T2 maps are generated from the reconstructed TE images by fitting them to a library of
precomputed T2 evolution curves.38

2.2| Simulations

All simulations were implemented in MATLAB (MathWorks, MA).
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Point spread function (PSF) simulations were performed to compare the different view
ordering schemes. 2D Radial PSFs were computed for each TE assuming an ETL of 64,
256 radial views (resulting in 4 views per TE), and 256 points along each view. To evaluate
PSF behavior over the different TE times, a temporal maximum intensity projection (t-MIP)
of the individual PSFs was computed as outlined in Chan et al.3” The t-MIP was created
from the individual PSFs by computing the maximum intensity for each pixel over the
different TEs. In addition, the temporal standard deviation of the PSFs were also computed
to capture variations in the PSF over the TEs. To quantitatively compare the PSFs, the
full-width-half-maximum (FWHM) and the mean side lobe amplitudes were calculated for
the center line profile of the t-MIP image.

The objective function and constraints for the flip angle design optimization problem were
computed for the specific imaging application using relaxation values from the literature.
The SNR and CRLB constraint functions were computed using tissue specific values of

T1 and T2 values (T'1,,T1,,T2,, T2,). The control angles were obtained by solving the
optimization problem using the augmented Lagrangian genetic algorithm.38 The solver was
implemented using the Genetic Algorithm Toolbox (MATLAB) using 500 generations and
a function tolerance of 1e-7 as the stopping criteria. This resulted in a computation time of
420 seconds on a server with 44 physical cores (2.4 GHz Intel Xeon processor E5-2699A).
The computational complexity of the flip angle design requires offline calculation of the
control angles for each imaging application.

Numerical simulations were performed to study the T1 sensitivity due to the use of variable
refocusing flip angles and flip back pulses on the T2 estimation accuracy. The TSE signal
was generated for a range of T1 and T2 values using a Bloch equation simulator assuming
the following parameters: ETL = 70, echo spacing = 6 ms, @ = [45°,100°, 100°, 130°]. In
order to evaluate the performance in the presence of flip angle variations due to RF

field inhomogeneity, the simulations were performed assuming the following values for
normalized B1, = 0.8, 1.0, and 1.2. Gaussian noise was added to the generated signal and

2 different types of fitting were performed using the EPG based model: (i) 2-parameter
fitting to estimate T2 and B1, assuming a fixed T1 = 1000 ms and (ii) 3-parameter fitting

to estimate T2, B1,, and T1. This was repeated for 100 noise realizations and the mean and
standard deviation of the estimated T2 were computed for the 2 different fitting approaches.
T2 values from 20 ms to 220 ms and T1 values from 250 ms to 2500 ms were used for the
simulation.

Monte Carlo simulations were performed to verify the error in T2 estimation due to
subspace projection (Equation 5). A PC subspace basis was generated using Equation 3
with T2 values in the range of 20 ms to 300 ms in steps of 1 ms, T1 values in the range

of 500 ms to 2500 ms in steps of 250 ms, and B1, values from 0.5 to 1.3 in steps of 0.05.
The 3D TSE signals were generated for a range of T2 values from 20 ms to 220 ms for 9
different T1 values assuming ETL = 70, echo spacing = 6 ms, and 100 noise realizations.
The signal was projected onto the subspace and a variable number of PC coefficients were
retained. T2 was estimated from the reconstructed signal and the mean estimation error was
computed.
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Simulations were performed using a digital computer phantom to study the effect of the
number of PC coefficients (L) on reconstructed image quality and T2 estimation. A digital
BrainWeb phantom?3? was used to synthesize T1 and T2 maps corresponding to gray matter,
white matter, CSF, and scalp using T2 values from the literature. The T2 maps were used

to synthesize TSE images at different TEs using the EPG forward model, assuming ETL =
130, radial views = 260, and echo spacing = 6 ms. The following control angles were used
to generate the variable refocusing flip angle train: @ = [45°,100%, 100°, 130°]. Stack-of-stars
k-space data were generated using a 1D Fourier transform operator along the slices and
in-plane radial sampling using the pseudorandom view ordering. Coil sensitivities from a 20-
channel head coil were used to create multi-coil data. A Monte-Carlo experiment was setup
for 100 noise realizations (with Gaussian noise added to the real and imaginary components
of k-space) and data were reconstructed using the proposed reconstruction framework for
PC coefficients of length L = 2—7. For each choice of L, the T2 map was estimated using

a library of precomputed signal evolutions. The library was generated for T2, T1, and

