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Description

BACKGROUND

1. Technical Field

[0001] This description pertains to phase-contrast (PC) MRI.

2.Background Discussion

[0002] Phase-contrast MRI (PC-MRI) has been extensively used clinically for visualization and quantification of blood
flow and velocity. The conventional 2D PC-MRI alternatively acquires flow-compensated (FC) and through-plane direction
(i.e. z-direction) flow-encoded (FE) data, and the blood flow velocity is encoded by the phase difference between the
FC and FE data.
[0003] The FE gradients can also be applied in the two in-plane orientations, i.e. phase-encoding direction (y-direction)
and readout direction (x-direction). This further development of three-directional velocity encoding PC-MRI with time
resolved (CINE) three-dimensional (3D) acquisitions is also commonly referred to a 4D flow MRI. 4D flow generally
allows for better visualization, more flexible retrospective territories selection and more accurate peak velocity estimation.
[0004] Since these three-directional velocity encoding PC-MRI techniques (2D and 4D) typically acquire FC and three-
directional FE data (FC/3FE) in an interleaved fashion, four acquisitions are needed to update one cardiac phase. This
results in poorer temporal resolution and temporal footprint than conventional 2D through-plane FE PC-MRI. As temporal
resolution and temporal footprint of PC-MRI are two important indices to determine the measurement accuracy of peak
velocity, this has an impact on diagnosis of a number of clinical diseases, such as carotid artery stenosis. Low temporal
resolution and long temporal footprint can result in underestimations of peak velocities as well as pressure gradients
across valves or stenoses.
[0005] While the temporal resolution and temporal footprint can be improved by reducing views-per-segment (the
number of k-space lines acquired for each cardiac phase within a single cardiac cycle), this accordingly increases total
imaging acquisition time. Fast MRI techniques have been developed and applied in PC-MRI to reduce the total acquisition
time. However, with certain views-per-segment, these fast PC-MRI techniques can barely improve the temporal resolution
and temporal footprint, which may not be significantly helpful on improving measurement accuracy of peak velocity.
[0006] View-sharing PC-MRI techniques have also been developed in attempt to improve the temporal resolution. A
Shared Velocity Encoding (SVE) technique has been employed to improve temporal resolution, see for instance the
articles by Da Wang et al., "Phase contrast MRI with flow compensation view sharing", MAGNETIC RESONANCE IN
MEDICINE, 73(2), 505-513 (2014) and Hung-Yu Lin et al., "Shared velocity encoding: A method to improve the temporal
resolution of phase-contrast velocity measurements", MAGNETIC RESONANCE IN MEDICINE, 68(3), 703-710 (.2011).
However, the temporal footprint of each cardiac phase in the SVE technique is the same as traditional 2D PC-MRI, and
may suffer from even longer temporal footprint (6*TR*views-per-segment) than conventional 4D flow acquisition
(4*TR*views-per-segment) when implemented with three-dimensional FE PC-MRI.

BRIEF SUMMARY

[0007] An aspect of the present description is a fast phase-contrast MRI (PC-MRI) apparatus in accordance with claim
1 and method in accordance with claim 8 employing a Hybrid One- and Two-sided Flow Encoding Only (HOTFEO)
acquisition scheme for accurate blood flow and velocity measurements of time-resolved three-directional-velocity-en-
coding PC-MRI.
[0008] Velocity direction constraint is used to accelerate three-directional-velocity-encoding PC-MRI by 4/3-fold using
three-directional (3D) flow-encoded (FE) acquisitions to provide more accurate calculation of background FC phase
without acquiring flow-compensated (FC) data, while maintaining the measurement accuracy of total volumetric flow
and total maximum peak velocity measurements. The hybrid one- and two-sided FE acquisition of the present description
improves calculation accuracy and addresses ill-conditions of the constraint to extend its applications with minimal
limitations.
[0009] Further aspects of the technology 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 technology without placing limi-
tations thereon.
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BRIEF DESCRIPTION OF THE SEVERAL VIEWS

OF THE DRAWING(S)

[0010] The technology described herein will be more fully understood by reference to the following drawings which
are for illustrative purposes only:

FIG. 1 is schematic flow diagram of the HOTFEO acquisition scheme for calculating 4D flow characteristics in
accordance with the present description.
FIG. 2 is a schematic phase diagram comparing the HOTFEO acquisition scheme with FEO and FC/3FE.
FIG. 3 is a schematic diagram for a system incorporating HOTFEO acquisition for calculating 4D flow characteristics
in accordance with the present description.
FIG. 4 is a plot comparing the velocity constraint as function of FC signal phase with two consecutive velocities
having equal magnitude and direction.
FIG. 5 is a plot illustrating the difference between the acquired FC background phase and the background phase
from a healthy volunteer.
FIG. 6A is a plot showing the correlation of the RMSE of calculated FC phase and 1-VR. The two parameters have
an inverse correlation of FEO, and linear correlation of HOTFEO. The FEO has larger FC estimation errors than
HOTFEO, when the 1-VR closes to 0, the FEO will fail to estimate the FC phase, but the HOTFEO still provides
good FC estimation.
FIG. 6B is a plot showing the correlation of the RMSE of calculated FC phase and 1/SNR. The RMSE of the FC
calculation has linear regression with noise level (1/SNR) for both FEO and HOTFEO. Higher SNR tends to have
better FC estimation for both techniques.
FIG. 7A is a plot of the total mean flow velocity waveforms of the reference FC/3FE PC-MRI and simulated HOTFEO.
FIG. 7B is a plot of the total peak velocity waveforms of the reference FC/3FE PC-MRI and simulated HOTFEO.
FIG. 8A shows Bland-Altman plots of total volumetric flow measurements between simulated HOTFEO and reference
FC/3FE.
FIG. 8B shows Bland-Altman plots of total maximum peak velocity measurements between simulated HOTFEO and
reference FC/3FE.
FIG. 9A shows a plot of the total mean flow velocity waveforms of 2D reference FC/3FE PC-MRI and 2D HOTFEO.
FIG. 9B shows a plot of the total peak velocity waveforms of 2D reference FC/3FE PC-MRI and 2D HOTFEO.
FIG. 10A shows Bland-Altman plots of total volumetric flow measurement between 2D reference FC/3FE and 2D
HOTFEO.
FIG. 10B shows Bland-Altman plots of total maximum peak velocity measurement between simulated HOTFEO
and reference FC/3FE.
FIG. 11A shows a plot of the total mean flow velocity waveforms of 4D reference FC/3FE PC-MRI and 4D HOTFEO.
FIG. 11B shows a plot of the total peak velocity waveforms of 4D reference FC/3FE PC-MRI and 4D HOTFEO.
FIG. 12A shows Bland-Altman plots of total volumetric flow measurement between 4D reference FC/3FE and 4D
HOTFEO.
FIG. 12B shows Bland-Altman plots of total maximum peak velocity measurement between 4D reference FC/3FE
and 4D HOTFEO.

DETAILED DESCRIPTION

[0011] In common carotid arteries (CCAs), the blood flow tends to be laminar flow, and the velocity direction (as
opposed to magnitude) does not change significantly within a short period time (e.g. duration of two cardiac phases).
associating with the property that phase signal of FC images does not change significantly, Eq. 1 provides the following
velocity direction constraint for cardiac phase n and n+1: 

[0012] In Eq. 1, ΦFC,n = ΦFC,n+1 represents FC phase signal (i.e. FC background phase), and the two velocity vectors
of the two cardiac phases are: 
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and 

