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for dynamic T, and T} quantification, respectively, and a contrast dynamics dimen-
sion for capturing contrast kinetics. The derived pixel-wise T, /T, time series are
converted into contrast concentration-time curves for calculation of kinetic met-
rics. The technique was assessed for its agreement with reference methods in T,
and T; measurements in eight healthy subjects and, in three of them, inter-session
repeatability of permeability and leakage-insensitive perfusion parameters. Its
feasibility was also demonstrated in four patients with brain tumors.

Results: MT-DICE T;/T, values of normal gray matter and white mat-
ter were in excellent agreement with reference values (intraclass correlation
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1 | INTRODUCTION
Dynamic MR imaging with the administration of a para-
magnetic contrast agent (CA) is widely used for assessing
brain tissue abnormalities.> Two common methods are
DCE-MR? and dynamic susceptibility contrast-enhanced
MR (DSC-MR),® which track the tissue-level contrast
kinetics based on CA-induced T,- and T,/T;-shortening
effects, respectively.* Using pharmacokinetic and/or
biophysical modeling, DCE-MR can quantify vascular
permeability-related properties, such as fractional plasma
volume (vp), transfer constant (K"™"), and fractional
extravascular-extracellular volume (v.), and DSC-MR
can quantify perfusion-related properties, such as cere-
bral blood volume (CBV) and cerebral blood flow (CBF).
While both permeability and perfusion parameters are
often cited for brain tissue assessment, specifically in
brain tumors, previous studies have demonstrated that
they may provide different but complementary infor-
mation.> Therefore, simultaneous quantification of
them may form a more complete basis for disease eval-
uation and thus improve diagnostic and prognostic
performance.®

A comprehensive assessment of vascular permeabil-
ity and perfusion can be achieved by separately acquir-
ing both DCE- and DSC-MR sequences in one imag-
ing session.” However, this approach requires addi-
tional scan time and, more importantly, multiple doses
of CA that potentially creates additional risk to the
patients.3"1° Integrating vascular permeability and per-
fusion quantification into a single acquisition along
with single-dose contrast administration is a more com-
pelling solution. However, both DCE- and DSC-MR sig-
nals can be adversely impacted by the opposing relaxation
effects (i.e., T; vs. T/T3). This is non-negligible when
blood-brain barrier breaks down and CA extravasates,
which is common in brain tumor areas. Several early

coefficients = 0.860/0.962 for gray matter and 0.925/0.975 for white matter ). Both
permeability and perfusion parameters demonstrated good to excellent interses-
sion agreement with the lowest intraclass correlation coefficients at 0.694. Contrast
kinetic parameters in all healthy subjects and patients were within the literature

Conclusion: Based on dynamic T, /T; mapping, MT-DICE allows for simultane-

ous quantification of permeability and leakage-insensitive perfusion metrics with
a single-dose contrast injection.

brain tumors, DCE-MR, DSC-MR, MR multitasking, perfusion, permeability

methods based on single-echo acquisitions have been
published to correct the contrast leakage effect for
perfusion imaging.!'"!®> The most widely established is
the Boxerman-Schmainda-Weisskoff algorithm that esti-
mates the leakage effects by comparing tumor relax-
ation curves with those in a reference non-enhancing tis-
sue.'! However, this method suffers from the restrictive
assumption of identical hemodynamic properties between
the tumor and reference tissue, leading to unreliable esti-
mations of perfusion parameters.'?

In the past two decades, multi-echo-based meth-
ods have been shown to be more reliable for simulta-
neously estimating DCE- and DSC-MR parameters.'41¢
With multi-echo data, the T;-leakage effects caused by
blood-brain barrier disruption can be quantified and
applied to estimate permeability parameters. After elimi-
nating the T;-leakage effects, the remaining T, /T;-leakage
effects, which typically lead to overestimations of perfu-
sion parameters, can further be mitigated by adopting
either gamma-variate fitting or model-based postprocess-
ing approaches.!”-%

Despite these promising results, multi-echo-based
methods continue to face several technical challenges.
First, temporal resolution and/or spatial coverage are
often sacrificed because of the longer readout time of
multiple echoes.!® However, high temporal resolution is
crucial for accurate quantification of DCE- and DSC-MR
parameters.?! Second, most existing techniques linearly
transform the dynamic changes in signal intensity to
CA concentration for kinetic modeling. However, the
linearity approximation may result in considerable quan-
tification errors in tissues with high contrast uptake.??3
Third, as the most commonly used acquisition strategy for
current multi-echo-based approaches, the gradient-echo
EPI pulse sequences suffer from susceptibility-induced
signal dropout and imaging distortion. These arti-
facts appear particularly around air-tissue interfaces,
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such as tumor resection cavities, which precludes the
quantification of permeability and perfusion in these
regions.*

MR multitasking is a recently proposed imag-
ing framework that models multiple dynamics in a
multidimensional array and exploits the strong spatiotem-
poral correlation along and across different dimensions to
achieve accelerated imaging.?* To address the aforemen-
tioned limitations of existing multi-echo-based methods,
in this work, we developed an MR multitasking-based
dynamic imaging for cerebrovascular evaluation
(MT-DICE) technique for combined DCE- and DSC-MR.
With a single 7.6-min scan and a single-dose contrast injec-
tion, MT-DICE allows for simultaneous quantification of
vascular permeability and leakage-insensitive perfusion
based on dynamic T,/T, mapping at a 1.2-s temporal
resolution.
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2 | METHODS