B1, values in the range of 20 to 350 ms, 500 to 2500 ms, and 0.5 to 1.6, respectively.
Performance of the reconstruction was evaluated by computing the normalized error in the

. T2 - (T2) TE - (TE)
T2 map and the TE,,, = 100 image, T2.,, = (M)*lo and TE,, = %)*10, across

T2

the noise realizations.

2.3| MRI Experiments

The stack-of-stars TSE pulse sequence was implemented on a 3T MRI scanner (Skyra,
Siemens, Erlangen, Germany).

2.3.1| Phantom experiments—The T2 estimation accuracy of the proposed sequence
was evaluated using 5 agarose gel tubes with the following T2 and T1 values (ms):
129.1/1000, 81.9/611, 73.5/437, 61.1/745, 54/900 and 40.5/951. Reference estimates of T2
were obtained using a single slice single-echo spin-echo pulse sequence with: field of view
(FOV) = 12 cm, acquisition matrix = 128 x 128, TR =55, and 12 different TEs from 8 ms
to 96 ms. The reference T1 estimates were obtained using a single slice inversion-recovery
single-echo spin-echo pulse sequence with: FOV = 12 cm, acquisition matrix = 128 x 128,
TR =85, and 7 different inversion times (ms): 300, 700, 1200, 1800, 2500, 3200, 4200. The
stack-of-stars TSE pulse sequence was used to acquire data using the following parameters:
FOV =120 cm, base resolution = 256, radial views = 384, ETL = 96, TR = 2000 ms, echo
spacing = 7.1 ms, and 1-mm-thick slices with nonselective excitation.

2.3.2| Invivo experiments—Subjects were imaged after obtaining informed consent
in agreement with the institutional review board requirements.

In vivo brain data (whole brain coverage) were acquired on 3 normal volunteers (male, mean
age = 27.3 years) using the stack-of-stars pulse sequence in the sagittal orientation with
nonselective excitation and the following parameters: 1.0 x 1.0 x 1.0 mm resolution, FOV

= 25 cm, base resolution = 256, radial views = 260, ETL = 130, echo spacing = 5.84 ms,

and slice parallel imaging factor = 2 (32 reference partitions). Data were acquired at 2 TRs
(1300 ms and 2600 ms) resulting in scan times of 5.3 min and 6.7 min, respectively. For
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comparison, data were acquired with the Cartesian 3D SPACE pulse sequence with FOV =
25 c¢m, base resolution = 256, 1.0 x 1.0 x 1.0 mm resolution, ETL = 220, echo spacing = 3.6
ms, TR = 2600 ms for a total scan time of 4.8 min.

Data were also acquired on a clinical patient (male, 64 years) as part of a brain tumor
protocol. The protocol included the short TR stack-of-stars TSE pulse sequence before the
injection of contrast along with a postcontrast T1-weighted Cartesian 3D SPACE pulse
sequence. Postcontrast SPACE data were acquired with the following parameters: FOV = 25
cm, base resolution = 300, 0.8 x 0.8 x 0.8 mm resolution, ETL =43, TE =21 ms, and TR =
600 ms.

