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Abstract

Purpose: To develop a DCE MRI method capable of high spatiotemporal resolution, 3D carotid
coverage, and T1-based quantification of contrast agent concentration for the assessment of carotid
atherosclerosis using a newly developed Multitasking technique.

Methods: 5D imaging with three spatial dimensions, one T1 recovery dimension, and one DCE
time dimension was performed using MR Multitasking based on low-rank tensor (LRT) modeling,
which allows direct T1 quantification with high spatiotemporal resolution (0.7 mm isotropic and
595 ms, respectively). Saturation recovery (SR) preparations followed by 3D segmented fast low
angle shot (FLASH) readouts were implemented with Gaussian-density random 3D Cartesian
sampling. Bulk motion removal scheme was developed to improve image quality. The proposed
protocol was tested in phantom and human studies. In vivo scans were performed on fourteen
healthy subjects and seven patients with carotid atherosclerosis. Kinetic parameters AUC, vp,
K"ans and v, were evaluated for each case.

Results: Phantom experiments showed T1 measurements using the proposed protocol were in
good agreement with reference value (R2 = 0.96). In vivo studies demonstrated that AUC, Vp, and
KUans jn patient group were significantly higher than in control group (0.63 + 0.13 vs 0.42 + 0.12,
P<0.001; 0.14 £ 0.05vs 0.11 + 0.03, A= 0.034; 0.13 = 0.04 vs 0.08 £ 0.02, A< 0.001,
respectively). Results from repeated subjects showed good inter-scan reproducibility (ICC: v,
0.83; K"ans 0.87; v, 0.92; AUC, 0.94.).

**Senior authors contributed equally to this work

TCorresponding Author Contact Information: Debiao Li, Ph.D., Director, Biomedical Imaging Research Institute, Cedars-Sinai
Medical Center, Professor of Medicine and Bioengineering, University of California, Los Angeles, 8700 Beverly Blvd, PACT 400 Los
Angeles, California, USA 90048, Debiao.Li@cshs.org.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al. Page 2

Conclusion: Multitasking DCE is a promising approach for quantitatively assessing the
vascularity properties of the carotid vessel wall.

Keywords

dynamic contrast enhanced (DCE) MRI; carotid atherosclerosis; vasa vasorum; quantitative
imaging; MR Multitasking

Introduction:

Carotid atherosclerosis is the primary pathological process underlying ischemic stroke, a
leading cause of morbidity and mortality worldwide (1). Inflammation is widely known as
the driving force behind the progression of atherosclerosis and plaque destabilization (2).
There are multiple effects associated with inflammation that weaken plaque structural
integrity, including inhibition of collagen production and dissolution of the fibrous matrix by
means of matrix metalloproteinases, and cause plaque rupture and severe clinical events (3—
5). Vasa vasorum neovascularization is one of the hallmarks of vascular inflammation, which
provides the pathways for harnessing inflammatory cell types such as monocytes and
macrophages to the vessel wall. In addition, elevated adventitial vasa vasorum permeability
is associated with the increase of intimal thickness, endothelial dysfunction and
inflammation of plaques (6-9).

Dynamic contrast enhanced (DCE) MRI has been used for quantitative assessment of the
neovascular architecture and perfusion properties in carotid artery wall (4,10-17). It involves
the rapid acquisition of T1-weighted (T1W) images before and during the injection of
gadolinium (Gd)-based contrast agent. Dynamic signal enhancement curves are then
extracted from a region of interest (ROI) and analyzed using a kinetic model to quantify
fractional microvascular volume (vp), permeability (Ktans) and fractional extravascular
extracellular space (EES, v¢)(10,16,17). Non-model-based parameters, such as area under
the concentration versus time curve (AUC) have also been used as an auxiliary criterion of
plague progression prediction (18). The correlation between vy, and Ktrans from DCE and the
proinflammatory cardiovascular risk factors has been demonstrated (4). In an atherosclerotic
rabbit model, K3 and AUC have been found to correlate with aortic plaque
neovascularization (10).

Despite these encouraging results, the current application of DCE MRI in carotid vessel wall
imaging still faces demanding technical challenges, including: 1) submillimeter in-plane
spatial resolution (0.5-0.7mm), required for accurate contrast kinetic characterization
without significant partial volume effects of vessel wall; 2) adequate anatomical coverage,
required to cover the entire carotid vasculature; 3) high temporal resolution, required to
accurately capture the contrast kinetics in blood (AIF or arterial input function); 4) accurate
quantification of the contrast agent concentration in the tissue of interest. These
requirements are conventionally in direct conflict with each other, forcing compromises to
be made. For example, Kerwin et a/. used high in-plane spatial resolution with 2D
acquisitions while sacrificing anatomical coverage and temporal resolution (10). In addition,
existing DCE protocols directly transform the change in pixel signal intensity to Gd
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concentration for kinetic modeling (10,14). Nonlinearity between T1W MRI signal and
contrast agent concentration, particularly during peak enhancement, introduces potential
errors in AIF calculation (11). Dynamic T1 mapping would allow direct quantification of
contrast agent concentration, but the requirement to collect multiple images at different
inversion/saturation recovery times for T1 fitting makes the above technical requirements
even more difficult to satisfy.