2.1 | Pulse sequence design

The MT-DICE technique uses a 3D Cartesian acqui-
sition with periodic non-selective saturation recovery
(SR) preparations followed by 60 continuous multi-echo
FLASH readout segments (Figure 1A). During each seg-
ment, six echoes are consecutively collected to capture
the T;-decay effect. Two interleaved subsets of k-space
data are collected, as demonstrated in Figure 1B: the
high-temporal-resolution training data (d;) are acquired
every five segments at the center encoding line (k, = k; =
0),* and the imaging data (d) are randomly collected with
a 3D variable-density Gaussian sampling pattern along
both phase- and partition-encoding directions to achieve
incoherent k-space undersampling.

(A) 60 multi-echo readout segments (1.2 s)
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FIGURE 1 Pulse sequence diagram for the MT-DICE technique and corresponding k-space sampling pattern. A, Non-selective SR

pulses were applied every 60 FLASH readout segments. Within each segment, six lines with different TEs were collected at the same k-space

location after every alpha pulse. The high-temporal-resolution training data are acquired every four multi-echo readout segments as the

low-rank tensor subspace training data. B, Simplified illustration of k-space sampling strategy. The training data were collected at the center

encoding line, and the imaging data were collected by Cartesian sampling with randomized reordering with a variable-density Gaussian
distribution in k, and k, directions. MT-DICE, multitasking-based dynamic imaging for cerebrovascular evaluation
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2.2 | Multidimensional imaging based
on MR multitasking
2.2.1 | Image model

The MT-DICE method adopts a low-rank tensor (LRT)
image model for 6D brain imaging with three spatial
dimensions for 3D whole-brain coverage, an SR time
dimension and a TE dimension for dynamic T; and
T, quantification, respectively, and a contrast dynamics
dimension for capturing contrast kinetics. Specifically, a
6D brain image I (r, 7, tg, t) is modeled as a four-way mul-
tidimensional array (or “tensor”) I with elements Zypcq =
I (¥4, 7p, tg e, ta), Where the first tensor dimension indexes

the set of A voxel locations {r, = [Xa, ya,za]T}j=1 and
other tensor dimension indexes time dimensions includ-
ing SR time 7, echo time fg, and contrast dynamic t.
For example, {rb}f:1 indexes B segments within each SR

period, {tE,C}cczl indexes C TEs, and {tq})_ indexes D
contrast dynamic phases. The high correlation between
images along and across time dimensions makes 1
an LRT, and is, therefore, partially separable in the

following sense:

L
[(r,7,t5,0) = ) ur (O, (7,15, 1) @)
=1

where u,(r) is the £th of L spatial basis images, and
{ps (7, tE,t)}éz1 spans the multidimensional temporal
subspace representing a mixture of SR times, multiple
TEs, and dynamic contrast changes. Furthermore, in the
LRT image model, each ¢, (7,tg,t) is itself low-rank
and can be factorized into basis functions for each time
dimension:

M N P

Pr (T,15,0) = D D" CommpVm(TIWn (te)2p(5)  (2)

m=1n=1p=1

where v,,(7), w, (fg) and z,(f) denote the mth, nth, and
pth basis functions along the SR time, TE, and contrast
dynamics dimensions, respectively; and ¢,y denotes the
elements of the core tensor C. Thus, the image tensor 7 can
be expressed as:

I=Cx,UX,VX,Wx,Z (3)

where X, denotes n-mode multiplication; the columns
of factor matrix U contain the spatial basis images and
the columns of V, W, and Z contain the temporal basis
functions for each time dimension.?

2.2.2 | Image reconstruction

There are various low-rank strategies available for recon-
struction of the undersampled multidimensional array,
either implicitly or explicitly.>#2°2° MT-DICE, similar to
the original MR multitasking work,** adopts a mixed
strategy that reconstructs the image tensor by sequen-
tially recovering each of its factor matrices. Specifically,
in this work, image reconstruction can be divided into
four steps:

1. Predetermine the temporal basis functions in V (along
the SR time dimension). According to the Bloch
equations, a predefined training dictionary of phys-
ically feasible SR-FLASH signal curves is generated
ahead of time with different T; and B; inhomogeneity
values.?* Basis functions in V are extracted from the sin-
gular value decomposition of this training dictionary.
Temporal basis functions for the TE dimension are not
determined in this step due to the complexity of mod-
eling By inhomogeneities and will instead be generated
in the following steps.>°

2. Apply small-scale LRT completion to recover miss-

ing elements from the training tensor Dy, which is
reshaped from the collected high-temporal-resolution
training data d;;. The training tensor D, covers mul-
tiple dynamic contrast combinations throughout the
scan; however, it is still highly undersampled since
it is impossible to acquire all the image contrast
combinations.

D m |,

n=1,3,4

C))
where M(-) represents the undersampling pattern of
the training dataset; Dy (,) denotes the mode-n (n =1,
2, 3, 4) unfolding of the training tensor Dy; || - ||«
is the nuclear norm that promotes low-rankness of
each unfolded matrix and A weights the nuclear norm
penalties.