In vivo knee data were acquired on 3 normal volunteers (2 male, 1 female, mean age = 29
years) in the sagittal orientation with 0.63 x 0.63 x 0.75 mm resolution and nonselective
excitation in a 6.2 min scan. The acquisition parameters were: TR = 1200 ms, ETL = 70,
echo spacing = 6.76 ms, FOV = 16 cm, radial views = 210, base resolution = 256, slice
parallel imaging factor = 2 (32 reference partitions). Additional data were acquired with the
Cartesian 3D SPACE pulse sequence with matching slice coverage and resolution with FOV
=16 cm, TR =1200 ms, ETL = 64, echo spacing = 4.62 ms, and total scan time = 5.6 min.

In vivo carotid vessel wall data were acquired on a subject (56 year old male) with the
following parameters: ETL = 64, echo spacing = 7.1 ms, TR = 1300 ms, base resolution
= 256, radial views = 256, in-plane resolution = 0.53 x 0.53 mm?, slice thickness = 2
mm, and slab thickness = 72 mm. Data were acquired using a dedicated carotid coil*° and
slab-selective excitation. The acquisition was performed with motion sensitizing gradient
preparation®! to suppress signal from blood flow and using adiabatic RF pulses for

fat suppression. To reduce artifacts caused by the free induction decays resulting from
combining a slab-selective excitation with nonselective refocusing pulses, phase cycled
measurements were used.*243 To reduce the total scan time, only the central 60% of the
cylinder was acquired for the phase cycled measurement.

2.3.3| Image reconstruction—The acquired k-space data with slice parallel imaging
was reconstructed using 1D-GRAPPA along the slice dimension to fill the missing kz
partitions. The TE images were then reconstructed using the iterative reconstruction
algorithm. The subspace constrained reconstruction problem was solved using the
alternating direction method of multipliers (ADMM)** using 5 PCs. The T2, T1, and B1,
ranges for the subspace basis were 20-350 ms, 500-2500 ms, and 0.5-1.6, respectively.

For slab-selective excitation, the excitation RF slice profile was computed using the Shinnar-
Le Roux algorithm?® and used to generate a slice dependent basis. All reconstruction
algorithms were implemented offline using MATLAB (MathWorks, MA) and the Gadgetron
framework?6 in a hybrid central processing unit/graphics processing unit (CPU-GPU)
approach. The ADMM algorithm was implemented on the CPU with the nonuniform fast
Fourier transform computed on a GPU at each iteration and the slices were processed in
parallel. This resulted in a reconstruction time of ~15 min/slice on a server with 44 cores
(2.4 GHz Intel Xeon processor E5-2699A), 440GB RAM, and 8-NVIDIA Tesla P100 GPUs.
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2.3.4| Image quality analysis—Quantitative evaluation of the stack-of-stars pulse
sequence was performed in vivo using both brain and knee imaging data. For brain imaging,
region of interests were drawn in the gray matter (GM), white matter (WM) and CSF on

the sagittal cross section images from the stack-of-stars and Cartesian SPACE acquisitions.
Signal intensities were measured on 5 mid-slices for each subject and the relative contrast
was calculated between GM-WM, WM-CSF, and GM-CSF. For knee imaging, signal
intensities were measured in the muscle and cartilage tissues on 5 slices for each subject
and the muscle-cartilage relative contrast was computed for both pulse sequences.

3| RESULTS

3.1| View ordering

To evaluate the PSF behavior over the different TE times, the temporal MIP and temporal
standard deviation images were computed from the 2D radial PSFs for the different view
ordering schemes and are shown in Figure 1. The figure also shows the center line profile
of the t-MIP and standard deviation images. From the t-MIP image note that both the bit-
reversed and proposed pseudorandom ordering schemes demonstrate less aliasing compared
to golden angle ordering which presents increased streaking artifact (arrow). The proposed
view ordering scheme has comparable main lobe width and side lobe amplitude (FWHM =
1.22, mean side lobe = 0.64e-3) as the bit-reversed scheme (FWHM = 1.22, mean side lobe
= 0.64e-3). The golden angle view ordering has a much higher mean side lobe amplitude
(FWHM = 1.65, mean side lobe = 1.2e-3) resulting in increased aliasing near the central
PSF peak. The zero intensity at the central circular region of the standard deviation images
indicates that the bit-reversed and pseudorandom view ordering schemes have a constant
PSF intensity in the central region over the different TEs, indicative of uniform coverage
across the TEs. Note that the proposed view ordering scheme is more flexible and removes
the power of 2 restriction on the ETL, present in the bit-reversed scheme.

