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(57) Abstract: A method for non-contrast enhanced 4D time
resolved dynamic magnetic resonance angiography using ar-
terial spin labeling of blood water as an endogenous tracer
and a multiphase balanced steady state free precession
readout is presented. Imaging can be accelerated with dy-
namic golden angle radial acquisitions and k-space weighted
imaging contrast (KWIC) image reconstruction and it can be
used with parallel imaging techniques. Quantitative tracer
kinetic models can be formed allowing cerebral blood
volume, cerebral blood flow and mean transit time to be es-
timated. Vascular compliance can also be assessed using 4D
dMRA by synchronizing dMRA acquisitions with the systol-
ic and diastolic phases of the cardiac cycle.
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NONINVASIVE 4-D TIME-RESOLVED
DYNAMIC MAGNETIC RESONANCE ANGIOGRAPHY

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application is a nonprovisional of U.S. provisional patent
application serial number 61/731,278 filed on November 29, 2012,
incorporated herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT
[0002] This invention was made with Government support under Grant No.
R01-MHO080892 awarded by the National Institutes of Health (NIH). The

Government has certain rights in this invention.

INCORPORATION-BY-REFERENCE OF MATERIAL
SUBMITTED IN A COMPUTER PROGRAM APPENDIX
[0003] Not Applicable

BACKGROUND OF THE INVENTION
[0004] 1. FEield of the Invention

[0005] This invention pertains generally to magnetic resonance imaging,

and more particularly to a time-resolved, non-contrast enhanced, dynamic
MRA (4D dMRA) technique that uses dynamic golden angle radial
acquisitions and k-space weighted imaging contrast (KWIC) for image

reconstruction that can be used in conjunction with parallel imaging

techniques.
[0006] 2. Description of Related Art
[0007] The evaluation of the dynamic flow patterns within the vasculature of

the body is desirable for a number of clinical indications, such as steno-
occlusive disease, arteriovenous malformation (AVM), and aneurysm. At
the present time, intra-arterial digital subtraction angiography (DSA) is
considered to be the reference standard for detecting and diagnosing these
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conditions that provides both high temporal and spatial resolution images of
cerebral blood circulation and other vasculature. The DSA procedure,
however, is invasive and requires the use of ionizing radiation (X-rays) as
well as the injection of iodinated contrast media for imaging that has the
associated risks of allergic and other adverse reactions.

Recently, contrast-enhanced dynamic MR angiography (CE-dMRA)
has received considerable attention due to its ability to provide temporal
information in addition to the otherwise "static" high-resolution 3-D contrast-
enhanced MRA for a variety of clinical indications. However, the temporal
resolution in CE-dMRA is generally on the order of seconds and the method
also requires the intravenous injection of a contrast agent. In the standard
MRA examination, 10 to 30 ml of a gadolinium-based contrast agent is
typically injected at a flow rate of 1 to 3 mls/s. A test bolus technique is
used to define the transit time. A data set is usually collected within 10 to
30 seconds of injection during the peak period of arterial enhancement by
the presence of contrast.

In addition, it remains challenging to derive quantitative
hemodynamic information using either the DSA and/or the CE-dMRA
procedures. For example, imaging of some conditions such as
arteriovenous malformations (AVM) requires frame rates greater than 1
frame per second and a special resolution greater than 1 mm in order to
properly visualize the complex flow patterns and the vascular anatomy.
Therefore, the X-ray DSA diagnostic procedure continues to be the clinical
standard for diagnosing some conditions in spite of the undesirable use of
ionizing radiation and potentially toxic contrast agents.

Non-contrast enhanced methods of magnetic resonance
angiography have also been developed in an attempt to avoid the
difficulties associated with acquisition timing, scanner limitations,
inconsistent technician skill and contrast use with patients that have poor
kidney function. However, past attempts to formulate schemes that reduce
the time of acquisition and the amount of contrast exposure while
increasing spatial resolution are usually at the expense of SNR and image
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[0011]

[0012]

[0013]

[0014]

[0015]

quality.

Accordingly, there is a need for improved detection and diagnosis of
cerebrovascular diseases with a magnetic resonance angiography method
that has high spatial resolution for depicting the vascular architecture, as
well as high temporal resolution for visualizing the dynamic blood flow
patterns, while limiting or eliminating exposure to contrast agents or ionizing
radiation.

The present invention satisfies this need as well as others and is

generally an improvement over the art.

BRIEF SUMMARY OF THE INVENTION

The present invention provides a method with MR pulse sequences
and post-processing algorithms for visualizing dynamic blood flow and
quantifying hemodynamic parameters such as blood flow, blood volume
and mean transit time that does not require the use of X-rays or contrast
agents. The noninvasive 4D time-resolved dynamic MRA methods of the
present invention are generally based on a combination of arterial spin
labeling (ASL) with a cine multiphase balanced steady-state free
precession (bSSFP) readout sequences.

In this framework, arterial spin labeling is used to magnetically label
or tag arterial blood water as an endogenous tracer, and then the labeled
bolus is continuously sampled at both high spatial (~1mm?®) and temporal
(50-100 ms) resolution. The general 4D dMRA pulse sequence consists of
an ASL block followed by a multiphase SSEP readout. Variants of the
multi-phase SSFP sequence can include the use of variable flip angles and
Cartesian or non-Cartesian sampling sirategies. Spin labeling can be
implemented using pulsed, continuous and pseudo-continuous ASL
schemes as well as velocity seleclive ASL.