3. Extract temporal basis functions along the TE and con-
trast dynamics dimensions, namely, columns in W and
Z respectively, as well as the core tensor C from the
high-order singular value decomposition of the com-
pleted training tensor D

Dy =arg  min )||dtr—M(Dtr)||§+A

D ;) Erange(V.

4. Estimate the spatial coefficients U by solving the fol-

lowing optimization problem:
U=arg min||d - © [@x,FSU]|2 + R(U)  (5)

where @ = C X,V X ;W X ,Z is the combined tempo-
ral factor; Q(-) is the undersampling operator; F denotes
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FIGURE 2
multiple dimensions of the four-way

Illustration of

low-rank tensor image model adopted
by MT-DICE and corresponding
reconstruction workflow

4-way tensor I(r, 1, tg, t)

Acquired k-space data

I I
Imaging data d ‘Training data dtr‘

X

Spatial location r

Contrast dynamics t

spatial Fourier transform; and S denotes the coil sensi-
tivity maps. R(-) applies the regularization functional,
which is chosen as an anisotropic spatial total varia-
tion penalty to incorporate compressed sensing into the
presented image reconstruction framework.

A diagram of the LRT image model adopted in the pro-
posed MT-DICE and overall reconstruction workflow are
shown in Figure 2.

2.3 | Dynamic T:/T; quantification

Voxel-wise dynamic T,/T, quantification is performed
following image reconstruction. At a given pixel, the
multi-echo SR-FLASH signal intensity can be expressed as:

1-— e_TR/Tl(t)
1— e T™R/Ti® cosa

[1 + (B - 1) (e ™/ MOcos a)n] e B/ NOgsing  (6)

S(A,a,B,n, TE, T1(1), T;(t)) = A

where amplitude A absorbs proton density; o denotes
the FLASH flip angle; B represents saturation factor (ide-
ally zero); n denotes SR segment index; TE represents
echo times; T;(f) and T;(¢) are the dynamic T;/T; val-
ues over all contrast phases, respectively. All time points
were used to fit T, and T} values. For each pixel, we fit
for A, @, B, T1(t), and T5(¢) using the Isqnonlin (nonlinear

SRtime t }

Echo time tg

SR training dictionary

least-square) solver in MATLAB (R2018a, MathWorks,
Natick, MA).

2.4 | Estimations of permeability
and leakage-insensitive perfusion
parameters

Details of parameter estimation are included in the Sup-
porting Information Appendix S1, Section A, and are
briefly described here. The T;-based CA concentration for
tissues of interest was directly derived from the dynamic
longitudinal relaxation rates R;(¢) (R; = 1/T;) according
to the following equation:

ARi(1) _ Ri() —R1(0)

Tl
Ct ) =
r n

(7
where the longitudinal relaxivity r; was set to be
3.6 L - mmol™! - s7! in this work.?! The resultant CtT‘(t)
was used to assess DCE-MR related permeability param-
eters with the two-compartment extended Tofts model.*?
The T;-based arterial input function (AIF) was generated
by averaging CA concentration time courses from 10 voxels
manually selected in regions of the middle cerebral arteries
(five voxels from each side). The derived permeability met-
rics were further adopted to perform leakage correction for
the estimations of DSC-MR metrics based on a combined
biophysical and pharmacokinetic approach, in which the
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change of transverse relaxation rates AR3(f) (R = 1/T%)
can be expressed as the sum of contributions from both the
intravascular and the extravascular-extracellular spaces?:

* Tz % " _Klmns
ARZ([) = Cb H® <r2’pR(t) + rz,eKtrans e v t> ®)

where ng(t) represents T-based AIF, which was esti-
mated from the same 10 voxels as generating the T;-based
AIF with a quadratic model,* R(t) represents the residue
function, and ® denotes convolution operation.3* r;yp and
r; refer to the transverse relaxivities within the intravas-
cular and extravascular-extracellular spaces, respectively.

For technical demonstration, r;‘p =87L-mmol™!-s7!

and r,= 30 L -mmol!-s! were used in this work

accordfng to Schmiedeskamp et al.'® Leakage-insensitive
perfusion metrics were then determined from the
intravascular component.>> The MATLAB p-code for
the reconstruction and post-processing is available upon
request.

2.5 | Validation experiments

All imaging experiments were performed on a 3T clini-
cal MR scanner (MAGNETOM Vida; Siemens Healthcare,
Erlangen, Germany) with a 20-channel head-neck coil.
The in vivo study was approved by the local institutional
review board, and all subjects provided written informed
consent before participation.

2,51 | Validation of T;/T}, quantification
Phantom study

The phantom study was performed on a standard
six-vial Calimetrix phantom (Calimetrix, Madison, WI).
Each vial has a unique combination of T,/T, val-
ues that can be used to validate the T,/T; map-
ping accuracy of the developed MT-DICE technique.
Reference T;/T; maps were obtained with the con-
ventional single-slice inversion-recovery spin-echo and
3D multi-echo gradient-echo sequences, respectively.
The detailed imaging protocols of both the reference
sequences and MT-DICE are listed in Supporting Infor-
mation Appendix S1, Section B. T, /T, maps of MT-DICE
were generated by fitting the reconstructed images
voxel-by-voxel with Equation (6). The mean values of each
vial were determined from a central slice of the MT-DICE
and reference T, /T; maps.