3.2| Flip angle optimization

Figure 2 shows the flip angle design (top) and signal evolutions (bottom) for muscle

and cartilage using 3 different refocusing flip angle schemes for ETL = 64. The flip

angles were derived using the following control angles: (A) @ = [20°, 115°,60°, 140°], (B)

@ = [20°,60°,60°,140°], (C) @ =[80°, 115°,60%, 140°]. The vertical dashed line shows the echo
corresponding to TE,,, = 75 ms, the effective TE typically used in Cartesian T2w imaging?*’
for making radiological decisions. The signal evolutions in Figures 2A,B illustrate that
decreasing .., causes a slight drop in relative contrast between cartilage and muscle for the
same TE,,.. Note that the use of a higher «,,, (Figure 2C) results in an increased relative
contrast compared to Figure 2A. However, the rapid signal decay leads to a reduced AUDC.

While Figure 2 illustrates the ability to tailor refocusing flip angles to improve relative
contrast between tissues, it also demonstrates the tradeoff between contrast and SNR.

The curves in Figure 2C have a lower AUDC, making the latter echoes more susceptible

to noise which would in turn affect T2 estimation accuracy. In order to improve the
estimation accuracy, additional constraints were added to the objective function as indicated
in Equation 2. The effect of these constraints is illustrated in Figure 3 for 3 different
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applications: MSK, neuro, and carotid vessel wall imaging. Figure 3A shows a 2D plot

of the objective function for the relative contrast between the following tissues: muscle

and cartilage at TE,,, = 50 ms (row 1), GM and WM at TE,,, = 90 ms (row 2), and carotid
vessel wall and recent intraplaque hemorrhage at TE,,, = 75 ms (row 3). Note that the relative
contrast distribution varies across the tissues considered since it is a function of the T1

and T2 of the tissues. Figure 3B shows the cumulative AUDC (from both tissues) used

as a metric of SNR across the TEs. From the plot, it can be observed that the AUDC

is predominantly determined by «,,,. In order to minimize noise in the latter echoes, we
want to operate in regions of high AUDC which corresponds to lower values of a,,,. A

plot of the CRLB lower bound on the variance of the T2 estimator is shown in Figure 3C.
Note that the T2 estimation performance is a nonlinear function of the design parameters
., and a.,,.. Figure 3D shows a plot of the computed »1.,,,,, metric that is used as a

subject weight independent measure of SAR. Since the »1.,,, is proportional to the total RF
power in the pulse sequence, it linearly increases with the control angles and is the same
for all 3 tissue types. Based on the constraints shown in Figure 3, one possible feasible
region for the search space of «,,, and «..., would be [40° < a,,, < 607; 100° < a.., < 110°] and

[60° < @, < 75%70° < a.... <90°] for MSK and neuro imaging, respectively. While the vessel
wall imaging case could have a similar feasible region as muscle and cartilage, the anatomy
is susceptible to swallowing motion that would result in signal dephasing at low values of
a,.,» Based on in vivo volunteer experiments, a,,, > 70° was found to be a robust lower bound
for carotid imaging.3148

3.3 | Numerical simulations T2 estimation

To study the effect of T1 sensitivity on the estimated T2 accuracy, simulations were
performed by fitting the TSE signal to 2 different signal models. The 2-parameter fit, which
estimates T2 and B1, while assuming a fixed T1, and the 3-parameter fit, which estimates
T2, T1, and Bl,. Plots of the percent T2 estimation error along with standard deviation of the
estimate are shown in Figure 4 for the 3-parameter and 2-parameter fit for the range of T2
and T1 values typically found in vivo. We can observe that the 3-parameter fit has an overall
reduced relative error as it accounts for T1 effects arising from the use of variable refocusing
flip angles and the flip back pulses. The 2-parameter fit has a low error only for T1 values
close to the value assumed during fitting (1000 ms), however, the standard deviation is lower
than the 3-parameter fit as fewer parameters are being estimated. Note that a similar trend in
estimation performance is observed across the different normalized B1 values.