In this work, we propose a T1 mapping-based DCE method that satisfies all the four
technical requirements of carotid vessel wall imaging. The method is based on MR
Multitasking(19), which uses a low-rank tensor (LRT) imaging model (20-24) to exploit the
high correlation between images at different saturation recovery times and different contrast
enhancement phases and thus achieves a vastly accelerated acquisition. The Multitasking
framework was combined with 3D Cartesian sampling, allowing for faster reconstruction.
Bulk motion detection and removal scheme were also implemented for the improvement of
image quality. This new method enables 3D acquisition with high spatial resolution (0.7 mm
isotropic), high temporal resolution (595 ms), and large coverage of the carotid arteries.
Moreover, contrast concentration estimation is based on fully quantitative dynamic T1
mapping during the enhancement process for accurate kinetic modeling.

Imaging model

The proposed Multitasking DCE technique is formulated as recovering a five-dimensional
image a with three spatial dimensions (x;);2) and two time dimensions (saturation recovery
time 7/and DCE time course #). There is strong correlation between images along and
across time dimensions, which induces the images to be linearly dependent, and therefore
low-rank. Therefore, we model the high-dimensional image a(x, 77/, ) as a low-rank tensor
. This tensor is partially separable (PS) (20) in the combination of space x = [x y 27, 77,
and ¢

L M N

ax.TLH= Y D D 8t (THw, (@), (1)
1

f=1m=1n=

where the ¢s, Vs, and w's denote spatial, saturation recovery (SR), and DCE basis
functions, respectively, L, M, and N denote model orders, and g, are the elements of the
core tensor ¢, which governs the interaction between basis functions (25,26). In matrix
notation, this can be expressed as

T
A(l) = UG(I)(W ®V), (2)

where the columns of U, V, and W contain the basis functions for each dimension, ®
denotes the Kronecker product, and the subscript (/) denotes the mode- 7 matricization (also
known as unfolding or flattening) of the tensor (26). This low-rank model separates the
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image into spatial and temporal factors, decoupling the tradeoffs between spatial and
temporal resolution and reducing the degrees of freedom in the image, thereby providing an
avenue for accelerated acquisition.

Sequence design

In this work, a non-selective saturation recovery preparation pulse followed by 3D
segmented fast low angle shot readouts (SR-FLASH) with flow compensation was used as
the basic sequence structure (Figure 1A). The FLASH readouts sample the entire recovery
period in between SR prep pulses so that T1 can be quantified. Pre-contrast T1 values for the
main tissues of interest (blood, vessel wall, and muscle) are relatively long (over 1000 ms).
Classically, distinguishing T1 from proton density (PD) during parameter mapping would
require a long recovery period, leading to low imaging speed and risking corruption of the
signal evolution by the inflow of fresh blood. Fortunately for time-resolved DCE T1
mapping, a static PD map can be shared amongst the series of T1 maps at different contrast
phases (including the peak contrast phase where T1 is shortest), allowing for much shorter
recovery periods.

Sampling pattern

A 3D Cartesian sampling scheme was used for data acquisition, as shown in Figure 1B.
Randomized Gaussian-density sampling in both the phase (4)) and partition (k) encoding
was used to incoherently undersample the k-space (27,28). In addition, the k-space center
line (k= k= 0) was collected every 8 readout lines as training data (19,20). This training
data is reorganized as a tensor and used to estimate the temporal basis functions, as will be
described in the Image reconstruction section. This data should be collected frequently
enough to capture the multi-dimensional dynamics, including saturation recovery and
dynamic contrast enhancement. The temporal resolution of the training data is 88 ms. The
rest of the k-space data are the imaging data, which contains high spatial resolution
information to recover the spatial factor U.

Image reconstruction

There are various strategies for undersampled low-rank tensor reconstruction (19,23,24,29)
that are generally compatible with the proposed method. This work used the strategy of MR
Multitasking described in (19). This is a factored, explicit low-rank strategy, which
reconstructs the image tensor by sequentially determining each of its factors. Briefly, image
reconstruction is divided into three steps: 1) pre-determine the T1 recovery basis functions in
V from a dictionary of SR signal curves; 2) estimate the DCE basis functions in W and the
core tensor ¢ from the training data; and 3) recover the basis images in U by fitting the
known tensor factors to the imaging data.