However, compared to the standard arterial spin labeling (ASL)
methods that offer a single physiological parameter (blood flow) at a single
post-labeling delay time, the invention provides 4D dynamic information of
blood flow with high temporal resolution and spatial resolution, as well as
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[0016]

[0017]

[0018]

[0019]

quantification of multiple hemodynamic parameters such as blood flow,
blood volume and mean transit time. The use of accelerated imaging
methods and enhanced/prolonged labeling bolus produces superior results
compared to existing imaging methods due to higher imaging speed,
spatio-temporal resolution and signal-to-noise ratio. The high temporal
resolution (50-100ms) of the technique allows the scan to be repeated as
often as required during the same session.

The multi-phase bSSFP readout can be implemented (a)
immediately or (b} after a selected time period of delay following the ASL
pulse sequence. The series of SSFP images are preferably formed in a
manner similar to cine MR imaging (i.e., an image for an individual time
frame is generated from muiltiple segmented acquisitions synchronized to
the labeling pulse).

By adjusting the delay time between labeling and readout pulse
sequences, the inventive methods can focus on different vasculatures such
as arteries, capillaries and veins. Label and control images of structures of
interest can be acquired and compared such that the only difference
between them is whether the inflowing arterial blood has been tagged.

The image post-processing preferably involves a pair-wise
subtraction of label and control images at each time frame or phase. The
series of sublracted images can be visualized as movies along axial,
sagittal, coronal views or along any arbitrary angle. This technigue has the
flexibility to provide high resolution dynamic MR angiography (dMRA)
similar to digital subtraction angiography (BDSA), as well as lower resolution
microvascular imaging similar to perfusion MRIL

In one embodiment, a dynamic radial acquisition with a golden angle
view increment is used with the 4D dMRA method because of its high
degree of efficiency and flexibility for retrospective dynamic image
reconstruction. In another embodiment, a 3D stack-of-stars golden-angle
radial acquisition in conjunction with temporal filtering strategies (k-space
weighted image contrast or KWIC) is used to achieve ultrafast 4D dMRA
with high spatial and temporal resolution, adequate SNR, and high temporal
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fidelity.

[0020] According to one aspect of the invention, a method for magnetic
resonance angiography is provided that has high spatial resolution for
depicting vascular architecture, as well as high temporal resolution for
visualizing dynamic blood flow patterns.

[0021] Another aspect of the invention is to provide magnetic resonance
imaging methods that are not invasive and do not require the use of
ionizing radiation (X-ray) or the injection of iodinated contrast media.

[0022] A further aspect of the invention is to provide a system that can be
adapted to several different diagnostic imaging applications such as for 1)
visualizing and quantifying hemodynamics in cerebrovascular diseases
such as arterio-venous malformation (AVM), steno-occlusive diseases and
cerebral aneurysms; 2) integration of 4-D dynamic blood flow information in
surgical planning; and 3) visualizing and quantifying hemodynamic changes
during brain activation for functional MRI or in response to a
pharmacological agent for pharmacological MRI.

[0023] Further aspects of the invention will be brought out in the following
portions of the specification, wherein the detailed description is for the
purpose of fully disclosing preferred embodiments of the invention without

placing limitations thereon.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS
OF THE DRAWINGS

[0024] The invention will be more fully understood by reference to the
following drawings which are for illustrative purposes only:

[0025] FIG. 1 is a flow diagram of a method for non-invasive 4D time
resolved dynamic magnetic resonance angiography according to the
invention.

[0026] FIG. 2A is a pulse diagram of a variant of the 4D dMRA technique
without a period of delay; and FIG. 2B is a pulse diagram with a period of
delay before targeting specific vascular components (e.g. arteries,

capillaries, or veins).
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[0027] FIG. 3 is a pulse diagram for an illustrative pulse sequence for multi-
bolus PASL dMRA.
[0028] FIG. 4 is a diagram of 4D dMRA pulse sequence with dynamic

golden angle acquisition and k-space weighted imaging contrast (KWIC)
according to one embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0029] Referring more specifically to the drawings, for illustrative purposes
several embodiments of the magnetic resonance imaging methods of the
present invention are described and depicted generally in FIG. 1 through
FIG. 4. It will be appreciated that the methods may vary as to the specific
steps and sequence and the apparatus architecture may vary as to
structural details, without departing from the basic concepts as disclosed
herein. The method steps are merely exemplary of the order that these
steps may occur. The steps may occur in any order that is desired, such
that it still performs the goals of the claimed invention.

[0030] Turning now to FIG. 1, a flow diagram of a method 10 for non-
invasive 4D time resolved dynamic magnetic resonance angiography is
schematically shown. The methods can be used with conventional
magnetic resonance imagers with substantially homogeneous magnetic
fields in the imaging space that are normally configured to evaluate living
test subjects. The embodiment shown in FIG. 1 is directed to vascular
imaging as an illustration of the methods.

[0031] At block 12 of FIG. 1, the arterial blood water is magnetically tagged
or labeled as an endogenous tracer with an arterial spin labeling procedure.
Spin labeling can be implemented using pulsed, continuous and pseudo-
continuous ASL versions. However, velocity selective ASL is particularly
preferred. Pulsed ASL for spin tagging is less preferred because the signal
to noise ratio (SNR) is relatively low given its short duration. Pseudo-
Continuous ASL can also be implemented to improve the SNR of 4D
dMRA, however, at the cost of prolonged scan time, and a few initial
phases of arterial inflow may be sacrificed.
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To improve the image quality as well as to increase the temporal
window for visualizing the full passage of dynamic blood flow over typical
ASL, a multi-bolus dMRA technique is used that takes advantage of the
phenomenon that the magnetization of balanced SSFP can be temporally
stored along the z-axis by applying an 1/2 pulse, while the magnetization
preparation (spin tagging) is performed. The steady-state precession can
then be resumed by applying another 11/2 pulse as seen in the pulse
sequence of FIG. 3. By applying a train of intermittent inversion pulses,
multi-bolus dMRA offers a prolonged tagging bolus with increased SNR
compared to the existing single-bolus dMRA. Pseudo-CASL based dMRA
was performed for comparison which missed a few arterial inflow phases of
dMRA.

