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Abstract

Purpose: To develop a new technique that enables simultaneous quantification of whole brain
T1, T2, T2*, as well as susceptibility and synthesis of six contrast-weighted images in a single
9.1min scan.

Methods: The technique employs hybrid T2-prepared inversion recovery (T2-IR) pulse modules
and multi-echo gradient echo (GRE) readouts to collect k-space data with various T1, T2 and
T2* weightings. The underlying image is represented as a six-dimensional low-rank tensor
consisting of three spatial dimensions and three temporal dimensions corresponding to T1
recovery, T2 decay, and multi-echo behaviors respectively. Multiparametric maps were fitted
from reconstructed image series. The proposed method was validated on phantoms and healthy
volunteers, by comparing quantitative measurements against corresponding reference methods.
The feasibility of generating six contrast-weighted images was also examined.

Results: High quality, co-registered T1/T2/T2*/susceptibility maps were generated that closely
resembled the reference maps. Phantom measurements showed substantial consistency (R2>0.98)
with the reference measurements. Despite the significant differences of T1 (P<0.001), T2
(P=0.002), and T2* (P=0.008) between our method and the references for in-vivo studies,
excellent agreement was achieved with all intraclass correlation coefficients greater than 0.75.
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400, Los Angeles, CA 90048, USA, debiao.li@cshs.org.
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No significant difference was found for susceptibility (P=0.900). The framework is also capable of
synthesizing six contrast-weighted images.

Conclusion: MR Multitasking based 3D brain mapping of T1, T2, T2*, and susceptibility agrees

well with the reference and is a promising technique for multi-contrast and quantitative imaging.

Keywords
MR studies; brain; MR Multitasking; quantitative MRI; multiparametric mapping

1. Introduction

MRI offers flexible contrast between different brain tissues based on their distinct
physical properties including proton density, longitudinal relaxation time (T1), transverse
relaxation times (T2, T2*), and magnetic susceptibility (). Compared to qualitative or
contrast-weighted images, quantitative imaging provides objective information for tissue
characterization and clinical diagnosis. Direct measurement of the above parameters
facilitates pathology detection such as tumor (1), ischemia (2), multiple sclerosis (3,4),
and Parkinson’s disease (5,6). Compared to single parameter mapping, multiparametric
approaches offer the potential for more comprehensive tissue characterization and more
accurate diagnosis. It has been shown that the combination of R2* and susceptibility is
useful to characterize heterogeneity in MS lesions (7). Additionally, combined use of R2*
and fractional anisotropy has enhanced the sensitivity and specificity in differentiating
Parkinson’s disease (PD) patients from healthy controls (8).

In practice, multiparametric mapping typically requires separate scans. Different methods,
including inversion recovery spin echo (IRSE), variable flip angle (VFA) (9), multi-echo
spin-echo (10), and multi-echo GRE (11-14), have been proposed to measure T1, T2,

T2*, and susceptibility independently. Separate acquisitions may result in prolonged scan
time, complicated imaging workflows, and misaligned parameter maps due to inter-scan
misregistration. Recent technical developments have enabled simultaneous, multiparametric
mapping. STrategically Acquired Gradient Echo (STAGE) (15-17) achieves T1, T2*, and
quantitative susceptibility mapping (QSM) using two multi-echo GRE sequences with
different flip angles, but lacks T2 quantification and requires B1 inhomogeneity correction.
Multi-Echo (ME) Magnetization-Prepared 2 RApid Gradient Echoes (MP2RAGE) (18-20)
uses two different inversion times each with a unique flip angle and with multi-echo

GRE readouts for T1, T2*, and susceptibility quantification. However, the evolution of the
magnetization during the long acquisition window results in distortion of the point-spread
function and causes blurring (21,22). In addition, it does not perform flow compensation and
would therefore be subject to phase errors from flow effects (11). Recent MR fingerprinting
work combines the existing balanced SSFP methods with varied RF excitation phases for
simultaneous quantification of T1, T2, and T2*, yet is limited by 2D acquisition, banding
artifacts, and long acquisition time (35s per slice) (23).