In the first step, because T1 relaxation is physically governed by the Bloch equations, a
dictionary of feasible SR signal curves were generated ahead of time for a range of T1
values and B1 inhomogeneities. Specifically, the dictionary had 101 T1 values
logarithmically spaced from 100 ms to 3000 ms, 17 flip angles from 4° to 12° with half-
degree increments, and 21 saturation pulse angles linearly spaced from 60° to 120°. The T1
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recovery factor V was directly extracted from the singular value decomposition (SVD) of
this dictionary.

With V obtained, the core tensor ¢ and DCE factor W can be obtained from the training data
as follows. Denoting the (k, 7/,4-space tensor of training data as 2, we solve the small-

scale low-rank tensor completion problem:

Dp=arg  minld =MD+ 4Dy, || + [P |]s) + R@W): G
Dtr, @) € range(V)

where dy, is the collected training data, M(:) applies the training data sampling pattern, II-ll«
denotes the nuclear norm, Dy ;) denotes the mode-/matricization of the tensor &, , and A(")

is an optional additional regularization functional (chosen as temporal total variation (TV) in
the DCE time direction for this work (30-32)). Note that because 2, is only defined over

the limited region of k-space where training data are collected and because there are no
Fourier transforms in Equation 3, this cost function can be minimized with low
computational complexity. Given @tr, now the core-tensor-weighted combined temporal

factor, @ =G(1)(W®V)T, can be quickly extracted, for example by truncating the SVD of

ﬁtr’(l) or the higher-order SVD (HOSVD) (33) of @tr. For this work, the A was chosen

based on the discrepancy principle (34) for one dataset, and then used for all datasets.

With a known temporal subspace spanned by the rows of @, image reconstruction then
reduces to the recovery of the L images in U from the acquired imaging data d.

U = arg min||d — QFSUD)|[3 + R(U),  (4)
U

with undersampling operator Q, Fourier transform F, coil sensitivity operator S, and optional
regularization functional A("). In this work, we employ a spatial TV regularizer to integrate
compressed sensing into the low-rank framework (30,35).

Kinetic model

The extended Tofts model was used in this work in order to account for potential reflux in
the 9.8 min scan (16). Contrast concentration curves of blood and the tissue of interest are
extracted from left and right carotid arterial lumens and vessel wall, respectively. The
relationship between contrast agent concentration and kinetic parameters are governed by
the following equation:

1%

Ktrans(
t —|t =7
_ trans €
C(n=v,Co(0+K A C()e

dz, (5)
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Where Gi(?) and Gy(9) is the contrast agent concentrations in vessel wall tissue and plasma at
time ¢ respectively, /| tOCp(f)dT represents the integration of plasma concentration curves from

injection to time £, vy, is the fractional plasma volume, K" is the transfer constant, and ve
is the fractional EES. Considering the hematocrit of blood, the () can be determined by
the contrast agent concentration in blood Cy(9) by: Cy(8) = Gy()/(1-Hct), assuming the
average hematocrit value (Hct) of 0.4 (15,36). With Equation 5 and the concentration curves
over DCE time course £ vp, K" and v, can be fitted using the function /sgron/in (non-
linear least-square solver) in MATLAB (R2015b, Mathworks, MA, USA).

The concentration curves Gi(9) and Gy(#) required to fit for vy, Krans and v, can be calculated
from dynamic T1 curves of blood and vessel wall 71 (2 and 73 ¢(#) according to the
following equations:

1 1
(T O T )
1,b 1pre, b
Cy(n) = 7 P2 (6)

1 1
o )
Gy =2 ()

Where Typreh and Typret represent the pre-contrast T1 values of blood and vessel wall,
T1p(9 and 71 (7 are the T1 values at time £ and y is the T1 relaxivity of contrast media
administrated. T1 can be quantified from the signal directly as follows. At a specific DCE
time point £ given 71(4), amplitude A, SR pulse parameter B, and FLASH readout interval
Tr, flip angle a, recovery time pointn =1, 2, ..., A, (for A, = 52 readouts per SR period),
the signal intensity is (37):

1— e—TR/Tl(t)

A T T 1+(B—1)(e
—e

~TR!T,(®)

R

sina, (8)

n
Cos a)

R cosa

with the signal curves recovered from acquired data, A, B, 71(5), and a were fitted according
to the Equation 8, also using MATLAB?’s /sqnonlin. A computational simulation was
conducted to test the accuracy of dynamic T1 estimation and Kinetic parametric mapping of
the Multitasking DCE, as shown in the Section C of the Supporting Information.