Healthy volunteer study
Eight subjects (aged 24-67y, three females) without
known brain abnormalities were recruited. MT-DICE

imaging was performed in an oblique transverse ori-
entation with the following imaging parameters:
field-of-view (FOV) = 216 X216 X 128 mm?3, spatial res-
olution = 1.5x1.5%x4.0mm3, pulse TR = 19.30ms,
TEs = 2.46/4.92/7.38/9.84/12.30/17.22ms (which is
enough to generate relatively accurate T’, maps, according
to*¢ and our pilot study shown in Supporting Information
Appendix S1, Section C), SR period (the temporal resolu-
tion of dynamic T, /T, mapping) is approximately 1.2 s,
containing 60 segments at time points varying from 19.30
to 1160 ms, flip angle = 10°, total time = 7.6 min. Sin-
gle dose (0.1 mmol/kg of body weight) of CA (Gadavist;
Bayer Schering Pharma, Berlin, Germany) was admin-
istered through antecubital intravenous access 1.5 min
into the scan at the rate of 3.0 mL/s, followed by a 20 mL
saline flush at the same rate. In addition, single-slice
inversion-recovery turbo spin-echo and 3D multi-echo
gradient-echo sequences were acquired before MT-DICE
to serve as the pre-contrast references for T, /T, quantifi-
cation, respectively. Detailed imaging protocols are shown
in Supporting Information Appendix S1, Section D. Two
tissue compartments (i.e., gray matter [GM] and white
matter [WM]) were selected as regions of interests for
T, /T validation on all healthy subjects.

2.5.2 | Validation of kinetic parameter
estimations

Numerical simulations

Numerical simulations were performed to validate the
accuracy of MT-DICE in the estimation of permeability
and leakage-insensitive perfusion metrics. To better sim-
ulate the highly heterogeneous environment within brain
tumors, a 3D anthropomorphic digital reference brain
phantom incorporating a tumor model from a deidentified
glioblastoma patient was created.’’** The T;/T;-based
AIFs were generated according to Jaspers et al.*® and
Simpson and He,*' respectively, with realistic parame-
ters at a 0.1-s temporal resolution. The dynamic T,/T;
curves were generated for GM, WM and tumor with
the detailed parameters listed in Supporting Information
Table S3 of the Appendix S1, Section E. Subsequently,
the simulated dynamic signal intensities were calculated
based on Equation (6) using the downsampled dynamic
T1/T; curves at a temporal resolution of 1.2 s (as used
in the healthy volunteer study protocol). The generated
k-space data were first undersampled and then recon-
structed using the MT-DICE technique. Dynamic T, /T;
fitting and kinetic modeling were performed on all slices
involving the tumor. In addition to the leakage-insensitive
perfusion parameters, the perfusion metrics without leak-
age correction were derived in the conventional way (Sup-
porting Information Appendix S1, Section A).3
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Healthy volunteer study and intersession repeatability
analysis

In all eight subjects, permeability and leakage-insensitive
perfusion parameters were estimated using the methods
described earlier. Three of them returned within 2 wk for a
second scan with the same sequence setup as the first scan
to assess intersession repeatability. A total of 12 regions of
interests were manually drawn at the same locations (the
frontal, parietal and occipital regions of the GM and WM
of both left and right hemispheres) of each scan.

2.6 | Patient pilot study

Four patients (aged 14-60y, one female) with known
brain tumors were recruited, including two patients with
glioblastoma, one patient with embryonal tumor with
multilayered rosettes, and one patient with meningioma.
The MT-DICE sequence was incorporated in a clinical MR
study and was acquired during a single dose contrast injec-
tion without any preload bolus, using the same protocol as
mentioned above. The clinical protocol included pre- and
post-contrast T;, pre-contrast T,-FLAIR, pre-contrast T,
and diffusion-weighted imaging.

In each patient, the tumor region was identified on the
post-contrast T; images. Dynamic T, /T; fitting and kinetic
modeling were performed on three continuous slices cov-
ering the tumor region. Both leakage-insensitive perfusion
metrics and those without leakage correction were derived
with detailed steps described in Supporting Information
Appendix S1, Section A.%

2.7 | Statistical analysis

All statistical analyses were performed in SPSS version 24
(IBM Corp., Armonk, NY). A p value < 0.05 was consid-
ered to indicate statistical significance.

2.7.1 | Validation of T; /T; quantification

For the phantom study, linear regression analysis, intra-
class correlation coefficients (ICCs), Bland-Altman anal-
ysis and paired t-tests were used to assess the T;/T;
measurement agreement and difference for each vial
between MT-DICE and corresponding reference meth-
ods. For the healthy volunteer study, the agreements and
differences between MT-DICE and corresponding refer-
ences in pre-contrast T,/T,; measurement of the GM
and WM were evaluated by ICCs and paired t-tests,
respectively.