In this work, we develop a new technique for 3D whole-brain simultaneous T1, T2, T2*,
and susceptibility quantification in a single 9.1 min scan, based on the MR Multitasking
framework. Hybrid T2-IR preparations generate different T1 and T2 weightings, while
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multi-echo GRE readouts with full flow compensation for all echoes generate different T2*
weightings. The underlying image is modeled as a six-dimensional low rank tensor (LRT)
with three spatial dimensions and three temporal dimensions modelling T1, T2, and T2*
relaxations. In addition, we also show six contrast-weighted images that can be generated
from the T1/T2/T2*/susceptibility maps. The agreement between the proposed method and
conventionally accepted quantitative reference mapping techniques for each tissue property
is evaluated in phantom and volunteer studies.

Methods

2.1 Pulse sequence framework

2.1.1 Pulse sequence—Figure 1 shows the proposed sequence diagram. T1 and

T2 weightings are generated by cycling through T2-IR preparations with four different
preparation durations (z, with =0 corresponding to a standard IR pulse). Multi-echo GRE
readouts with different echo times ( 7g) produce different T2* weightings and images with
different susceptibility contributions. FLASH excitations fill the entire recovery period to
acquire readouts at multiple inversion times (7).

Flow induced phase variation can be a potential source of error when quantifying
susceptibility (11). Available multi-echo sequences typically only perform flow
compensation on the first echo (24). Failure to compensate the flow may lead to arbitrary
phase inside the vessels and non-local artifacts in susceptibility maps (25,26). In this work,
we adopt a previously proposed flow compensation scheme (26) for 3D monopolar multi-
echo acquisition, where extra bipolar pairs are implemented along both phase encoding

and partition encoding directions (Figure 1B). In the readout direction, insertion of an
appropriate gradient before the first echo can naturally achieve the flow compensation at the
center of each echo.

Two interleaved subsets of data are collected during a continuous acquisition (Figure 1C):
training data d;; which frequently repeat one k-space trajectory with a high temporal
sampling rate, and imaging data dimg which sparsely sample (k,#)-space with greater k-space
extent for high spatial resolution. The imaging data densely sample (k,-space for the
chosen k-space trajectory, and will therefore allow the calculation of a highly temporally-
resolved subspace of plausible contrast-weighting evolutions during image reconstruction;
in this work, d was collected at the central k-space line k), = k= 0) every 4 readouts

(~ 80ms). The imaging data then allow high-resolution calculation of voxelwise contrast-
weighting evolution within the temporal subspace; here, diyng was collected using a 3D
randomly-ordered trajectory with Gaussian density distribution along both partition and
phase encoding directions in order to provide incoherent (k, #)-space sampling.

2.1.2 Image model—The Multitasking framework models the underlying image as a
6D image x (r,z, 7, 7g) with 3 spatial dimensions indexed by r [x,),2], and 3 temporal
dimensions z, 7}, and 7g. Here zis the T2-IR prep duration, 7;is the inversion time, and
Teis the echo time. Acquisition of image x at the Nyquist rate would suffer from the curse
of dimensionality and result in an impractical scan time. However, x can still be recovered
from highly undersampled data by exploiting the spatial-temporal correlation throughout the
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image. Specifically, this correlation allows xto be decomposed into the following partially
separable form (27):

L

x(r, 7, T, Tg) = Y, w(r)i(z, Tr, T) M
I=1

where {i(r)}}_ | are the spatial basis functions and {(¢(z. T, Tg)} F-_ | are temporal
functions spanning a multi-dimensional temporal subspace. The temporal functions ¢
themselves can also be decomposed in terms of individual bases along each temporal
dimension, e.g.:

M N P
(. T, TE) = Z 2 Z glmnpUm(T)wn(TI)Qp(TE)v (2

m=1ln=1p=1

where {v, (D)} M_ |, {w (T }N_ 1, {4,(TE)}f = 1 are temporal basis functions for T2, T1, and

T2* relaxation dimensions and where g, are elements of a core tensor & (28). The
combination of Equations (1) and (2) implies that a discretized image tensor 2" with
elements Xjjxs = r; zj T) 4 T£,5) €an be decomposed in Tucker form (29,30) as follows:

3"=?X1UX2VX3WX4Q, (3

where the x;operator denotes the th mode product (30), the columns of U contain the
spatial basis functions such that U; ;= u{r ), and the columns of V, W, and Q contain

the temporal basis functions for each corresponding dimension such that V; ,, = v, (7)),
Wi n= w711, Qsp= gul Tg,5)- By separating the temporal factors V, W, and Q from
the spatial factor U, the model in Equation (3) partially decouples conflicting temporal and
spatial resolution sampling requirements: the high-speed training data in d; can be used

to determine the temporal factors, and the dimg (Which extensively covers k-space) can be
used to determine U with high spatial resolution. The end result is an 2 that is both highly
spatially- and temporally-resolved.