Abrupt motion removal

Abrupt movement of the subject, such as swallowing, is often inevitable during any scan that
spans several minutes (38). Unaddressed abrupt bulk motion leads to blurring and other
motion artifacts. Because the carotid vessel wall is thin, it is especially sensitive to motion
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artifacts that worsen the partial volume effect, leading to incomplete vessel wall
visualization and errors in quantification.

In the LRT framework, images with abrupt motion are less correlated with the remainder of
the images and so would have a high residual after temporal estimation. Prior to image
reconstruction, the outlier time points corrupted by bulk motion can therefore be detected by
determining which columns of Dy, (the Casorati matrix of raw training data) have a high
residual after temporal subspace modeling. Calculating a “single-time” temporal factor
matrix @y (i.e., with only one time dimension indexing the readout number) from the SVD
of Dy, the training data residual is then:

E=D, - Dtrq);t(l)st’ 9)

NN XN, . . NN XN, . L
Where E € C is the residual matrix, D, € C is the matrix of training

LXN
data, @, € C " is the single-time temporal factor matrix, Af denotes the number of data

points in each readout, A} is the number of coils, N, represents the total number of training
data readouts, and the superscript t denotes the pseudoinverse. The time-resolved sum-of-
squares residual vector r can be calculated as having elements

;= LlES @0

Training data corresponding to high-residual time points were removed before evaluating
Equation 3, and imaging data immediately surrounding those time points were removed
before evaluating Equation 4.

The effect of motion removal was tested by comparing the signal-to-nosie ratio (SNR) of
blood and vessel wall, the contrast-to-noise ratio (CNR) of vessel wall versus blood and the
sharpness of blood/vessel wall boundary of the image with motion removal with the same
frame without motion removal. The SNR of the tissue of interest was defined by:

SI,
SNR, = —L,  (11)
Ope

With S/yis the signal intensity of the tissue of interest, and oy, is the standard deviation of
the background signal. The CNR was defined by:

S, —SI,

CNR, , = — (12)
bg
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With S/, and S/;» with are the signal intensity of the two tissues. The sharpness of the
blood/vessel wall boundary was estimated using the rise-distance method (39).

Imaging experiments
The proposed protocol was implemented on a 3T clinical MR scanner (MAGNETOM Verio,
Siemens Healthineers, Erlangen, Germany). Each SR period lasted 595 ms with 52 Tls, one
every 11 ms. One readout line was collected per TI. The SR period was repeated 1008 times
in a scan of 9.8 min, resulting in a total of 52x1,008 = 52,416 time points, each
corresponding to a 3D image. The DCE bin temporal footprint was selected to be 1.2 s as
two SR periods, except when evaluating the effect of different temporal resolutions/
footprints. Detailed imaging parameters are summarized in Table 1.

Phantom study

To validate the T1 mapping accuracy and reproducibility of the proposed Multitasking DCE,
two experiments were performed on the same T1 phantom on separate days. The T1 values
of the phantom ranged from 70 ms to 2000 ms, covering the pre- and post-contrast T1 values
of the major tissue types of interest. Images with standard 2D inversion-recovery spin-echo
(IR-SE) sequence with TR = 10000 ms and seven different inversion times (23, 100, 400,
900, 1600, 2200, 3000 ms) were also acquired at the center slice to provide the T1 reference.
Other IR-SE imaging parameters were: FOV = 150x150 mm?, in-plane spatial resolution =
1.2 mm, slice thickness = 8 mm.

In vivo study

The in vivo study was approved by the ethics boards of our institutions. All subjects gave
written informed consent before participating in this study. Fourteen healthy volunteers
(aged 25 to 57 years, five females) were recruited for the study; to assess the reproducibility
of the proposed method, seven of the volunteers were scanned twice, on different days, using
the same protocol. Subjects were scanned using a 12-channel head coil and a 4-channel
surface coil from the system vendor. During the imaging session, localizers and time-of-
flight (TOF) MR angiography were acquired to identify the overall neck anatomy. Following
these sequences, Multitasking DCE was performed. Gd contrast media (Gadavist, 0.1
mmol/kg, Bayer Schering Pharma) was injected intravenously 1.4 minute into the scan,
when 144 SR periods were collected. The injection rate was 1 mL/s, followed by a 20 mL
saline flush at the same rate. To provide an in vivo T1 reference, pre- and post-contrast
single-slice MOLLI (40) at 1.17 mm in-plane spatial resolution were also acquired
immediately before and after the DCE scan, respectively. Vessel wall was not visible on the
MOLLI images due to low spatial resolution, but the T1 values of blood and muscle could
be quantified and were adopted as the reference.