2.7.2 | Validation of kinetic parameter
estimations

For the numerical simulation study, the mean, SD,
and range of each permeability and leakage-insensitive
perfusion parameters for GM, WM and the tumor
region were derived. In addition, mean percentage dif-
ferences between the derived values and the correspond-
ing ground-truth were also calculated. The intersession
repeatability of MT-DICE-based vy, K'"ns CBV, and CBF
quantification was evaluated for GM and WM regions
of interests separately with the Bland-Altman analysis
and ICCs.

3 | RESULTS

MT-DICE imaging was performed successfully on all sub-
jects. All image reconstructions were performed off-line
on a Linux workstation with a 2.70GHz dual 12-core
Intel Xeon processor equipped with 256 GB RAM and
MATLAB. Reconstruction took approximately 1h while
the post-processing (including dynamic T, /T fitting and
parameter estimation) took approximately 40 min for each
slice.

3.1 | Validation of T;/ T;" quantification

3.1.1 | Phantom study

Figure 3A displays the T;/T; maps of the Calimetrix
phantom generated by MT-DICE and reference sequences,
respectively. There were no significant differences in the
T, /T values between the two methods (p = 0.247/0.202).
Excellent agreements in the T, /T; values were observed
with R? = 0.999/0.998, and ICC = 0.997/0.998 (Figure 3B).
The mean differences were less than 2.5% with limits of
agreement both within +12% (Figure 3C).

3.1.2 | Healthy volunteer study

With the proposed MT-DICE protocol, there were 380
contrast phases within the entire 7.6-min scan, each
of which contains 60 SR times and six TEs. Recon-
structed brain images at three representative contrast
phases (pre-contrast phase t=20s, first-pass phase at t =
110 s, and post-contrast phase at t = 420 s) correspond-
ing to two SR times (z = 600 ms and 7 = 1200 ms) and
two TEs (g = 2.46 ms and tg = 17.22 ms) are displayed in
Figure 4.
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FIGURE 3  Phantom study results. A, T, /T; maps of the quantitative six-vial Calimetrix phantom generated by MT-DICE and
reference sequences (2D inversion-recovery spin-echo [IR-SE] for T; and 3D multi-echo gradient-echo [ME-GRE] for T; measurements). B,
Linear regression analyses and ICC of the T, /T; measurements between MT-DICE and reference methods. The black dashed lines represent
identity lines (y =x), whereas the red solid lines represent regression lines. The T, /T, measurements from MT-DICE are in substantial
quantitative agreement with reference measurements, as demonstrated by the high R? and ICC (R? = 0.999/0.998, and ICC = 0.999/0.998 for
T, /T3). C, Bland-Altman analysis shows that their mean differences are less than 2.5% with limits of agreement both within +12%
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FIGURE 4 Illustration of multiple time dimensions for MT-DICE and representative images from a healthy volunteer.
Multidimensional images along the saturation recovery time dimension z, TE dimension tg, and contrast phase dimension ¢, can be
visualized separately. Example brain images at three representative contrast phases (pre-contrast phase with ¢ = 20 s, first-pass phase with

t =110 s, and post-contrast phase with ¢ = 420 s) corresponding to two representative SR time points (r = 600 ms and r = 1200 ms) and two
representative TEs (tg = 2.46 ms and tz = 17.22 ms) are displayed

Figure 5 demonstrates the process of conversion from  all time dimensions (SR time, TE, and contrast dynam-
signal intensity-time curves to T;- and T;-based contrast  ics dimensions) generated by averaging the curves of all
concentration-time curves using MT-DICE. Figure 5A dis- voxels within a 3-by-3 ROI for blood, GM, and WM, respec-
plays the representative signal intensity-time curves over tively. Figure 5B,C show the corresponding dynamic T, /T
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dynamic signal intensity curves for blood, GM, and WM. The yellow zoomed-in areas show the saturation recovery curves and the green
zoomed-in areas show the multi-echo decay curves. B,C, Dynamic T, /T, curves. DE, T; /T;-based CA concentration curves derived directly

from the dynamic T; /T values

curves, and Figure 5D,E display the T;- and T;-based CA
concentration-time curves.

Pre-contrast T;/T; maps of four representative slices
generated by MT-DICE and corresponding reference
sequences are displayed for a healthy subject in Figure 6.
The parametric maps acquired by MT-DICE were of high
image quality and comparable with reference maps, with
well-preserved brain tissue structures and contrasts. In
quantitative comparisons between MT-DICE and the ref-
erence methods (Table 1), all the ICCs of T, /T; measure-
ments in GM/WM were within the “excellent” definition
range** (ICC = 0.860/0.925 and 0.962/0.975 for GM and
WM respectively). The p values of paired t-tests were
0.219/0.769 and 0.221/0.315 for GM and WM, respec-
tively, indicating insignificant differences between the
T, /T values quantified by MT-DICE and the reference
methods.