2.1.3 Image reconstruction—Equation (3) implies that the 4-way tensor & can be
recovered from undersampled (K, z, 7}, 7g)-space data via low-rank tensor completion. For
example, this could in principle be done by solving the following optimization problem:

VA

4
Z = arg min||dimg ~ AL X FS)[5+4 Y [ X, + RZ| @
i=1

where djmg is the imaging data, Q(-) is the sampling operator, F represents the Fourier
transform, S applies sensitivity maps, A is the rank regularization parameter, X, denotes the
F-mode matrix unfolding of & (i ranges from 1 to 4 as & is a 4-way tensor), Il-llx denotes the
matrix nuclear norm, and A(*) is an optional regularizer which can be employed to enforce
complementary image properties such as transform sparsity.
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Although Equation (4) can be a potential solution, implementing it can be impractical owing
to the large memory consumption in storing and operating upon the entire 2 without taking
advantage of the decomposition in Equation (3) (31). Instead of solving Equation (4), we
employ a computationally-efficient practical alternative to reconstruct 2 in factored form,
e.g., solving directly for an individual parameter such as U:

~

U=arg mén”dimg - 9(5 X1 FSU)”i + ARy(U) ©)

for known temporal factor tensor @ = € x, V x3 W x4 Q, Where Ry(*) is a spatial regularizer,
chosen as a total variation (TV) penalty for this study. Note that the required “prior”
knowledge of & can be obtained in two steps: (1) predetermine the T1 recovery basis
functions in W from a dictionary of IR signal curves; and (2) estimate the T2 relaxation
basis functions in V, T2* relaxation basis function in Q, and core tensor % from the training
data dy,.

In the first step, we generate a dictionary of physically feasible IR-GRE signal curves for a
range of feasible T1 and B1 inhomogeneity values based on the Bloch equations (31). The
dictionary consists of 101 T1 values logarithmically spaced from 100 ms to 3000 ms, 24
flip angles equally spaced between 0.5° to 12°, and 21 inversion efficiency factors equally
spaced between -1 (perfect inversion) and —0.5. The T1 recovery basis functions in W are
estimated from the singular value decomposition (SVD) of this training dictionary.

In the second step, the training tensor %, as expressed in (k, z, 7}, 7g)-space, can still be

incomplete. However, it has much smaller size than the imaging data and can be recovered
in a similar fashion as in Equation (4):

4
~ ) 2
Dy = argr;ln”dtr - Qu(Dy)ll2 + 4 Z |IDer, (i)l - (6)

tr i=1

where dy, is the training data, Q (") is the sampling operator for the training dataset, and
dy,(j) denotes the ~mode matrix unfolding of 9, (i ranges from 1 to 4 as 9, is a 4-way

tensor). Note Equation (6) is practical to solve, as @, is of much smaller size than 2 and

does not need to be encoded by the Fourier transform and coil sensitivities as in Equation
(4). Once the completed &, has been recovered, the core tensor %, T2 basis functions V,

and T2* basis functions Q can be extracted by truncating the high-order SVD (HOSVD)(32)
of .. This allows the spatial basis U to be solved as described in Equation (5). The final

reconstructed tensor is then given by the product 2 = @ x; U.

In this work we follow the approach in Equations (5) and (6). The low-rank tensor modelling
of the image series and reconstruction workflow can be found in Figure 2.

2.1.4 Parameter quantification—Multiparametric fitting was based on the following
equation at a given T2-IR preparation time (), nth readout index since preparation (i.e., 7=1,
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2, ..., Nsgg, Where Nggq denotes the number of segments within one recovery period, such
that 7,= nTg) and echo time (75):

1 TR —2/Ty ~TRIT} n
S = Am[l + (Be — 1)(e cos a) -

—TE/TS j27AByTE .
]e EIT2o/2m8200 Eging

where A absorbs proton density (equilibrium magnetization M) and receiver coil sensitivity,
B represents the effective inversion efficiency independent of 7, (with B= -1 being perfect),
AB, describes the effect of static field inhomogeneity in Hz, 75 is the repetition time, and a
denotes the flip angle. Nonlinear least squares-fitting was performed on the three-way tensor
reconstructed at each voxel using Equation (7) for A, Ty, T, T5, B, and AB,.