Results from the Monte-Carlo simulations performed to study the effect of the number of
PCs used in the subspace reconstruction on T2 estimation accuracy are shown in Supporting
Information Figure S1, which is available online. The figure shows plots of the percent T2
error according to the number of PCs used for a range of T2 values typically found in vivo
and for 3 different T1 values (500 ms, 1250 ms, and 2500 ms). Note that the estimation error
decreases when the number of PCs = 5 for all the T2 values considered.

Figure 5 shows results from simulations performed to study the effect of the number of PCs
on the estimated T2 map accuracy. The figure shows estimated T2 maps for different choices
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of L. Also shown are normalized T2 estimation error maps along with the mean normalized
error (bottom left). Observe that the T2 estimation error decreases with increasing L due to
better representation of the temporal signal evolution. However, a higher estimation error
was observed in the CSF region due to the use of a restricted range of T2 values (20-350
ms) in the library of curves used for T2 estimation.

The effect of L on the reconstructed TE image quality is shown in Supporting Information
Figure S2. This figure shows the reconstructed TE,,, = 100 ms image for different choices

of L along with the normalized error map. At lower values of L, differences in TE image
contrast can be observed compared to the reference resulting in higher normalized error
values. On the other hand, at a high value of L (L = 7), there is noise amplification in the
reconstructed TE image. This explains the noisy appearance of the corresponding T2 map in
Figure 5. We chose L =5 for our reconstructions to allow a reasonable tradeoff between TE
image quality and T2 estimation accuracy.

The results of our Monte-Carlo simulations are consistent with earlier observations on the
tradeoff between model error and noise amplification due to the choice of L.7:49 While
simulations using noiseless data show that the model error decreases with larger L,*° the
presence of noise leads to poor recovery of the TE images due to noise amplification with
increasing L.’

3.4 | Phantom imaging

T2 values estimated using the stack-of-stars TSE pulse sequence for 5 agarose phantoms
are shown in Table 1 along with the percent T2 error compared to the reference single-echo
spin-echo pulse sequence. The 2-parameter fit was performed assuming T1 = 1000 ms for
all voxels. Consistent with the simulation results from Figure 4, T2 values estimated using
the 3-parameter fit have a relative error < 5% for all the samples. Despite the accuracy in
T2 estimation, the T1 values estimated from the fit were not accurate, indicating insufficient
sensitivity for T1 estimation.

3.5] Invivo imaging

Figure 6 shows reformatted cross sections of the brain for a normal volunteer froma 1 mm
isotropic acquisition. The figure shows T2-weighted images from the stack-of-stars pulse
sequence at TE,,, = 103 ms acquired using both long and short TRs (2600 ms and 1300 ms)
along with the conventional Cartesian SPACE acquisition at TR = 2600 ms. The advantage
of the shorter TR is that full brain data can be acquired in 5.3 min whereas the longer TR
requires 6.7 min. However, in the images obtained with the long TR, the CSF is brighter and
the image contrast matches more closely the Cartesian SPACE images. Also, in the shorter
TR stack-of-stars images, there is loss of signal in the CSF near the brain stem which leads
to an apparent shorter T2. This could be attributed to flow related signal dephasing.

Figure 7 shows images from a patient diagnosed with brain metastasis, confirmed by

the post contrast T1-weighted SPACE image which shows the enhancing lesions (red
arrows) along with the region of edema. The metastatic lesion has hyperintense T2 signal
(corresponding to high T2 values) in regions of edema, as demonstrated in the stack-of-stars
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TSE T2w images and T2 maps obtained from data acquired precontrast. Note that edema is
more conspicuous in the T2 maps than in the image at E,,, = 103 ms. This is an advantage
over Cartesian SPACE methods which only generate data at 1 effective TE.