3.2 | Validation of kinetic parameter
estimations
3.2.1 | Numerical simulations

The simulated dynamic image series at = = 1200 ms
and tg =2.46 ms of one representative slice from the

digital brain phantom, and the ground-truth and
MT-DICE derived maps of DCE- and DSC-MR parameters
as well as their error maps are shown in Supporting Infor-
mation Figure S2 of the Appendix S1, Section E. MT-DICE
was capable to mitigate contrast leakage effects, which
is more evident in CBV quantification, thus leading to
smaller mean percentage errors compared to the without
leakage correction counterpart (14.39% vs. 18.87%). Table 2
summarizes the quantitative results measured from GM,
WM, and the entire tumor model except the necrotic core
with the proposed leakage correction algorithm. Different
from GM and WM, which were assigned identical kinetic
parameters for all voxels during simulation, respectively,
the mean, SD, and range of each kinetic parameter are
reported for the heterogenous tumor region. The sim-
ulation results validated the accuracy of the proposed
MT-DICE in kinetic parameter estimations.

3.2.2 | Healthy volunteer study
and intersession repeatability analysis

Among all eight healthy volunteers, v, [%] ranged
0.092-0.149 for GM and 0.022-0.051 for WM; KUans
(min~!) ranged 0.006-0.018 for GM and 0.002-0.006 for
WM; CBV (ml/100g) ranged 3.483-4.854 for GM and
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Slice 1

Reference method MT-DICE

Slice 3

T, [ms]

TABLE 1

Pre-contrast T;

Pre-contrast T,

Gray matter

3000

150

3000

White matter

Gray matter

White matter

Note: T /T, are presented as mean + SD.
Abbreviations: CI, confidence interval.

TABLE 2

leakage-corrected DSC-MR perfusion parameters

DCE-MR

DSC-MR

Ktrans (min—l)

Ve

CBV (ml/100g)

CBF
(ml/100 g/min)
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Slice 2

Reference method

MT-DICE

Slice 4

Referenc method

MT-DICE
(ms)

1301.4 £21.7
781.6 +31.6
56.1+1.5
39.3+24

MT-DICE

3000

[1150

Reference

method (ms)
1291.2 +£19.9
788.0 +£36.6
56.0 +1.4
40.5 +2.2

FIGURE 6
generated by MT-DICE and corresponding

Example pre-contrast T, /T

ICC [95% CI]
0.860 [0.681, 0.971]
0.962 [0.823, 0.992]

0.925 [0.620, 0.985]

0.975 [0.941, 0.997]

reference methods on a healthy subject

. Comparison of pre-contrast T, /T, measurements of the GM/WM between MT-DICE and corresponding reference methods

Paired t-test
(p value)

0.219
0.221
0.769
0.315

Ground-truth values, MT-DICE derived values, and corresponding percentage differences of the DCE-MR permeability and

GM/WM Tumor region mean + std (min — max)

GT Derived Mean diff GT Derived Mean diff
0.0600/ 0.0560/ 6.67%/ 0.0280 +0.0040 0.0281 +0.0038 0.36%
0.0300 0.0276 8.00% (0.0010-0.1000) (0.0025-0.0965)

0.0000/ 0.0001/ —/- 0.0780 +0.0460 0.0872 +0.0478 11.58%
0.0000 0.0001 (0.0300-0.6000) (0.0372-0.6294)

0.0000/ 0.0001/ —/- 0.1685 +0.0726 0.1624 +0.0694 3.97%
0.0000 0.0000 (0.0010-0.6000) (0.0039-0.5765)

3.7500/ 3.8470/ 2.59%/ 3.3703 +1.9802 3.8477 +2.3769 14.39%
1.6000 1.6560 3.50% (0.0200-12.0000) (0.0796-14.2003)

40.0000/ 38.4300/ 3.92%/ 53.1957 +22.8970 58.6976 +27.7613  10.54%
20.0000 18.6800 6.60% (12.0000-240.0000) (15.1571-276.7812)

Note: For tumor region, the reported values are presented as mean + SD (minimum value — maximum value).
Abbreviations: GT, ground-truth; Mean diff, mean percentage difference.
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FIGURE 7
of a 14-y-old male patient with

Representative images

ependymoblastoma (World Health
Organization grade IV). With MT-DICE,
in addition to distinguishing the tumor
abnormalities from normal tissues, the
heterogeneity within the tumor region

Clinical Evaluation

could be observed from the vascular
permeability maps (v,, K"", and v, )
and leakage-insensitive perfusion
metrics (CBV and CBF). The perfusion
parameters without leakage correction
are also displayed as comparison

MT-DICE

1.429-2.161 for WM; and CBF (mL/100g/min) ranged
41.13-57.56 for GM and 16.15-28.49 for WM. All val-
ues were within the literature range.*** Good to excel-
lent intersession repeatability of the selected kinetic
parameters in the three subjects were demonstrated with
Bland-Altman plots (Supporting Information Figure S3 in
Appendix S1, Section F). The ICCs of vy, K™, CBV and
CBF were 0.822, 0.694, 0.853 and 0.846 respectively in GM,
and 0.884, 0.875, 0.727, and 0.750, respectively, in WM.

3.3 | Patient pilot study

Figure 7 and 8 show the images acquired by MT-DICE and
clinical protocols from two representative patients. The
patient displayed in Figure 7 was a 14-y-old male diag-
nosed with embryonal tumor with multilayered rosettes
(World Health Organization grade IV). The patient shown
in Figure 8 was a 51-y-old male diagnosed with recurrent
glioblastoma (World Health Organization grade IV), who
underwent radiation therapy prior to this imaging session.