Magnetic susceptibility was estimated using the multi-echo images at different echo time 72
of the last inversion time (/7=/geg), closest to the GRE steady-state contrast. Phase images

at different echo times were unwrapped using the quality guided 3D phase unwrapping
algorithm (33). After that, brain regions were masked with a brain extraction tool (BET)
(34) and background field was removed using Sophisticated Harmonic Artifact Reduction
for Phase data (SHARP) (35). Individual QSM images were generated at each echo using
iterative susceptibility weighted Imaging and mapping (iSWIM) method (36,37) with 4
iterations and threshold of 0.15. Finally, they were combined using a weighted averaging
method (38):

3 2
i1 Miy

=== ®
Z?:IMI'Z

where yis the susceptibility estimated at echo time 7z ; and M; =Tk, ie_TE"'/TZ*.

2.2 Data acquisition

2.2.1 MR Multitasking imaging protocol—MRI experiments were performed on a
3T scanner (Biograph mMR, Siemens Healthineers, Erlangen, Germany) with a 20-channel
head coil. Acquisition cycled through hybrid T2IR modules with preparation times z = 0, 30,
55, 80 ms. Within each readout module, three echo times at 7= 5.0, 10.0, 16.25 ms were
collected. The scan time for Multitasking was 9.1 min. Scan parameters for Multitasking
were: field of view (FOV) = 276 x 207 mm?, in-plane resolution = 0.7 x 1.4 mm?, slice
thickness = 2 mm. More detailed imaging protocol was summarized in Table 1.

2.2.2 Phantom study—A standard T1/T2/T2* phantom (Calimetrix, Madison, WI
USA) was scanned for validation of the quantitative estimates of the tissue properties.
Inversion-recovery spin echo (IR-SE), T2-weighted spin echo (T2-SE) and 3D multi echo
gradient echo (ME-GRE) were used as the reference for T1, T2 and T2* respectively.

Another susceptibility phantom was constructed by embedding 5 different falcon tubes, each
filled with different concentrations (0, 1, 3, 5, or 7 mmol/L) of gadolinium (OptiMARK,
Liebel-Flarsheim Company, Raleigh, NC) solution, into a 1% agarose gel solution in a 1000
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mL plastic container. The phantom was scanned with Multitasking and reference (ME-GRE)
sequences.

Imaging parameters for all reference sequences are summarized in Supporting Information
Table S1.

2.2.3 In-vivo study—The in-vivo study was approved by the institutional review board
at Cedars-Sinai Medical Center. Written informed consent from all subjects were obtained
before the study. /=10 healthy volunteers (age: 41.9 + 14.6) were recruited. The reference
protocols included inversion recovery turbo spin echo (IR-TSE) for T1 mapping, multi-echo
spin echo (ME-SE) for T2 mapping, and 3D fully flow-compensated multi-echo gradient
echo (ME-GRE) for T2*/QSM mapping, with a total scan time of 20 min. These references
were chosen from previous work on T1/T2/T2*/susceptibility mapping (12,19,39-43). Note
that the T1/T2 mapping references were different from those used in the phantom study and
had smaller spatial coverage to make scan time feasible. Detailed parameters are listed in
Supporting information Table S2. The slice positions of all scans matched with each other.

MR Multitasking reconstruction was performed using Equation (5) and (6), where TV was
used as a regularizer. The ranks for spatial and T1 dimensions were chosen from the —40
dB threshold on the normalized singular value curves of the training data and simulated
dictionary, respectively. The rank for T2 dimension was not truncated as the nuclear norm
term in Equation (6) for training tensor completion already performed a soft constraint on
the tensor ranks of those dimensions. Finally, the multi-echo dimension was considered as
full rank to account for both T2* decay and BO field inhomogeneity.