With a prolonged/enhanced tagging bolus, multi-bolus pulsed ASL
based dMRA can improve the visualization of draining veins of AVMs, for
example. Multi-bolus ASL approaches can also be applied for perfusion
imaging. However, shortcomings include uncertainties in the arterial input
function and arterial transit time of the labeled blood due to variations in
flow velocities across subjects. The multi-bolus dMRA technique of the
invention may be applied in conjunction with multi-bolus ASL perfusion
methods since the arterial input function can be obtained using multi-bolus
dMRA in vivo. It is feasible to combine multi-bolus dMRA and perfusion
imaging to improve the SNR and accuracy of quantitative perfusion MRI
using ASL.

As illustrated in FIG. 2A, the general 4D dMRA pulse sequence 18
has an ASL block followed by a multiphase SSFP readout sequence.
Suitable balanced steady-state free precession pulse sequences include
TrueFISP, Balanced-FFE, FIESTA, and True SSFP sequences. The
multiphase bSSFP readout sequence can be applied immediately after the
ASL block as shown in sequence 18 of FIG. 2A or the readout sequence
can be applied after a period of delay time as shown in sequence 20 of FIG.
2B. The delay time between the ASL and the readout pulse sequences can
be adjusted to allow temporal enhancement of different vascular structures
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[0035]

[0036]

[0037]

[0038]

such as arteries, veins and capillaries.

Once the tagging is accomplished at block 12, the labeled bolus is
sampled at block 14 of FIG. 1. The image acquisition times at block 14 are
preferably accelerated to maximize the available spin label by the use of
fast acquisition techniques. Accelerated imaging methods for 4D dMRA
can include Cartesian sampling and non-Cartesian sampling approaches
such as radial and spiral.

Both Cartesian and non-Cartesian sampling can be combined with
parallel imaging which uses the spatial information inherent in the geometry
of surface coil arrays to reduce scan time. Parallel imaging is an approach
for reducing scan time that accounts for the local sensitivity of each coil in a
phased array of the scanner. Each colil in the phased array receives data at
the same time (i.e., in parallel). Parallel imaging includes techniques such
as sensitivity encoding (SENSE) and generalized autocalibrating partially
parallel acquisition (GRAPPA). Other parallel imaging techniques include
the array spatial and sensitivity encoding technique (ASSET), the
autocalibrating reconstruction for Cartesian sampling (ARC) technique, the
integrated parallel acquisition technique (iPAT), and rapid acquisition
through parallel imaging design (RAPID).

The preferred strategy for accelerated 4-D imaging invoives using
variable sampling rates for different spatial frequencies of k-space data
without significant loss of fidelity of temporal information. View sharing is
one approach in which the low frequency k-space data is updated more
often than the high frequency k-space data, which is interpolated between
consecutive time frames, thus leading to an effective shortening of the scan
time. Subsequently, view sharing can be combined with elliptical centric
encoding, keyhole, partial Fourier and/or parallel imaging to further improve
the efficiency and spatiotemporal resolution.

In the preferred embodiment, dynamic golden angle radial
acquisitions for 4D dMRA and k-space weighted imaging contrast (KWIC)
are used for image reconstruction at block 16 of FIG. 1. As shown in the
pulse sequence diagram of FIG. 4, subsequent radial profiles are separated
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by the golden angle (111.246°) which is optimal for flexible image
reconstruction from an arbitrary number of profiles in radial MRI. For 4D
dMRA, this acquisition allows advanced sliding window reconstructions with
a flexible window size that can be adjusted according to the required
spatial/temporal resolution.

[0039] Using KWIC imaging at block 16, the central k-space (which
determines the image contrast) is sampled by the radial views of the time
frame of interest (Ti-1, Ti), whereas the peripheral k-space is filled by radial
views of neighboring time frames (similar to view sharing). KWIC can also
be combined with parallel imaging methods.

[0040] One of the most appealing features of radial AMRA with KWIC is the
high flexibility that allows many of the decisions regarding spatial/temporal
resolution to be made retrospectively and optimally. For instance, a
neurosurgeon can first view a static MRA with high spatial resolution based
on all radial acquisitions, and then view temporal frames of dMRA at the
temporal resolution of his or her choice.

[0041] The approach was initially verified with a single shot radial dMRA
with an acceleration factor of 10 in imaging time (1 min) compared to
standard Cartesian sampling that takes 10 minutes. Time courses in middle
cerebral artery (MCA) regions of interest (ROIs) showed no observable
temporal blurring in the radial dIMRA images. There can be ghosting
artifacts in Cartesian data likely due to cardiac pulsation effects which are
invisible in radial AMRA images. High quality dMRA images were observed
with a high temporal resolution and without apparent temporal blurring that
were obtained in a fraction of the scan time of standard Cartesian based
dMRA.

[0042] The enhanced/prolonged labeling bolus and accelerated imaging
scheme for 4D dMRA permits modeling of quantitative tracer kinetics. One
key advantage of the 4D dMRA technique is that the longitudinal
magnetization of flowing blood is well preserved during multiphase SSFP
scans. It has been observed that the multiphase SSFP ASL signals in

arteries are identical to single-phase ASL signals and have no noticeable
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saturation effects. Observable saturation effects only occur in capillaries
and tissue when blood flow slows down considerably and the T2/T1 ratio
reduces, a phenomenon verified by Bloch equation simulation.