Figure 8 shows reformatted T2-weighted images of the knee at TE.,,, = 80 ms from both the
stack-of-stars TSE and the Cartesian SPACE pulse sequences. The refocusing flip angles
were designed to generate good T2w contrast between cartilage and muscle tissues without
compromising the T2 estimation accuracy. T2 maps of the cartilage are shown overlaid on
the 3 cross-sections of the stack-of-stars TSE. The latter generates images at comparable
image quality to the conventional SPACE with the advantage of providing T2 information.
The mean T2 of the cartilage is 42.4 + 3.6 ms and is comparable to values reported in the
literature for healthy subjects.20-50

The region of interest based quantitative analysis of brain images indicated comparable

GM — WM relative contrast for the stack-of-stars (0.464 + 0.056) and Cartesian SPACE
(0.451 £ 0.065) pulse sequences. The stack-of-stars technique had a slightly lower GM

— CSF contrast (0.671 + 0.037 versus 0.714 + 0.042) and WM — CSF contrast (0.825

+ 0.018 versus 0.843 + 0.025). However, a significantly lower GM-CSF and WM-CSF
contrast was observed with the short TR stack-of-stars acquisition. The mean cartilage to
muscle relative contrast from 3 healthy volunteers was 0.234 + 0.102 and 0.229 + 0.11

from the stack-of-stars and Cartesian SPACE, respectively. The proposed pulse sequence can
generate images with comparable image quality to the conventional SPACE in addition to
simultaneously generating a T2 map for each slice, at a slightly longer scan time.

Use of the slab selective variant of the pulse sequence for carotid vessel wall imaging

is demonstrated in Figure 9. In this case, the flip angles were designed to better

visualize plaque components from the surrounding vessel wall. Dark blood T2w images
atTE,, = 45ms and TE,,, = 77 ms for 4 different slices from a 72-mm slab are shown along
with the T2 map in the slices of suspected pathology. The proposed pulse sequence enables
the acquisition of TE images and T2 maps with excellent coverage of the anatomy within a
4.4-min scan.

4| DISCUSSION

We have demonstrated a stack-of-stars TSE pulse sequence for high resolution 3D T2w
imaging and T2 mapping. The pulse sequence uses a flexible pseudorandom view ordering
scheme that ensures uniform coverage of k-space for each TE while distributing the views
to reduce artifacts from T2 decay. The view ordering scheme allows for the acquisition

of highly undersampled data (3 to 4 views per TE) with good radial coverage. The use

of highly undersampled radial data and a subspace constrained reconstruction enables the
generation of T2w images at different TE times (e.g., 64—70 TE time points) and the
corresponding T2 map in a time efficient manner. Radial sampling has the added advantage
of being motion robust.8

The refocusing flip angles were designed to maximize the relative contrast between tissues
of interest while reducing T2 estimation error and SAR. The proposed pulse sequence with
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tailored refocusing flip angles can generate T2w images with spatial resolution and contrast
comparable to the Cartesian 3D TSE with the added benefit of T2 mapping with only

a minimal increase in imaging time. The acquisition scheme combined with appropriate
modeling of the signal evolution (which considers RF pulses that are less than 180° and RF
imperfections due to slice profile effects) and a subspace reconstruction algorithm allows for
accurate 3D T2 mapping.

The optimized flip angles also result in a lower SAR (up to 3% lower) compared to a
constant flip angle scheme for the same ETL. While lower flip angles along the echo

train can further reduce SAR, low values of a,,, cause signal dephasing in the presence of
significant motion.3148 To overcome this the lower bound for the minimum flip angle has to
be chosen on a per application basis.