Furthermore, seven patients (aged 54 to 80 years, three females) with a history of carotid
atherosclerosis were recruited. In addition to the abovementioned protocol, a series of
conventional carotid plaque imaging protocols including pre-contrast T1W turbo-spin-echo
(TSE), pre-contrast T2W TSE and post-contrast TIW TSE were collected to assist in plaque
diagnosis.
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Image analysis

For each subject in the control group, three slices (two below the carotid bifurcation and one
above) with clear vessel wall delineation were selected for analysis. ROI of the vessel wall
in normal subjects was manually selected using the T1W images at early Tls and the pre-
contrast T1 maps, as shown in the Supporting Information Figure S1. For the paired
measurements of the same subject on separate days, slices were matched manually and
corresponding slices were selected for comparison. In the patient group, the anatomical
location of the plaque is identified on the conventional images. Then the anatomical location
of the plaque was manually defined on the corresponding Multitasking DCE images. Three
slices around plaque area were selected for each subject. Pixel-wise mapping for v, Kans,
Ve and AUC were obtained for each slice in MATLAB.

Reproducibility at different temporal resolution

In practice, too high temporal resolution may result in noisy concentration curves, while too
low temporal resolution may cause blurring of the fast-changing dynamic information,
particularly in the AlIF. To evaluate the impact of temporal resolution on the kinetic
parameter mapping, the reproducibility of kinetic parameters at different temporal
resolutions were evaluated in the seven repeated subjects. Temporal resolutions from 595 ms
to 7.2 s were retrospectively selected for image reconstruction.

Statistical analysis

Results

Intra-group mean value and standard deviation of kinetic parameters for both the control and
patient groups were calculated, and a two-way mixed ANOVA was performed in SPSS
(\Version 24, IBM, NY, USA) to address any correlation between samples arising from the
use of three slices from each subject. For the mixed ANOVA, slice location was set as a
within-subjects factor and the group (control or patient) was set as a between-subjects factor;
a slice/group interaction term was included in the analysis. A pvalue of less than 0.05 was
considered to be significant. Reproducibility analysis, including Bland-Altman analysis,
coefficient of variation (CV) (16) and intraclass correlation coefficient (ICC) (41) of vp,
Ktrans v, and AUC were applied to the data collected from the seven repeated volunteers.

Computational Simulation

Figure S4 in the Supporting Information is an illustration of the computational phantom.
Figure S5 and Figure S6 show the result of the dynamic T1 fitting and Kinetic parametric
mapping, respectively. Table S1 lists the mean value and standard deviation of the ROI of the
kinetic parametric mapping.

Phantom measurements

Figure 2A shows the result of T1 mapping comparison between Multitasking DCE and IR-
SE reference in the phantom. The T1 values from Multitasking DCE were in good
agreement with reference values (/2 = 0.96). Figure 2B illustrates the T1 mapping
reproducibility of the proposed method in the phantom. The mean absolute interscan
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differences between separate scans are 1.68%. Results shows that T1 mapping of
Multitasking DCE is reproducible. Figure S2 and S3 demonstrates the T1 mapping
variability of Multitasking DCE.

In vivo measurements

Figure 3 shows typical Multitasking DCE images. With isotropic spatial resolution, the
image can be viewed from any orientation. In Figure 3, images are shown in both coronal
orientation and transversal orientation. Coronal orientation provides an excellent view of
entire carotid vessel along the direction of flow, while transversal orientation is useful for
visualizing lumen and vessel wall condition. As previously mentioned, there are 1,008 DCE
phases, each of which contains 52 SR times in the proposed protocol. Figure 3 shows SR =
309 ms and SR = 595 ms (the final SR time) for three representative DCE times: the pre-
contrast, peak-enhanced, and wash-out. Table S2 in the Supporting Information lists the
comparison of T1 values between Multitasking DCE and MOLLI reference for healthy
subjects.

Figure 4 illustrates the typical process of the conversion from signal intensity to contrast
agent concentration. Figure 4A displays the real-time signal intensity for blood, vessel wall
and muscle, respectively. Figure 4B and 4C show the corresponding dynamic T1 mapping
and calculated contrast agent concentration curves.

Figure 5 shows example parametric maps. Figure 5A shows a case of a normal subject with
thin vessel wall. Figure 5B and 5C show T1 weighted images and kinetic parameter maps
from a patient with lipid-rich necrotic core and one with intra-plaque hemorrhage,
respectively. The plague composition was diagnosed clinically with the pre-contrast T1 TSE,
T2 TSE and post-contrast T1 TSE images.