[0043] Therefore, the standard tracer kinetic model can be applied for
estimating cerebral blood volume (CBV), cerebral blood flow (CBF) and
mean transit time (MTT):

CBY < fc(t)dt
Jc.(tyat
C(t)=CBFeC, (1)®R(t)
MTT=CBV/CBF
where Ca(t) and C(t) are the concentration of labeled spins in the artery and
each pixel respectively and R(t) is the residual function.

[0044] More specifically, C(t) = M(t) W(t)e"" P° C,(t) = M(t)W(t)e" "'
where Ma(t) and M(t) are measured signals in artery and each pixel
respectively, W(t) is a weighting factor to account for effects of flip angle.
The Ma(t) value can be measured from an artery or it can be assumed
based on tagging duration and efficiency. CBF estimation relies on
deconvolution using a singular value decomposition (SVD) or division in the
frequency domain. Multi-parameter hemodynamic images of vascular
subjects can be obtained quickly.

{6045] Accordingly, the obtained 4-D dynamic flow information and the
calculated images of hemodynamic parameters can be inlegrated into the
planning of stereotactic surgery, which currently does not include 4-D
information. The method can also be applied for fMRI studies to visualize
the dynamic blood flow responses and to quantify changes in hemodynamic
parameters.

[0046] The invention may be better understood with reference to the
accompanying examples, which are intended for purposes of illustration
only and should not be construed as in any sense limiting the scope of the
present invention as defined in the claims appended hereto.

-10-
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[0047] Example 1

[0048] In order to demonstrate the functionality of the spin labeling aspects
of the invention, a FISP-based spin tagging with alternating
radiofrequencies (STAR) labeling sequence was evaluated and the spatial
and temporal resolution of the method was optimized in eight healthy
volunteers. In another six healthy volunteers, the contrast-to-noise ratio
(CNR) and signal-to-noise ratio (SNR) of the STAR based dynamic MR
angiography images were compared with those acquired by using a
standard Look-Locker echo-planar technique by using the Wilcoxon signed
rank test. Finally, one patient with an arteriovenous malformation (AVM)
was studied using this technique.

[0049] As shown in the pulse sequence diagrams of FIG. 2A and FIG. 2B,
immediately following a section-selective or nonselective hyperbolic secant
inversion pulse, a train of 20 dummy radiofrequency pulses with Kaiser

Bessel window ramp flip angles (i.e., a /21, -2 a/21, 3 a/21, ..., 20 a /21)

was applied to minimize transient signal oscillations. The signal was then

continuously acquired by a segmented multiphase true FISP readout with

the + a radiofrequency pulse scheme with phase encoding advancing in a

centric order. At the end of the true FISP readout, the magnetization was

restored to the positive z-axis by using an a/2 pulse. The series of images

were formed in a manner similar to cine MR imaging methods (i.e. an

image for an individual time frame was generated from multiple segmented
acquisitions synchronized to the labeling pulse). In this study, 11-21 k-
space lines were acquired per segment, resulting in a temporal resolution of
50-100 msec for each time frame image.

[0050] Three consecutive experiments in healthy volunteers were
conducted to optimize the STAR spin labeling technique. In all three
experiments, images were acquired that cover the circle of Willis and
associated main branch anatomical structures.

[0051] The first experiment determined the optimal gap between the

11-
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labeling and imaging slab by measuring the arrival time of the labeling
bolus as a function of the thickness of the selective inversion band. The
thickness of the selective inversion pulse was set to 5, 10, and 15 times the
imaging section thickness (5 mm).

[0052] In the second experiment, 3D STAR acquisitions with imaging
resolution along the z-axis were performed to further improve the SNR due
to volume excitation. A generalized, autocalibrating, partially parallel
acquisition with an acceleration factor of two was applied to reduce the total
imaging time to approximately 7 minutes while preserving a temporal
resolution of 83 msec with 30 phases.

[0053] To investigate the effects of cardiac pulsation on dynamic MR
angiography images, pulse-gated (electrocardiographically gated) 3D cine
STAR imaging was performed. Depending on the cardiac cycle, 10-15
phases of dynamic MR angiography images with a temporal resolution of
52 msec were acquired within approximately 6 minutes.

[0054] The third experiment compared the STAR labeling with a standard
dynamic MR angiography method based on a Look-Locker echo-planar
imaging sequence with closely matched parameters. Three flip angles (a =
20°, 40°, and 60°) were tested to investigate potential saturation effects in
both techniques.

[0055] The SNR and CNR of the STAR tagged dynamic MR angiography
images were 29% and 39% higher, respectively, compared with those
acquired by using the standard Look-Locker echo-planar imaging sequence
(both P =.028). In the AVM patient, STAR dynamic MR angiography
delineated the dynamic course of labeled blood flowing through feeding
arteries into the nidus and draining veins.

[0056] Example 2

[0057] To further demonstrate the invention, two experiments were
conducted with eight healthy volunteers (24.6 £ 3.6 yrs, 3 males)on a
Siemens TIM Trio 3T scanner. In the first experiment, a three-bolus STAR
sequence was implemented with the time interval of 210, 315, 420 and 525

ms between inversion pulses respectively. The tagging was applied to an

12-



10

15

20

25

30

WO 2014/085288 PCT/US2013/071590

80 mm slab inferior to the image slab with a 20 mm gap. The rest
parameters were: FOV=220 x 165 mm?, resolution = 1x1x1.5 mm?, rate-2
GRAPPA; a 3D slab of 40 slices with 1.5 mm thickness, 22 phases from
150 to 2370 ms with a step of 105 ms was acquired within a total scan time
of 7 minutes.