For comparison purposes, a compressed sensing reconstruction with TV regularizer, a
non-regularized low-rank tensor reconstruction (i.e., Equation (5) with A = 0), and our
proposed TV-regularized low-rank reconstruction were performed for several representative
T1/T2/T2* contrast combinations on a healthy subject. For the compressed sensing
reconstruction, the k-space data along the T1 dimension were grouped into 8 different
inversion times (more typical of conventional T1 mapping techniques), leading to an
acceleration factor of 12.

The MATLAB p-code for the reconstruction is available upon reasonable request.

Image processing and assessment

2.3.1 Contrast-weighted image generation—Contrast-weighted images were
synthesized by substituting the quantitative parameters into the signal equations for common
MRI pulse sequences. The sequences used for synthesizing T1, T2-weighted, double
inversion recovery (DIR), and T2 fluid-attenuated inversion recovery (FLAIR) images are
listed in Supporting information Table S4.

Note that some contrast-weighted images may not need to be re-synthesized using signal
equations if they are already available in the reconstructed image series prior to parameter
fitting. For example, a T1-weighted image can be directly obtained by choosing the
reconstructed image at the desired inversion time.
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For susceptibility-weighted images (SWI), phase masks are created from the high-pass
filtered raw phase images and are multiplied by the magnitude images (44). True
susceptibility-weighted images (tSW1) have also been generated by using susceptibility
maps for the masking process (45). tSWI can enhance the contrast and overcome the
limitation of SWI, where the phase images used for masking are dependent not only on
susceptibility, but also on shape and orientation of the structure of interest (45). Both SWI
and tSWI are displayed using minimum intensity projections (MinlIPs) with an effective slab
thickness of 16mm (8 slices). Parameters used for masking are also listed in Supporting
information Table S3.

2.3.2 Qualitative analysis—All reconstructions were performed on a Linux
workstation with a 3.08-GHz dual 16-core Intel Xeon processor equipped with 256 GB
RAM and running MATLAB 2016b (MathWorks, Natick, Massachusetts). After finishing
the reconstruction, three slices located in the upper, middle and lower brain regions

were selected for each healthy subject for multiparametric fitting using Equation (7).

The generated T1/T2/T2* maps were compared with the corresponding reference maps.
Additionally, two slices around subcortical regions were chosen for qualitative evaluation of
QSM, SWI, and tSWI.

2.3.3 Quantitative analysis—For the phantom study, T1/T2/T2*/susceptibility
measurements were calculated for each vial. Linear regression was preformed and intraclass
correlation coefficients (ICCs) were calculated from a two-way mixed model and 95%
confidence using IBM SPSS Statistics (Armonk, New York) to evaluate the agreement
between Multitasking and the reference.

For the volunteer study, regions of interest (ROIs) were drawn for cortical GM and WM in
both left and right hemisphere for all healthy volunteers. The segmentation was performed
by thresholding raw reference/Multitasking images at approximately similar slice locations
(46). Mean T1/T2/T2* values of cortical GM and WM were calculated and compared
between Multitasking and the references. In addition, three different subcortical areas
(substantia nigra, red nucleus and globus pallidus) were manually labelled for comparison
of susceptibility maps. Bland-Altman analysis was performed and coefficient of variation
(CV) and ICCs from a two-way mixed model and 95% confidence were calculated to test
the agreement between different methods. Two-way repeated measures analysis of variance
(ANQOVA) was performed using IBM SPSS Statistics (Armonk, New York) to determine the
differences between Multitasking and reference.

3. Results

3.1 Phantom study

Multitasking T1/T2/T2* maps showed good quality and qualitative agreement with the
reference maps (Figure 3). Substantial correlation (R? = 0.997, 0.997, and 0.999 for
T1/T2/T2*, respectively) and excellent agreement (ICC = 0.991, 0.990, and 0.997 for
T1/T2/T2*, respectively) were found between Multitasking measurements and the reference
measurements.
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The susceptibility maps from Multitasking and reference were shown in Figure 4A, with
the gadolinium (Gd) concentration (in mmol/L) of each vial labelled in the magnitude
image. Both maps had good image quality and resembled each other. The correlation plot
in Figure 4B showed good consistency between Multitasking and reference (R2=0.988, ICC
= 0.994). The susceptibility measurements from Multitasking also correlated well with the
Gd concentration (Figure 4C), yielding a slope of 0.338 ppm per mmol/L. This is consistent
with previous literature on Gd phantom (0.326 — 0.350 ppm per mmol/L) (47-49).