In Figure 6, Bland—Altman plots illustrate the reproducibility of the kinetic parameters vp,
K'rans, v and AUC of the proposed method. The CV of v, KIS, v, and AUC were 4.62%,
4.24%, 3.50%, and 2.16%, respectively. The ICC of vy, K", v, and AUC were 0.83, 0.87,
0.92, and 0.94, respectively.

Table 2 lists the mean and standard deviation measurements of vy, Ktrans v, and AUC in
both the control group and patient group. The results for both groups were generally in
agreement with published values from literature (13,15). The ANOVA showed that v, K'ans
and AUC were significantly higher in the patient group than in the control group (P = 0.034,
<0.001, <0.001, respectively). Detailed results for vp, K", v, and AUC from mixed
ANOVA analysis are shown in Table S3. Table S4 lists the mean and standard deviation
measurements of vy, Ktrans v, and AUC of the adjacent muscle in both groups.

Effects of motion removal

Figure 7 demonstrates the effects of motion removal. Figure 7A shows an example of a
motion-corrupted image, while Figure 7B shows the same image after motion removal. The
image quality parameters before motion removal is: SNRpjgod = 16.7, SNRyessel wall = 7-2,
CNR = 9.5, sharpness = 2.68mm™1 (The signal intensity was normalized). After motion
removal, the parameters are: SNRpjgod = 74.8, SNRyegsel wall = 30.4, CNR = 44.4, sharpness
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=4.71mm~L. All the parameters are substantially higher after motion removal, indicating
better image quality and vessel wall delineation.

Reproducibility at different temporal resolution

Figure 8 illustrates the mean absolute interscan differences of vy, K" and v, at different
reconstructed temporal resolutions. Measurements of K" and v, were most reproducible
at the temporal resolution of 1.2 s, yielding interscan difference 4.2% and 0.9%,
respectively, while v, was most reproducible at the temporal resolution of 595 ms with 8.6%
interscan difference. On average, the parameters were most reproducible at the temporal
resolution of 1.2 s with the mean interscan difference (the mean value of the interscan
difference of v, K3 and v) of 4.7%.

Discussion

In this study, we presented a novel Multitasking DCE MRI method for the carotid artery. We
achieved high spatial resolution, high temporal resolution, and complete carotid coverage
with fully quantified T1 dynamics in a single 10-min scan. The feasibility of the proposed
method was demonstrated in phantoms and in vivo.

Compared with previous work on carotid vessel wall DCE, the proposed method has
multiple advantages. First, this technique allows 3D acquisition with large anatomical
coverage and isotropic resolution at 0.7 mm. The intima-media thickness of carotid vessel
wall, which is often used to gauge disease status, is around 0.7 mm for healthy subjects (42).
Although the intima-media thickness could increase in patients with atherosclerosis,
previous findings showed that the imaging of carotid vessel wall requires a spatial resolution
of at least 0.5-0.7 mm to capture the complex structure of plaque with limited partial
volume artifacts and sufficient vessel wall/lumen delineation (10,43-45). In most of the
existing DCE protocols, the in-plane resolution can meet this requirement; however, slice
thickness is typically over 2 mm in order to maintain sufficient SNR in 2D acquisitions
(12,15). Insufficient spatial resolution in the slice direction has two detrimental effects for
vessel wall DCE. First, lesion delineation would be compromised, leading to possibly
missing the lesion in the worst case scenario. Second, the partial volume effect which mixes
vessel wall tissue and blood together would induce substantial errors in the dynamic
modeling. In our method, the high isotropic spatial resolution would significantly reduce
such effects. It also allows flexible reformats of the images from any orientation, rendering
optimal lesion visualization, especially in cases where the lesion is highly irregular and
heterogeneous. Combined with the large anatomical coverage, the proposed method allows a
comprehensive assessment of the disease extent.