The second experiment made a comparison of the optimized multi-
bolus dMRA with standard single-bolus PASL and pCASL based dMRA.
The phase interval of 4 (420 ms) between inversion pulses was chosen for
multi-bolus dMRA, with the rest parameters identical to the protocol used in
the first experiment. For comparison, a standard single-bolus STAR
sequence and pCASL based dMRA with a labeling duration of 300, 600 and
900 ms were performed using closely matched imaging parameters. DMRA
images were generated by complex subtraction between label and control
acquisitions, and maximum intensity projection (MIP) images were
generated for each phase along three directions (transverse, sagittal,
coronal).

The experiments validated the imaging parameters and the previous
simulation results. In the simulations, the temporal profile of a labeled blood
bolus can be described as a box-car function convoluted with a dispersion
kernel. By incorporating T1 relaxation (m(t)), the signal of a labeled bolus
can be expressed as Ma(t)=2Moom(t)W'(t) , where W'(t) is the temporal
profile of the labeled bolus with dispersion which can be described by the
Gaussian dispersion model. In the case of more than one tagging bolus, the
interaction between two consecutive boluses was considered if the leading
edge of the subsequent bolus occurs before the trailing edge of the
preceding bolus. Single and three-bolus dMRA with different time intervals
were simulated with a mean flow velocity of 20 cm/s, according to the
measured mean flow velocity of 21cm/s in internal carotid arteries from all
the subjects using phase contrast MRI.

The results demonstrated that a prolonged bolus of labeled blood
can be achieved using multi-bolus STAR labeling. Based on both simulation
and experimental results, the optimal bolus interval should be around 400

13-
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[0061]
[0062]

[0063]

[0064]

ms to achieve a prolonged and continuous bolus of labeled blood in multi-
bolus dMRA with a mean flow velocity of 20cm/s. Accordingly, by
combining the benefits of pulsed and pCASL based dMRA, the multi-bolus
STAR technique can prolong and enhance the tagging bolus without
sacrificing imaging speed or temporal resolution.

Example 3

The ultrafast 4D dMRA methods were further demonstrated with an
embodiment employing a 3D stack-of-stars golden-angle radial acquisition
in conjunction with temporal filtering strategies of k-space weighted image
contrast (KWIC) to achieve 4D dMRA with high spatial and temporal
resolution, adequate SNR, and high temporal fidelity. Dynamic radial
acquisition with a golden angle view increment is ideally suited for 4D
dMRA, given its high degree of efficiency and flexibility for retrospective
dynamic image reconstruction.

The pulse sequence that was used consisted of a continuous 3D
TrueFISP readout following either slice-selective or non-selective inversion
pulses. A dynamic 3D radial stack-of-stars sampling with an in-plane view
angle increment of 65 = 111.25° (golden angle) was utilized as illustrated in
FIG. 4. A 3D radial stack-of-stars sampling was achieved by taking multiple
shots, where each shot represented a slice-encoding step. The imaging
parameters were as follows: FOV=256 mm, 500 views/shot, TR=4.58ms,
TE=TR/2, FA=30°, matrix=256 x 256, 32 mm x 1.5 mm slices covering a
significant portion of the brain, including the Circle of Willis and main
branches, scan time = 3 minutes.

Each temporal frame was reconstructed using 160 total views, with
an effective temporal resolution of 100 ms (20-view window) via the KWIC
filter. The KWIC reconstruction exploits the oversampling of the k-space
center by encoding drastically fewer views in the central region of k-space
(20 in this study). This reduction precipitated a proportionately large
increase in temporal resolution since image contrast is determined primarily
by the signal at the k-space center. The number of encoded views was
systematically increased during the image reconstruction for more distant
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regions of k-space. A 3D-Cartesian version of the sequence with closely
matched imaging parameters was also assessed for comparison. Thirty
phases with a temporal resolution of 80 ms covering a 3D slab of 32 mm x
1.5 mm sections (rate-2 GRAPPA) were acquired within a total scan time of
10 minutes.

Many dMRA maximum intensity projection (MIP) images were
acquired at 7 phases using 3D-radial and Cartesian acquisitions and
evaluated. The dynamic blood flow pattern through the Circle of Willis and
its main braches could be clearly visualized by radial dMRA, including small
distal branches of the middle cerebral artery (MCA) and posterior cerebral
artery (PCA). Compared to Cartesian dMRA, the background tissue signal
was markedly suppressed in the radial AMRA process, resulting in sharp
MRA images throughout the temporal phases. The contrast-to-noise ratio
(CNR) between radial (CNR=9.6) and Cartesian (CNR=11.7) dMRA were
comparable, although the scan time of radial AMRA was less than one third
of that of the Cartesian dMRA. The mean dMRA time course in the MCA
demonstrated excellent agreement between radial and Cartesian
acquisitions.

Accordingly, the speed of golden angle radial acquisition and the
flexibility of KWIC with 3D stack-of-stars TrueFISP acquisitions in 4D dMRA
can dramatically reduce the scan time compared to conventional methods,
while maintaining a high spatial and temporal resolution.

Example 4

The diagnostic methods of the invention can be adapted to many
different imaging contexts. For example, the methods can be used to
estimate vascular compliance or stiffness of the vessel. A reduction in
vascular compliance (VC) is a risk factor and/or marker of a number of
diseases with high social and economical impact, such as atherosclerosis,
hypertension, and diabetes. Aging is also accompanied by a decrease of
VC. Currently, VC can be indirectly estimated by measuring aortic pulse
wave velocity (PWV) with ultrasound imaging and MRI. To date, however,
no method is available for assessing intracranial VC, which is defined by
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[0069]

[0070]

[0071]

[0072]

the change in arterial blood volume (ABV) due to a given change in arterial
blood pressure (ABP), i.e., VC=ABV/ABP.