Post-contrast T1w T2w
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Leakage-insensitive
C R o

A
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In both patients, the tumor regions were visualized on
both the clinical images and quantitative MT-DICE maps.
In addition to distinguishing the abnormalities from nor-
mal tissues, with the proposed MT-DICE technique, the
heterogeneity within the tumor area was observed from
the vascular permeability and leakage-insensitive perfu-
sion maps. The perfusion metrics without leakage cor-
rection, especially CBV, were slightly higher than their
leakage-insensitive counterparts, likely due to the T leak-
age effect.

4 | DISCUSSION

In this work, we developed an MT-DICE technique for
simultaneous DCE- and DSC-MR quantification with a
single-dose injection. With a single 7.6-min scan, the
technique provides 3D whole-brain coverage, high tem-
poral resolution of 1.2 s without compromising spatial
resolution, dynamic T,/T, mapping, and permeability
and leakage-insensitive perfusion maps. Hence, a more
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comprehensive evaluation of cerebrovascular conditions
can be achieved with this technique.

Compared with existing multi-echo-based combined
DCE- and DSC-MR techniques, the proposed method has
several advantages. First, MT-DICE can achieve a tempo-
ral resolution as high as 1.2 s without the compromise
in the spatial resolution or coverage. For both DCE- and
DSC-MR methods, a sufficient temporal resolution is crit-
ical for accurate quantification of kinetic parameters. The
general consensus is that a temporal resolution equals to or
less than 1.5 s is required for DSC-MR because of the need
for adequately capturing the fast passage of CA through
tissues.*> For DCE-MR, the requirement for the tempo-
ral resolution is typically less stringent than DSC-MR and
is recommended to be less than 5.3 s for brain tumor
assessment.*® However, Li et al. reported that a temporal
resolution on the order of 1 s is required to accurately mea-
sure AIF, that tends to change more rapidly compared with
normal brain tissues.*’ To achieve a sufficiently high tem-
poral resolution, the spatial resolution or coverage may be
sacrificed due to the trade-off between spatial and tempo-
ral resolutions. An insufficient spatial resolution will lead

FIGURE 8
51-y-old male patient with recurrent

Representative images of a

glioblastoma (World Health Organization
grade IV), who underwent radiation therapy
prior to the imaging session

to partial volume effects, particularly in the AIF, and can
affect the reliability of the estimated parameters.*® In this
work, MT-DICE can achieve a high temporal resolution
and a high spatial resolution simultaneously, thanks to the
MR multitasking framework which adopts an LRT image
model for expedited acquisitions.?*

Second, MT-DICE quantifies the CA concentra-
tion from dynamic T;/T; values rather than from
T, /T;-weighted signal intensities. In most of the existing
DCE- and DSC-MR techniques, contrast concentration is
derived directly by linear transformation of the dynamic
changes in signal intensity. The linearity assumption is
valid only when CA concentration is low within the tissue
of interests and, thus, may introduce quantification errors
in tissues with high CA uptake.?>#>*" It has been demon-
strated that the mapping-based approach provides more
accurate estimations compared to the conventional linear
approach.” In this work, the pre-contrast Ty /T, fitting
accuracy was validated in both phantom and healthy vol-
unteer studies. MT-DICE yielded consistent GM and WM
T, /T, measurements with excellent agreement with the
corresponding reference methods. Post-contrast mapping
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results were not assessed in this work since the contrast
washout may lead to different T, /T, values at different
time points. Studies with careful designs are warranted to
validate post-contrast T, /T quantification for the blood,
for example using a flow phantom or animal model with
bolus contrast injection. Furthermore, the dynamic T,
mapping of MT-DICE not only provides excellent T; sen-
sitivity, but also eliminates the necessity of acquiring a
separate pre-contrast T; map, which is required in conven-
tional DCE-MR methods.> This may potentially improve
the accuracy of parameter estimations since it gets rid of
the interscan subject motion and eliminates the impact of
spatial variations in B; when using variable flip angles for
pre-contrast T; mapping.>>>3

Third, MT-DICE uses a 3D Cartesian acquisition with
segmented multi-echo FLASH readouts, which provides
vascular permeability and hemodynamic perfusion maps
with potentially reduced image distortions. For existing
simultaneous DCE- and DSC-MR techniques, single-shot
EPI is the most widely used acquisition strategy. How-
ever, the major drawback to EPI-based sequences is the
geometric distortions due to considerable off-resonance
effects during the long readouts required to fully sample
the k-space. In addition to adopting advanced EPI acqui-
sitions to reduce the readout length and thereby mitigate
distortions, other alternative non-Cartesian readout meth-
ods may provide advantages over EPI-based readouts.*!’
While these non-Cartesian techniques reduce the distor-
tion artifacts induced by EPI, they may lead to other types
of image artifacts that could affect the kinetic parameter
estimations.'’