Secondly, the proposed method can achieve a temporal resolution up to 595 ms, which can
potentially capture the faster dynamics during the contrast enhancement. With existing
methods, it is very challenging to achieve high temporal and high spatial resolution
simultaneously. For example, Kerwin et a/. reported the temporal resolution of 15 s (14).
Calcagno et al., which adopted a 3D sequence with 0.6 mm isotropic resolution, reported the
temporal resolution of around 30 s (10). Reliable estimation of the perfusion properties of
vessel wall requires the accurate sampling of both AIF and vessel wall signal at an adequate
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temporal resolution. Recent studies have shown that the acquisition of AlF, which is
changing more rapidly than vessel wall signal, requires the temporal resolution on the order
of 1 second (46,47). In this work, we sought to evaluate the effect of temporal resolution on
the estimation of kinetic parameters, as demonstrated in Figure 8. The highest temporal
resolution 595 ms did not provide the best reproducibility, possibly due to its reduced SNR.
When temporal resolution was higher than 1.2s, reproducibility tended to decrease along
with the decrease of temporal resolution. The mean absolute interscan difference reached the
minimum when temporal resolution was at 1.2s, and was within 10% when temporal
resolution was less than 3s, implicating that the temporal resolution around 1-3 s could be
an attractive choice for carotid DCE MRI. The main limitation in the current evaluation of
temporal resolution is that the sample size is relatively small. Future evaluation with larger
group of subjects is needed.

Thirdly, quantification of the contrast concentration with the proposed method is based on
dynamic T1 mapping and contrast media relaxivity, as opposed to a linear approximation of
contrast concentration from T1-weighted signal intensity (as in most of the current
methods). The assumption of linearity between signal intensity and contrast concentration is
only valid when contrast agent concentration is low and may not hold true in tissues with
high contrast agent uptake or in the plasma. Linear approximation of concentration curves
from signal intensity would introduce extra error to the result (11). To our knowledge, the
proposed protocol is the first 3D protocol enabling full quantification with dynamic T1

mapping.

The scan time in this work was set to be 9.8 min to collect sufficient data for the LRT
reconstruction. In the recovery of the spatial coefficient U, insufficient data can result in
decreased image quality and reduced accuracy of the parametric fitting. In the future,
additional source of acceleration, such as partial Fourier acquisition may be adopted to
further reduce the scan time.

The estimates of the kinetic parameters vp, Ktrans v, of control and patient groups are in line
with the values published in literatures (4,12-15). Among them, v, and K" has been
shown in a number of studies to correlate with the histological markers of inflammation (1).
In this work, v, and Krans ijn the patient group are both significantly higher than in the
control group, which is consistent with previous studies. However, the correlation between
Ve and inflammation biomarkers in carotid atherosclerosis has not been fully demonstrated
yet. Besides, the estimate of v, can be largely influenced by the total scan time because it
relies on the presence of significant reflux. Previous work showed that a 7-min imaging
period after contrast agent administration is not enough to accurately estimate v (16).
Further investigations are needed to reveal the response of v, in the inflammation of carotid
atherosclerosis.

The proposed method requires further validation with histology. The capability of the
proposed protocol in quantitatively assessing vasa vasorum was evaluated through the
reproducibility of the kinetic parameters of two scans with the same protocol on the same
subject. In addition, the consistency of the Kinetic parameter values in our study and
previously published literature is a support for the potential clinical value of the proposed
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protocol. In future, histological verification would elucidate the potential advantages of the
proposed method in the diagnostic performance, including sensitivity, specificity, etc.
compared with more conventional DCE approaches.

A potential limitation of the proposed technique is the lack of a black blood phase for vessel
wall identification. The sequence we used in this work combined SR preparation and
FLASH readouts. With SR preparation, the signal for all tissue types was always positive
during the recovery evolution. Any residual signal from the previous recovery period was
reset to zero by the SR pulse, eliminating spin history issues during dynamic T1 mapping. In
our study, the rim of the vessel wall was identified from the pre-contrast gray-scale images
and the pre-contrast T1 maps generated with our method, taking advantage of the long T1 of
blood (supplementary Figure S1). In the future, inversion recovery preparation could be used
in place of SR preparation, which would additionally yield black blood images at the blood
null point for any DCE phase, potentially allowing better vessel wall identification.
However, additional factors should be taken into consideration with inversion recovery. The
extension of the magnetization recovery time to accommodate the full IR period could be
subject to inflow effects. Also, during the dynamic process, residual magnetization would be
carried over to subsequent recovery periods, which would have to be accounted for during
T1 mapping.

Conclusion

We have demonstrated that the proposed Multitasking DCE MRI of carotid arterial wall is
feasible with dynamic T1 mapping to achieve high spatiotemporal resolution and entire
carotid coverage at the same time. The proposed method showed accurate T1 quantification,
and robustness to motion in studies on phantom and healthy subjects. Preliminary patient
studies were promising, and further validation is warranted in a larger clinical population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A): Pulse sequence diagram for the proposed 5D DCE and corresponding simulated signal
evolution for vessel wall and blood. Non-selective saturation recovery preparation pulse is
applied every TR followed by a series alpha pulses. A readout lines is collected every alpha
pulse. This SR period is repeated to traverse the entire k-space seven times during the scan.
The contrast media is injected when 144 SR periods was collected. (B): Simplified
illustration of k-space sampling strategy. Cartesian acquisition with randomized reordering
in ky and kz directions is implemented according to a variable-density Gaussian distribution.
A center k-space line is acquired every 8 lines as the LRT subspace training data. Rest of the