It is possible to assess vascular compliance using 4D dMRA by
synchronizing the dMRA acquisitions with the systolic and diastolic phases
of the cardiac cycle. This was demonstrated by measuring the blood flow
velocities in internal carotid arteries (ICA) using an ECG-triggered time-
resolved phase contrast MRI. The time delays at peak systole and early
diastole were identified in each individual subject. Two ECG-triggered
dMRA scans were performed with pulsed ASL applied at the peak systolic
and early diastolic phases, respectively. Arterial CBV at systolic and
diastolic phases were calculated based on the tracer kinetic model
described previously. The VC was calculated as ABV/ABP, where ABV
was the difference in arterial CBV between systolic and diastolic phases,
and ABP was the difference in brachial blood pressure between systolic
and diastolic phases.

The mean time courses of multi-phase SSFP and Look-Locker-EPI
ASL signals with spin tagging applied at the peak systolic and early
diastolic phases in big arteries (>5%), small arteries/arterioles (1-5%), and
capillary/tissue respectively were evaluated.

Look-Locker-EPI ASL was performed to estimate any changes in
capillary/tissue perfusion between systolic and diastolic phases. Elevated
labeled blood signals were observed for the peak systolic time courses in
big arteries as well as in small arteries and arterioles, compared to those of
the early diastolic phase. However, there was no significant difference
between dynamic capillary/tissue perfusion signals at systolic and diastolic
phases, respectively.

A map of CBV changes between systole and diastole from a
representative subject was created. CBV increases could be observed
mainly in arteries, and to a lesser extent in small arteries and arterioles.
Under the assumption of an average whole brain volume of 1300mL (can
be accurately measured on structural MRI), absolute arterial CBV values
were obtained in big arteries and small arteries/arterioles. Then the VC was
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calculated by ACBYV divided by ABP (0.15 mL/mmHg in big arteries, and
0.07 mL/mmHg in small arteries and arterioles).

Embodiments of the present invention may be described with
reference to flowchart illustrations of methods and systems according to
embodiments of the invention, and/or algorithms, formulae, or other
computational depictions, which may also be implemented as computer
program products. In this regard, each block or step of a flowchart, and
combinations of blocks (and/or steps) in a flowchart, algorithm, formula, or
computational depiction can be implemented by various means, such as
hardware, firmware, and/or software including one or more computer
program instructions embodied in computer-readable program code logic.
As will be appreciated, any such computer program instructions may be
loaded onto a computer, including without limitation a general purpose
computer or special purpose computer, or other programmable processing
apparatus to produce a machine, such that the computer program
instructions which execute on the computer or other programmable
processing apparatus create means for implementing the functions
specified in the block(s) of the flowchart(s).

Accordingly, blocks of the flowcharts, algorithms, formulae, or
computational depictions support combinations of means for performing the
specified functions, combinations of steps for performing the specified
functions, and computer program instructions, such as embodied in
computer-readable program code logic means, for performing the specified
functions. It will also be understood that each block of the flowchart
illustrations, algorithms, formulae, or computational depictions and
combinations thereof described herein, can be implemented by special
purpose hardware-based computer systems which perform the specified
functions or steps, or combinations of special purpose hardware and
computer-readable program code logic means.

Furthermore, these computer program instructions, such as
embodied in computer-readable program code logic, may also be stored in
a computer-readable memory that can direct a computer or other
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programmable processing apparatus to function in a particular manner,
such that the instructions stored in the computer-readable memory produce
an article of manufacture including instruction means which implement the
function specified in the block(s) of the flowchart(s). The computer program
instructions may also be loaded onto a computer or other programmable
processing apparatus to cause a series of operational steps to be
performed on the computer or other programmable processing apparatus to
produce a computer-implemented process such that the instructions which
execute on the computer or other programmable processing apparatus
provide steps for implementing the functions specified in the block(s) of the
flowchart(s), algorithm(s), formula(e), or computational depiction(s).

[0076] From the discussion above it will be appreciated that the invention
can be embodied in various ways, including the following:

[0077] 1. A method of 4D time resolved dynamic magnetic resonance
angiography comprising: (a) magnetically labeling a volume of blood water
of a test subject; (b) acquiring a plurality of magnetic resonance imaging
data sets of the labeled subject from a magnetic resonance scanner with a
fast acquisition using balanced steady state free precession pulses and k-
space under-sampling; and (c) reconstructing images from the acquired
data sets to provide a set of magnetic resonance images.

[0078] 2. A method as recited in any previous embodiment, wherein the
magnetically labeling is implemented with an arterial spin labeling technique
selected from the group of techniques consisting of pulsed arterial spin
labeling, continuous arterial spin labeling, velocity selective arterial spin
labeling and pseudo-continuous arterial spin labeling.

[0079] 3. A method as recited in any previous embodiment, wherein the
acquiring a plurality of magnetic resonance imaging data sets comprises
performing an acquisition procedure selected from the group of acquisition
procedures consisting of Cartesian sampling with parallel imaging, non-
Cartesian sampling with parallel imaging, Cartesian sampling and non-
Cartesian sampling.

[0080] 4. A method as recited in any previous embodiment, wherein the
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acquisition procedure further comprises view sharing to further shorten
required scan times.

5. A method as recited in any previous embodiment, wherein the
acquiring a plurality of magnetic resonance imaging data sets comprises
performing an acquisition procedure is a dynamic golden angle radial
acquisition.

6. A method as recited in any previous embodiment, wherein the
reconstructing images from the acquired data sets is a k-space weighted
imaging contrast (KWIC) reconstruction.