As demonstrated, the stack-of-stars TSE pulse sequence can generate isotropic T2w images
and T2 maps of the whole brain and the whole knee with a scan time of 6.7 min and 6.2
min, respectively. While the scan times are slightly longer (~2 min) than the conventional
T2w SPACE pulse sequence, they are comparable to the recently proposed compressed
sensing based T2 shuffling technique.’ Yuan et all” recently proposed a Cartesian 3D TSE
approach for carotid vessel wall T2 mapping that uses data from 3 TEs to generate T2 maps
for 40 slices in a 7.8-min acquisition. The stack-of-stars TSE pulse sequence can achieve
comparable slice coverage in 4.9 min in addition to providing higher temporal sampling (64
to 128 TEs) of the signal evolution. This is made possible by the use of very long ETLs
along with in-plane radial undersampling and through slice parallel imaging. Efficient T2
mapping, which is illustrated here for brain, cartilage, and carotid atherosclerotic plaque,
should enable the quantitative evaluation of pathologies in a clinical setting.

As shown in Figure 4, the use of a 3-parameter fit improves T2 estimation accuracy but
also leads to an increase in the standard deviation of the fit. If the T1 values of the species
of interest are known a priori, the estimation performance can be improved by performing
a region-of-interest based fitting with fixed T1 values. While the T2 values in this work
were estimated assuming a single compartment model, the signal model can be extended to
perform multicomponent fitting®! for applications such as myelin-water fraction imaging®?
and cartilage imaging.>3

As observed in Figures 6 and 7, there is under-estimation in the CSF T2 relaxation times.
The reconstruction subspace basis was generated for T2 values in the range of 20-350 ms

as the goal was to obtain accurate estimates of gray matter and white matter tissues. This
forces the T2 estimates of CSF pixels to 350 ms. Note that the T2 maps in Figure 6 and 7 are
displayed using a scale of (10 — 300) ms to illustrate contrast variations between the short T2
species. Furthermore, the temporal sampling of the signal evolution using the stack-of-stars
pulse sequence was restricted to 800 ms (echo spacing of 5.8 ms and an ETL of 130). This
temporal sampling may not be sufficient to accurately estimate T2 relaxation times of CSF.

The proposed stack-of-stars trajectory acquires different radial views in the same kz partition
along the echo train. An alternative approach would be to sample different kz partitions
along the echo train such that the center of k-space is sampled at a specific echo to allow
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reconstruction of images at a specific T2w contrast.® To reconstruct images at multiple T2w
contrasts, we are interested in acquiring the same number of radial views for each TE for
each partition, therefore the latter sampling scheme does not offer any advantage in scan
time reduction.

While the current work explores the use of in-plane radial sampling, efficiency of the
pulse sequence could be further improved using alternative non-Cartesian trajectories such
as spiral, GRASE or bent radial readout schemes.>*56 These trajectories would allow the
acquisition of sufficient k-space samples in a single shot, reducing further the scan time.
However, these schemes also require additional corrections to reduce their sensitivity to
artifacts arising from off-resonance effects and readout gradient delays.

Radial sampling results in a circular FOV, which is not ideal for applications such as spine
imaging. However, the use of anisotropic radial trajectories®” would circumvent this issue.

Finally, the iterative algorithms used for data reconstruction are computationally intensive
due to the radial re-gridding performed in each iteration. In the current implementation, the
ADMM algorithm was implemented on the CPU and the nonuniform fast Fourier transform
was computed on a GPU at each iteration. While this offers about 4x acceleration compared
to a CPU-only implementation, it is sub-optimal in particular due to the data transfer over-
head during each ADMM iteration. An optimal implementation to bring the reconstruction
times within a clinically acceptable range would involve performing the entire ADMM
algorithm (together with the NUFFT operations) on the GPU to avoid unnecessary data
transfer between the GPU and the CPU at each iteration. Furthermore, deep learning
techniques have recently been proposed to efficiently solve subspace constrained iterative
reconstruction problems resulting in 2 orders of magnitude reduction in reconstruction
times.>8

5| CONCLUSIONS

A stack-of-stars TSE pulse sequence has been introduced for simultaneous T2w imaging
and T2 mapping. The sequence allows high resolution isotropic T2 mapping in clinically
acceptable scan times. We have presented an optimization framework for the selection of
refocusing flip angles to improve T2 estimation accuracy and reduce SAR while generating
T2w contrast comparable to conventional Cartesian pulse sequences. The utility of the
sequence has been demonstrated for neuro, MSK, and carotid vessel wall imaging.
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FIGURE 1.