In-vivo study

Representative images with different contrast combinations reconstructed by compressed
sensing only, low-rank only, and low-rank with compressed sensing (our proposed method)
were shown in Supporting Information Figure S1. The high acceleration factor made
reconstruction challenging for compressed sensing and the results showed poor image
quality and aliasing artifacts. Low-rank tensor reconstruction generated aliasing-free images
but were noisy, especially for images at short 7, The proposed reconstruction taking
advantage of both the low-rank property and spatial regularization had the best image quality
with minimal noise and aliasing.

As shown in Figure 5, Multitasking generated co-registered multiparametric maps
qualitatively matched with the reference ones. Bland-Altman plots for T1/T2/T2* were
shown in Figure 6A-C. Compared with reference methods, Multitasking values are 6%
higher in T1, 4% lower in T2 and T2*. Supporting information Table S5 provided the results
of two-way ANOVA, which showed significant differences among different methods for
T1, T2, and T2* (P < 0.008). The distributions of T1/T2/T2* measurements from the two
methods were summarized in Table 2. Despite the differences between the two methods, all
the values were still within the ranges from literature (GM T1: 1209-1700 ms; WM T1.:
750-1110 ms; GM T2: 71-132 ms; WM T2: 56-84 ms; GM T2*: 40-65 ms; WM T2*:
44-52 ms).(50-56) Additionally, CVs (< 5%) and ICCs (> 0.75) indicated the excellent
consistency between Multitasking and reference techniques (57).

Two slices of QSM maps were shown in Figure 7. Both Multitasking and reference maps
clearly visualized the deep gray matter structure. The same structures as well as vessels
could also be found in MinlPs of SWI and tSWI images. Multitasking qualitatively agreed
with reference in all maps and images. Bland-Altman plot for susceptibility shown in

Figure 6D indicated little bias between Multitasking and reference methods. As shown

in Supporting information Table S4, no significant difference was found between the two
methods (P = 0.900) with two-way ANOVA. The susceptibility values and their distributions
were summarized in Table 2. These measurements were consistent with the reference ones
(CV < 5%, ICC > 0.95) and literature values (SN: 0.083-0.115 ppm, RN: 0.076-0.120 ppm,
GP: 0.093-0.123 ppm) (6,58-61).

Quantitative maps and six contrast-weighted images of a healthy volunteer were generated
from Multitasking and were shown in Figure 8. As a byproduct from Equation (7), static
field inhomogeneity ABy and equilibrium magnetization My were also shown. T1-weighted
image synthesized based on the Bloch equations were compared with the one directly
taken from reconstructed series in Supporting information Figure S2, which showed very
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similar contrast. DIR images with GM, WM, and CSF enhanced separately were shown
in Supporting information Figure S3. All images and maps showed appropriate image
contrasts.

4. Discussion

In this work, we developed a 3D fully flow-compensated Multitasking T1/T2/T2*/QSM
mapping technique. Validation was performed with phantom and volunteer studies.
Quantitative in vivo measurements showed substantial agreement between Multitasking
and the reference methods. Conventional multiparametric mapping techniques in the

brain require separate scans, which is time consuming and can suffer from inter-scan
misregistration and intra-scan motion. In comparison, our technique performs co-registered
whole brain multiparametric mapping within a single 9.1-min scan and is two times as
fast as the reference techniques (20 min) used in this study. The high-dimensional contrast
encoding approach in Multitasking has further potential for resolving sub-voxel structure
through relaxation correlation spectroscopy (62), which would otherwise become an ill-
posed problem with 1D relaxation imaging methods (63-65).

To the best of our knowledge, this is the first technique for whole brain, simultaneous
mapping of T1, T2, T2*, and susceptibility. STAGE (15-17) achieves whole brain
T1/T2*/QSM mapping at the same resolution within 5 minutes, while multi-echo
MP2RAGE technique performs T1/T2*/QSM mapping at a higher resolution (0.64 mm3)
within 16 minutes (20). In a more recent work, the scan time of multi-echo MP2RAGE is
shortened to 8.5 minutes (19). However, the choice of very short last TE (~9ms) negatively
impacts accuracy of T2* estimation (20). Furthermore, none of the techniques performs T2
quantification, and thus provide incomplete information for brain tissue characterization, as
T2-weighted and T2-FLAIR images play a critical role in studying white matter disease and
tumor imaging (66-68). And the multitasking approach presented herein offers a distinct
advantage. Recent fingerprinting work has achieved joint T1, T2, and T2* mapping, yet has
limitations including 2D acquisition, long scan time (35s per slice), and no susceptibility
information (23).