The developed technique is able to simultaneously
measure vascular permeability metrics, such as vy, Krans
and ve, together with leakage-insensitive perfusion met-
rics, such as CBV and CBF. The quantification results
from both healthy volunteer and patient groups are gener-
ally within the literature range.*** In various cerebrovas-
cular diseases, such as brain tumor and stroke, a dis-
rupted blood-brain barrier results in CA extravasation and
may affect the estimated perfusion parameters. Although
it has been demonstrated that multi-echo-based acqui-
sitions can elegantly address the T;-shortening effects
induced by CA extravasation,'’-20443455 this type of acqui-
sition strategy alone is insufficient for correcting the
remaining T, /T;-leakage effects. In this study, we adopted
a combined biophysical and pharmacokinetic approach
which used the derived permeability parameters to address
the residual T;-leakage effect on perfusion estimations.*
Unlike the method presented by Schmiedeskamp et al.'®
this model avoids sophisticated and multistep parameter
fitting, which could potentially improve the robustness of
kinetic modeling. It is noted that the v, and CBV derived
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from MT-DICE in this work were not comparable after
accounting for tissue density and the hematocrit level. This
islikely due to the fact that the DCE-MR-related parameter
vp and DSC-MR-related parameter CBV were determined
separately through different models based on consider-
ably different MR contrast mechanisms. This finding is
in accordance with previous works.**>” In the future, we
could further optimize the MT-DICE technique by adopt-
ing the model proposed by Sourbron et al. which extracts
both DCE- and DSC-MR information based on a single
two-compartment exchange model.>®

Our study has several limitations. First, only
gradient-echo DSC-MR parameters were available in this
work. Given the fact that gradient-echo and spin-echo
DSC-MR have different sensitivities on macro-and
microvascular perfusion respectively, measurements of
both may increase the diagnostic value, which has already
been verified in practice.’>®® In the future, another T,
time dimension could be added to the LRT image model
for dynamic T, mapping and used to generate spin-echo
DSC-MR parameters.**¢* Additionally, the T, /T} quantifi-
cation in blood may suffer from the influences of imaging
artifacts, such as inflow and partial volume effects, which
may potentially lead to quantification errors in AIF. In the
future, an optimized MT-DICE protocol with large spatial
coverage and high spatial resolution without significantly
increasing the total acquisition time would be proposed
for better AIF estimation. Third, there is no compari-
son between the permeability and perfusion parameters
generated by MT-DICE and those acquired using con-
ventional DCE- and DSC-MR, respectively. However, it is
challenging to validate both DCE- and DSC-MR metrics
simultaneously as this requires multiple contrast injec-
tions on a single subject. As an alternative, a numerical
simulation study was performed in this work to validate
the accuracy of MT-DICE in deriving kinetic parame-
ters. Yet, although a tumor model was incorporated to
mimic more realistic scenarios, one major limitation of
the numerical simulation study is that the susceptibility
effects cannot be appropriately modeled without con-
sidering field perturbations within heterogenous tumor
structures, which may result in some biases for DSC-MR
quantification. In the future, studies with careful designs
are warranted to directly compare MT-DICE with conven-
tional DCE- and DSC-MR. Last, feasibility of the proposed
technique requires further validation on a large patient
cohort. More patient cases are required to further validate
the capability of MT-DICE in simultaneous permeabil-
ity and perfusion assessment, and in the meantime, to
evaluate whether this technique has better clinical perfor-
mance in diagnosis, tumor grading, surgical guidance and
treatment monitoring compared to conventional methods.
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5 | CONCLUSIONS

The developed MT-DICE technique allows for simultane-
ous quantification of permeability and leakage-insensitive
perfusion properties with a single-dose contrast injection.
With a single 7.6-min scan, it enables 3D whole-brain cov-
erage, high temporal resolution of 1.2 s without compro-
mising spatial resolution, and dynamic T;/T; mapping.
Our study demonstrates the technical feasibility in healthy
subjects and brain tumor patients. Further studies in brain
tumors are warranted to validate the clinical utility of this
technique.
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Additional supporting information may be found in the
online version of the article at the publisher’s website.

Appendix S1. Supporting Information

Table S1. The detailed imaging protocols of the reference
methods and MT-DICE used in the phantom study are
listed below

Table S2. The detailed imaging protocols of the reference
methods used in the healthy control study are listed below
Table S3. Parameters adopted in the numerical simulation
study

Figure S1. (A) T; quantification by acquisition with long
echo train (left) and short echo train (right), and (B) corre-
sponding Bland-Altman analysis

Figure S2. (A) Simulated dynamic image series at
7 = 1200ms and tg = 2.46 ms of one representative slice
from the constructed digital reference brain phantom. Dif-
ferent phases of dynamic contrast enhancement are clearly
visualized from the image series. (B) The ground-truth
maps and derived maps of vascular permeability (i.e.,
Vps K" and v,) and perfusion (i.e., CBV and CBF)
parameters together with their absolute difference maps.
The derived leakage-corrected perfusion metrics were dis-
played and compared with their non-leakage-corrected
counterparts to validate the capability of MT-DICE to esti-
mate leakage-insensitive perfusion parameters

Figure S3. Bland-Altman analysis for intersession
repeatability assessment on three healthy subjects who
were scanned twice on separate days. Four kinetic parame-
ters (i.e., vp, K"ans CBV, and CBF) were measured from 12
regions of interests (frontal, parietal and occipital regions
of the gray matter and white matter of both left and right
hemispheres from a slice located in the mid brain). Intr-
aclass correlation coefficient (ICC) of each parameter is
shown on top of the corresponding Bland-Altman plot
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