Temporal MIP and standard deviation images computed from the 2D radial PSF are shown
for the pseudorandom, bit-reversed, and golden angle view ordering schemes for ETL =

64 and 256 radial views. From the t-MIP images note that both the bit-reversed and the
proposed pseudorandom ordering schemes demonstrate reduced aliasing artifacts compared
to the golden angle ordering which presents increased streaking artifacts (arrow). This is also
indicated by the reduced mean side lobe amplitude in the line profile plots for the proposed
scheme. The zero intensity at the central circular region of the standard deviation images
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indicate that the bit-reversed and pseudorandom view ordering schemes have a uniform
coverage over the different echoes
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Refocusing flip angles (top) and signal evolutions (bottom) for muscle and cartilage using
3 different refocusing flip angle schemes for ETL = 64. The flip angles were derived using

the following control angles: (A) @ = [20°, 115°,60°, 140°], (B) @

—

of 75 ms
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Two-dimensional plots of the objective function and constraints for MSK (top row), neuro
(middle row), and carotid vessel wall imaging (bottom row) applications. A, The relative
contrast as a function of «,,, and «..,.. The T2 estimation related cumulative AUDC and
CRLB constraints are shown in (B) and (C), respectively. The SAR related »51.,,, is shown in

D)
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FIGURE 4.
Results from numerical simulations to study the effect of T1 sensitivity on T2 estimation

accuracy. The relative error and standard deviation of the T2 estimates from the 3-parameter
fit and the 2-parameter fit are shown for B1, = 0.8 (A), B1,= 1.0 (B), and B1, = 1.2 (C)
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FIGURE 5.
Results from digital phantom simulations to study the effect of number of PCs on T2

estimation accuracy. The reconstructed T2 maps are shown for different values of L along
with the normalized error in T2 estimation. The mean normalized error is indicated at the
bottom left of the error maps. Increasing L leads to a reduction in T2 estimation error due to
better representation of the temporal signal evolution
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FIGURE 6.
Reformatted cross-sections of the brain for a normal volunteer from the stack-of-stars TSE

and Cartesian SPACE. A, T2w images from the conventional Cartesian SPACE sequence.
T2w images from the stack-of-stars TSE are shown for long TR (B) and short TR (C) along
with the corresponding T2 maps. The long TR images demonstrate higher CSF signal and
better image contrast than the short TR acquisition
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TE.q =103 ms

T2 Map

Stack-of-Stars TSE

FIGURE 7.
T2w images from precontrast stack-of-stars TSE are shown for a patient with brain

metastasis. Also shown are the post contrast T1w Cartesian SPACE images that show the
enhancing lesions (red arrows) along with the region of edema. The metastatic lesion has
hyperintense T2 signal, corresponding to high T2 values, as demonstrated in the precontrast
stack-of-stars TSE images and maps
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Cartesian SPACE

Stack-of-Stars TSE

FIGURE 8.
Reformatted cross-sections of the knee for a normal volunteer from the stack-of-stars TSE

and Cartesian SPACE. The T2 map of the cartilage overlaid on the anatomical image is also
shown. The refocusing flip angles were designed to generate good T2w contrast between
cartilage and muscle tissues without compromising the T2 estimation accuracy. Note that the
cartilage has a mean T2 of 42.4 + 3.6 ms
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FIGURE 9.
Dark blood T2w images of the carotid vessel wall acquired using the stack-of-stars TSE

pulse sequence. Shown are 4 slices (2 mm thick) from a 72 mm selectively excited slab
along with the corresponding T2 maps for the vessel wall
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