Multitasking T1, T2, T2* and QSM maps show good consistency with the references.
Nevertheless, small but significant biases were found in T1/T2/T2* measurements between
Multitasking and the references. Possible reasons include: (1) IR-TSE is known to
underestimate T1 compared to IR-SE due to slice interference (69). (2) T2 differences
could be caused by the sensitivity of the Multitasking preparation scheme (T2-IR) to

B1 inhomogeneity (70) and the possible overestimation of ME-SE from stimulated echo
contamination (71). (3) Remaining phase drifting during a long scan could cause phase
cancellation effects, leading to T2* underestimation. Further technical improvements may
be able to compensate these effects. Despite the differences, CVs and ICCs still indicate
substantial quantitative agreement between the two methods and measurements from both
methods were in the range of previous literature.

Six different contrast-weighted images were generated from Multitasking quantitative maps.
Although all images show correct contrast, it should be noted that our synthetic FLAIR
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image still requires further improvement to match the clinical standards. The challenge of
synthesizing T2-FLAIR has also been mentioned by others (72-74) and can be related to
partial volume, flow, and magnetization transfer effects. Better results may be obtained with
the help of deep learning (72,74). Image synthesis has also been explored by previous MR
fingerprinting work and by STAGE (15-17,75). Compared to previous work, Multitasking
provides an alternative for certain contrast weighted images. In this work we demonstrate
that a decent T1-weighted image can be directly obtained from the reconstructed image
series without requiring synthesis. This may help to overcome the challenges related

to Bloch synthesis (e.g. flow, magnetization transfer) and produce more ‘natural’ image
contrast.

One future direction for this work is to increase spatial resolution to 1.0 mm isotropic
resolution while retaining a reasonable scan time. The current resolution may still cause
partial volume effects and missing of small lesions and bleeds. Scan time also limits

the choice of TE and TR. The longest TE adopted in the current protocol matches with
previous work (15,18), but may still need lengthening to improve estimation for WM and
GM T2* values (20). Making this change would result in even longer scan time. Further
technical improvement may be made by incorporating other prior knowledge including
conjugate symmetry (76) and locally low rankness (77) for a shorter scan. For T2* mapping
particularly, BO inhomogeneity correction along the gradient echo correction may help

to improve the low-rank property and further cut down scan time. Deep learning-based
methods like super-resolution are also potential avenues to improve spatial resolution
(78,79). In this study, we did not investigate the robustness of our sequence to motion,
which can be important during a long scan or for pediatric/patient population (80,81).
However, we note that the Multitasking framework has been demonstrated to support several
motion-handling techniques to produce motion-robust maps (82), such as automatically
identifying and removing motion-corrupted data (83,84) or by modelling motion as a
separate dimension in the tensor form (31,85,86). Finally, clinical validations would be
performed in the future to investigate the usefulness of the technique for diagnostic
purposes.

5. Conclusion

We have developed a three-dimensional, whole brain simultaneous T1/T2/T2*/susceptibility
mapping method in a single 9.1-min scan based on the MR Multitasking framework. The
technique can retrospectively generate six different contrast-weighted images in addition to
the four quantitative maps.
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(A) Sequence diagram for the proposed multitasking T1/T2/T2* mapping framework.
Hybrid T2prep/IR (T2-IR) preparation modules were followed by 144 multi-echo GRE
readouts, which enable collection of k-space lines with different T1/T2/T2* contrasts. The
training data was acquired every 4 readouts.
(B) Hlustration of readout module. After each a pulse, a total of 3 echoes, each of them fully
flow compensated along all directions, were collected in a monopolar way. In the readout
direction, each echo is refocused, and flow compensation is naturally achieved at the center
of each echo after inserting an appropriate moment nulling gradient before the first echo.