7. A method as recited in any previous embodiment, further
comprising: (a) forming quantitative tracer kinetic models from
reconstructed images; and (b) estimating cerebral blood volume (CBV),
cerebral blood flow (CBF) and mean transit time (MTT) with the models and
image data sets.

8. A method as recited in any previous embodiment, further
comprising: (a) synchronizing dynamic magnetic resonance angiography
acquisitions with systolic and diastolic phases of the cardiac cycle; (b)
forming quantitative tracer kinetic models from reconstructed images; (c)
estimating cerebral blood volume (CBV) at systolic and diastolic phases
with the tracer kinetic models; (d) calculating the difference in arterial blood
volume (ABV) and brachial blood pressure (ABP) between systolic and
diastolic phases; and (e) assessing vascular compliance by calculating
ABV/ABP.

9. A method of 4D time resolved dynamic magnetic resonance
angiography, comprising: (a) magnetically labeling a volume of blood water
of a test subject; (b) acquiring a plurality of magnetic resonance imaging
data sets of the labeled subject from a magnetic resonance scanner with a
golden-angle radial acquisition; and (c) reconstructing images from the
acquired data sets with a k-space weighted image contrast (KWIC)
reconstruction to provide a set of magnetic resonance images.

10. A method as recited in any previous embodiment, wherein the

magnetically labeling is implemented with an arterial spin labeling technique
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selected from the group of techniques consisting of pulsed arterial spin
labeling, continuous arterial spin labeling, velocity selective arterial spin
labeling and pseudo-continuous arterial spin labeling.

[0087] 11. A method as recited in any previous embodiment, wherein the
magnetically labeling is implemented with TrueFISP based spin tagging
with alternating radiofrequency pulses.

[0088] 12. A method as recited in any previous embodiment, further
comprising: (a) forming quantitative tracer kinetic models from
reconstructed images; and (b) estimating cerebral blood volume (CBV),
cerebral blood flow (CBF) and mean transit time (MTT) with the models and
image data sets.

[0089] 13. A method as recited in any previous embodiment, further
comprising: (a) synchronizing dynamic magnetic resonance angiography
acquisitions with systolic and diastolic phases of the cardiac cycle; (b)
forming quantitative tracer kinetic models from reconstructed images; (c)
estimating cerebral blood volume (CBV) at systolic and diastolic phases
with the tracer kinetic models; (d) calculating the difference in arterial blood
volume (ABV) and brachial blood pressure (ABP) between systolic and
diastolic phases; and (e) assessing vascular compliance by calculating
ABV/ABP.

[0090] 14. A method of 4D time resolved dynamic magnetic resonance
angiography, comprising: (a) placing a subject into a substantially
homogeneous magnetic field in the imaging space of a magnetic resonance
imager; (b) applying an arterial spin labeling pulse sequence; (c) applying a
balanced steady-state free precession pulse sequence; and (d)
reconstructing a series of magnetic resonance images from multiple
acquisitions synchronized to the labeling pulse.

[0091] 15. A method as recited in any previous embodiment, further
comprising delaying the application of the balanced steady-state free
precession pulse sequence for a period of time after the application of the
arterial spin labeling pulse sequence.

[0092] 16. A method as recited in any previous embodiment, wherein the
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arterial spin labeling pulse sequence is selected from the group of pulse
sequences consisting of pulsed arterial spin labeling sequences,
continuous arterial spin labeling pulse sequences, velocity selective arterial
spin labeling pulse sequences and pseudo-continuous arterial spin labeling
pulse sequences.

[0093] 17. A method as recited in any previous embodiment, wherein the
balanced steady-state free precession pulse sequence is selected from the
group of pulse sequences consisting of TrueFISP, Balanced-FFE, FIESTA,
and True SSFP.

[0094] 18. A method as recited in any previous embodiment, wherein the
balanced steady-state free precession pulse sequence further comprises
variable flip angles.

[0095] 19. A method as recited in any previous embodiment, further
comprising incorporating parallel imaging.

[0096] 20. A method as recited in any previous embodiment, wherein the
parallel imaging comprises a technique selected from the group of parallel
imaging techniques consisting of sensitivity encoding (SENSE), generalized
autocalibrating partially parallel acquisition (GRAPPA), array spatial and
sensitivity encoding technique (ASSET), autocalibrating reconstruction for
Cartesian sampling (ARC), integrated parallel acquisition technique (iPAT),
and rapid acquisition through parallel imaging design (RAPID).

[0097] Although the description above contains many details, these should
not be construed as limiting the scope of the invention but as merely
providing illustrations of some of the presently preferred embodiments of
this invention. Therefore, it will be appreciated that the scope of the
present invention fully encompasses other embodiments which may
become obvious to those skilled in the art, and that the scope of the present
invention is accordingly to be limited by nothing other than the appended
claims, in which reference to an element in the singular is not intended to
mean "one and only one" unless explicitly so stated, but rather "one or
more." All structural, chemical, and functional equivalents to the elements

of the above-described preferred embodiment that are known to those of
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ordinary skill in the art are expressly incorporated herein by reference and
are intended to be encompassed by the present claims. Moreover, it is not
necessary for a device or method to address each and every problem
sought to be solved by the present invention, for it to be encompassed by
the present claims. Furthermore, no element, component, or method step
in the present disclosure is intended to be dedicated to the public
regardless of whether the element, component, or method step is explicitly
recited in the claims. No claim element herein is to be construed under the
provisions of 35 U.S.C. 112, sixth paragraph, unless the element is
expressly recited using the phrase "means for."
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CLAIMS
What is claimed is:

1. A method of 4D time resolved dynamic magnetic resonance
angiography, the method comprising:

(@)  magnetically labeling a volume of blood water of a test subject;

(b)  acquiring a plurality of magnetic resonance imaging data sets of the
labeled subject from a magnetic resonance scanner with a fast acquisition using
balanced steady state free precession pulses and k-space under-sampling; and

(c) reconstructing images from the acquired data sets to provide a set of

magnetic resonance images.