data forms the imaging data.
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Phantom measurements. (A): Comparison of T1 quantification using the proposed
Multitasking DCE versus a standard reference method (IR-spin echo). The solid black line
represents y = x while the dashed red lines stands for the regression of the results from two
methods (/A2 = 0.96). The error bar shows the standard deviation for each measured T1. (B):
The Bland-Altman plot shows reproducibility of the T1 measurement of the proposed
protocol measured on two different days. Solid line and dashed lines indicate the means and
standard deviation of the T1 values between different measurement, respectively.
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Figure 3:

Representative image set from a study of a normal subject using the proposed method.
Multi-phase images are reconstructed with the LRT framework in the SR dimension (images
at different Tl times) and dynamic enhancement dimension (images at different time after
injection). Zoomed-in images are the transversal view of the locations marked by yellow
lines. Multiple SR phases allows T1 quantification and direct estimation of contrast
concentration. Three key DCE phases are shown along horizontal axis, including pre-
injection, peak enhancement, and washing out. DCE temporal footprint is 1.2 s.
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Figure 4:
(A): Real-time signal evolution of three representative tissues from a healthy subject. The

zoom-in area in the image of blood signal shows the SR curves during the peak
enhancement. (B) Dynamic T1 mapping based on the SR information. (C) Contrast agent
concentration curves derived directly from the T1 mapping according to contrast media
relaxivity.
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Figure 5:
Examples of kinetic parametric mappings. The gray-scale images are the post-contrast T1-

weighted images in coronal view. The overlaid color maps on the zoomed-in area in
transversal view are AUC, v, K" and v, maps. (A) is an example from a healthy subject
with thin vessel wall. The location of the zoomed-in images in red and blue frames are
marked by the red and blue lines in the coronal image in (A), respectively. (B) is from a 58-
year old patient with lipid core. (C) is from a 69-year-old patient with intra-plaque
hemorrhage. The location of zoomed-in area is marked by the red line in the coronal image
in (B) and (C), respectively. The plaques were marked by white arrows on the AUC maps.
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Reproducibility of the kinetic parameters v, K", v, and AUC, as measured by mean
absolute interscan difference. Seven healthy subjects received the second scan with the same
protocol on a separate day. The Bland-Altman plots show good reproducibility of the kinetic

parameters.
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(A)

(B)

Figure 7:
Effects of motion removal in the proposed method. Abrupt motion is a common issue in

DCE studies. Without motion removal, images may be corrupted by artifacts. Reconstructed
images with motion removal shows sharper and superior delineation of different tissue types.
(A) is an image corrupted by motion artifacts. The set of red arrows mark a blurry structure.
The dashed yellow arrow marks a vessel with corrupted contrast. (B) is the image from the
same subject after motion removal. The area marked by red arrows has much clearer
structure. The vessel marked by dashed yellow arrow has more reasonable contrast and
better delineation.
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Figure 8:
Reproducibility at different temporal resolution. The reproducibility between two scans was

evaluated at different temporal resolutions retrospectively. The chosen temporal resolutions
were 595 ms, 1.2s, 1.8s, 2.4s, 3.6s, 4.8s, and 7.2s. When temporal resolution<1s, the average
reproducibility was not as good because of the reduced SNR. When temporal resolution>3s,
the reproducibility decreased due to the worse depiction of fast-changing dynamic
information. The best reproducibility achieved when temporal resolution = 1.2s.
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Table 1:

Multitasking DCE sequence parameters.

Imaging Parameters (in coronal orientation)

Field of view (FOV)

150 mm x 150 mm

Slab thickness

26 mm

Matrix size 208 x 208 x 36 Spatial resolution 0.7 mm isotropic
Recovery period 595 ms Number of TI per recovery period | 52

TR 11 ms Te 6.8 ms

Flip angle 8° Scan Time 9.8 min
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Table 2:
Kinetic modeling properties in healthy subjects (n = 14) and patients with known carotid atherosclerosis (h =
7). For vp, Ktrans and AUC the mean values of patient group were significantly higher than the mean value of
healthy group.

Vp Ktrans (min-1) Ve AUC (mM-min)

Control | 0.11+0.03 0.08 £ 0.02 0.49+0.10 0.42£0.12

Patient | 0.14 £0.05 0.13+£0.04 0.54 +£0.08 0.63+0.13
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Pvalue

0.034

<0.001

0.522

<0.001
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