In the phase/partition encoding direction, however, bipolar gradient pairs were added for all

later echoes.

(C) Simplified illustration of k-space sampling pattern. Cartesian acquisition with random
Gaussian distribution was adopted along &, and &; axis. k-Space center was acquired every 4

readouts and would serve for tracking temporal dynamics.
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(A) Hlustration of multiple temporal dimensions of the low-rank tensor for simultaneous T1,
T2, T2*, and susceptibility mapping. The image tensor contains spatial, T2IR preparation
duration z, inversion time 7}, echo time 7zdimensions, with size [Ny - N, N, 4, 144,

3]. The low-rank tensor structure can be explicitly expressed through tensor factorization
between 4 sets of basis functions (U with size [Ny - N, - N, L], Vwith size [4, M], W with
size [144, N, Q with size [3, A]) assigned to each dimension and a core tensor (¢ with size
[L, M, N, A]) governing the interaction between different basis functions.

(B) Reconstruction workflow. The reconstructed tensor is given by & = @ x; U.

~ Solve
Equation (5)
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Comparison between Multitasking and references on a standard phantom. Multitasking
shows comparable image quality and correlates well with the references, as denoted by R?
and ICC. The solid line represents identity (y = x), and the dotted line represents linear

regression fitting.
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(A) Comparison of susceptibility map from Multitasking and references on a Gd phantom,
with Gd concentration (in mmol/L) labelled for each tube in the magnitude image.

(B) Multitasking susceptibility correlates well with the reference susceptibility, as denoted
by R? and ICC. The solid line represents identity (y = x), and the dotted line represents

linear regression fitting.

(C) Multitasking susceptibility correlates well with the Gd concentration and yields a slope
of 0.338 ppm per mmol/L. The dotted line represents linear regression fitting.
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Figure 5.
Representative in-vivo T1/T2/T2* mapping at three slice locations using MR Multitasking

(MT) and the corresponding reference (Ref) protocols for a healthy volunteer. Multitasking
provides T1/T2/T2* maps with good qualitative agreement with the references.
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Bland - Altman plots comparing Multitasking (A) T1, (B) T2, (C) T2*, and (D)
susceptibility measurements with those of the references (N=10). The dotted lines represent
95% confidence level. The solid lines represent mean percentage differences.
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Slice 1 Slice 2

Figure 7.
Representative in-vivo QSM at two slice locations using MR Multitasking (MT) and

references (Ref) on the same healthy volunteer. Both QSM and SWI/ tSWI (MinlP) images
agreed with the reference in terms of deep gray matter and vessel visualization.
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Figure 8.
Results from a healthy volunteer including qualitative images and quantitative maps. The

first row included quantitative maps and the second row showed all the weighted images.
SWI and tSWI were MinlIP results with an effective slab thickness of 16mm.
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MR Multitasking T1/T2/T2*/susceptibility mapping protocol

Table 1.

FOV (mm?) 276 x 207 Slab thickness (mm) 144
In-plane resolution (mm?3) | 0.7 x 1.4 Slice thickness (mm) 2

Scanning matrix 384 x 144 Number of slices 72
Recovery period (ms) 2780 Number of segments 144

Tr (MSs) 19.3 Echo time (ms) 5, 10, 16.25
T2 prep duration (ms) 0, 30, 55,80 | Pixel BW (Hz/pixel) 482

Flip angle (°) 8 Number of recovery periods | 192

Scan time (min:sec) 9:08
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Page 26

TL1/T2/T2*/susceptibility measurements of N=10 healthy volunteers using Multitasking and the references
along with ICC and CV between different methods.

Multitasking | Reference ICC CcVv
T1 (ms) GM | 1293.7+35.1 | 1221.8+29.5
0.950 | 4.77%
WM | 866.7 +30.8 817.0+35.3
T2 (ms) GM | 89.0+3.2 92.6+24
0.781 | 3.94%
WM | 78.2+5.0 81.8+25
T2* (ms) GM | 53121 55.0+1.8
0.794 | 4.45%
WM | 454+3.0 48.1+3.2
QSM (ppm) | SN 0.108 £0.027 | 0.110 +0.029
RN 0.094 +0.034 | 0.093+0.034 | 0.981 | 3.79%
GP 0.115+0.019 | 0.117 £0.021
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