2. A method as recited in claim 1, wherein said magnetically labeling is
implemented with an arterial spin labeling technique selected from the group of
techniques consisting of pulsed arterial spin labeling, continuous arterial spin
labeling, velocity selective arterial spin labeling and pseudo-continuous arterial

spin labeling.

3. A method as recited in claim 1, wherein said acquiring a plurality of
magnetic resonance imaging data sets comprises performing an acquisition
procedure selected from the group of acquisition procedures consisting of
Cartesian sampling with parallel imaging, non-Cartesian sampling with parallel
imaging, Cartesian sampling and non-Cartesian sampling.

4. A method as recited in claim 3, wherein said acquisition procedure

further comprises view sharing to further shorten required scan times.
5. A method as recited in claim 1, wherein said acquiring a plurality of

magnetic resonance imaging data sets comprises a dynamic golden angle radial

acquisition.
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6. A method as recited in claim 1, wherein said reconstructing images
from the acquired data sets a k-space weighted imaging contrast (KWIC)

reconstruction.

7. A method as recited in claim 1, further comprising:

(a) forming quantitative tracer kinetic models from reconstructed
images; and

(b)  estimating cerebral blood volume (CBV), cerebral blood flow (CBF)
and mean transit time (MTT) with the models and image data sets.

8. A method as recited in claim 1, further comprising:

(a) synchronizing dynamic magnetic resonance angiography
acquisitions with systolic and diastolic phases of the cardiac cycle;

(b)  forming quantitative tracer kinetic models from reconstructed
images;

(c) estimating cerebral blood volume (CBV) at systolic and diastolic
phases with the tracer kinetic models;

(d)  calculating the difference in arterial blood volume (ABV) and brachial
blood pressure (ABP) between systolic and diastolic phases; and

(e)  assessing vascular compliance by calculating ABV/ABP.

9. A method of 4D time resolved dynamic magnetic resonance
angiography, the method comprising:

(@)  magnetically labeling a volume of blood water of a test subject;

(b)  acquiring a plurality of magnetic resonance imaging data sets of the
labeled subject from a magnetic resonance scanner with a golden-angle radial
acquisition; and

(c) reconstructing images from the acquired data sets with a k-space
weighted image contrast (KWIC) reconstruction to provide a set of magnetic

resonance images.

-24-



10

15

20

25

30

WO 2014/085288 PCT/US2013/071590

10. A method as recited in claim 9, wherein said magnetically labeling is
implemented with an arterial spin labeling technique selected from the group of
techniques consisting of pulsed arterial spin labeling, continuous arterial spin
labeling, velocity selective arterial spin labeling and pseudo-continuous arterial
spin labeling.

11. A method as recited in claim 9, wherein said magnetically labeling is
implemented with TrueFISP based spin tagging with alternating radiofrequency

pulses.

12. A method as recited in claim 9, further comprising:

(a) forming quantitative tracer kinetic models from reconstructed
images; and

(b)  estimating cerebral blood volume (CBV), cerebral blood flow (CBF)

and mean transit time (MTT) with the models and image data sets.

13. A method as recited in claim 9, further comprising:

(a) synchronizing dynamic magnetic resonance angiography
acquisitions with systolic and diastolic phases of the cardiac cycle;

(b)  forming quantitative tracer kinetic models from reconstructed
images;

(c) estimating cerebral blood volume (CBV) at systolic and diastolic
phases with the tracer kinetic models;

(d)  calculating the difference in arterial blood volume (ABV) and brachial
blood pressure (ABP) between systolic and diastolic phases; and

(e)  assessing vascular compliance by calculating ABV/ABP.

14. A method of 4D time resolved dynamic magnetic resonance
angiography, the method comprising:

(a) placing a subject into a substantially homogeneous magnetic field in
the imaging space of a magnetic resonance imager;

(b)  applying an arterial spin labeling pulse sequence;
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(c) applying a balanced steady-state free precession pulse sequence;
and
(d)  reconstructing a series of magnetic resonance images from multiple

acquisitions synchronized to the labeling pulse.

15. A method as recited in claim 14, further comprising delaying the
application of the balanced steady-state free precession pulse sequence for a

period of time after the application of the arterial spin labeling pulse sequence.

16. A method as recited in claim 14, wherein said arterial spin labeling
pulse sequence is selected from the group of pulse sequences consisting of
pulsed arterial spin labeling sequences, continuous arterial spin labeling pulse
sequences, velocity selective arterial spin labeling pulse sequences and pseudo-
continuous arterial spin labeling pulse sequences.

17. A method as recited in claim 14, wherein said balanced steady-state
free precession pulse sequence is selected from the group of pulse sequences
consisting of TrueFISP, Balanced-FFE, FIESTA, and True SSFP.

18. A method as recited in claim 14, wherein said balanced steady-state

free precession pulse sequence further comprises variable flip angles.

19. A method as recited in claim 14, further comprising incorporating

parallel imaging.

20. A method as recited in claim 19, wherein said parallel imaging
comprises a technique selected from the group of parallel imaging techniques
consisting of sensitivity encoding (SENSE), generalized autocalibrating partially
parallel acquisition (GRAPPA), array spatial and sensitivity encoding technique
(ASSET), autocalibrating reconstruction for Cartesian sampling (ARC), integrated
parallel acquisition technique (iPAT), and rapid acquisition through parallel
imaging design (RAPID).
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