[0013] The terms ΦFEx,n , ΦFEy,n and ΦFEz,n are the acquired FE phase signals for cardiac phase n in the x, y and z
directions, respectively, and ΦFEx,n+1 , ΦFEy,n+1 and ΦFEz,n+1 are the acquired FE phase signals for cardiac phase n +
1 in the x, y and z directions, respectively. |Vn| and |Vn+1| are the velocity magnitudes for cardiac phases n and n + 1,
respectively. Vn · Vn+1 is the dot product of two velocity vectors that contains 3D velocity information. Eq. 1 essentially
calculates the background phase ΦFC,n that yields the smallest angle between the blood flow velocity vectors between
two successive cardiac phases. It is assumed that the smallest angle corresponds to the smallest difference between
the dot product of the two velocity vectors and the product of the length of the two vectors, as shown in Eq. 1.
[0014] While the constraint of velocity direction has the potential to calculate the background phase signal without
acquiring the FC data, the velocity direction constraint itself may have two ill-conditions: 1) the two consecutive velocities
equal to each other (Vn = Vn+1), which are likely to happen in diastolic cardiac phases; and 2) where the three-directional
projected velocities equal to each other (Vx,n = Vy,n = Vz,n, or ΦFEx,n = ΦFEy,n = (ΦFEz,n), which may happen in certain
orientations of blood vessels to the three encoding directions in 4D flow acquisitions. As shown in FIG. 4 (solid curve),
the constraint constantly equals to 0 under the above two circumstances. These ill-conditions might limit the applications
of the velocity direction constraint, such as for diastolic velocity calculations or imaging in target anatomy with various
velocity distributions, e.g. blood vessels such as aortic arch and circle of willis.
[0015] To address the above ill-conditions of the constraint and improve calculation accuracy of FC phase signal, the
HOTFEO acquisition method 10 of FIG. 1 is employed. The HOTFEO acquisition method in comparison to FEO and
FC/3FE schemes is also shown in the phase diagram of FIG. 2. As shown in FIG. 2, HOTFEO applies interleaved two-
sided FE acquisitions in one direction (e.g. the y-(phase-encoding) direction), and conventional one-sided FE acquisitions
in the remaining directions (e.g. x/z-directions, i.e. frequency/slice-encoding directions). FEO applies strictly one-sided
FE acquisitions only in all directions, while FC/3FE applies one-sided FE acquisitions in all directions along with acquisition
of flow-compensated (FC) data.
[0016] Referring back to the flow diagram of FIG. 1, the HOTFEO acquisition method 10, one-sided flow-encoded MRI
acquisition is applied at step 14 in the frequency-encoding (x) direction and at step 18 in the slice-encoding (z) direction,
while two-sided flow-encoded MRI acquisition is applied at step 16 in the phase-encoding (y) direction. As seen in FIG.
2, interleaved, two-sided FE is applied in the y-direction by alternating the polarity of the FE gradient between successive
cardiac phases
[0017] While two-sided FE acquisition is shown specifically in the y-direction in FIG. 1 and FIG. 2, it is appreciated
that two-sided FE acquisition can be applied on any one or two direction(s) of the three (x, y, z) directions. The two-
sided FE was chosen for the phase-encoding direction (y-direction), because it did not increase TE/TR of the pulse
sequence, as will be explained in further detail below. Furthermore, it is appreciated that the order of acquisition between
x, y, and z directions may also be alternated as appropriate.
[0018] Referring back to FIG. 1, various physiological characteristics of the target anatomy may be measured from
the acquired FE phase data 12, such as blood flow and blood velocity. In a preferred embodiment, the acquired FE
phase data 12 is used to calculate the flow-compensated (FC) background phase at step 20 using Eq. 1. Additionally,
three-directional velocities of each cardiac phase may be calculated at step 22 by subtracting the background phase
from the FE signal phases 12. By subtracting the phase images of the each flow sensitive scan from the phase of the
referenced flow compensated scan, the 4D flow data 24 are obtained. The HOTFEO acquisition method 10 can be
applied at systole and diastole, for non-straight blood vessels.
[0019] Further processing steps may include correcting for eddy current, Maxwell terms and gradient field nonlinearities,
in addition to fast MRI techniques such as non-Cartesian sampling, parallel imaging, and compressed sensing to further
refine the data and/or achieve even higher acceleration rates. In one embodiment, eddy current correction is applied by
subtracting the phase images of a steady phantom repeating scans with the same parameters from the in vivo scans.
View-sharing techniques may also be employed to help improved the temporal resolution.
[0020] FIG. 3 shows a schematic diagram for a system 50 incorporating HOTFEO acquisition for calculating 4D flow
characteristics in accordance with the present description. System 50 includes a computer or server 52 comprising a
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processor 54, and application programming 56 stored in memory 58, the application programming 56 comprising in-
structions for receiving raw data of the target anatomy 60 from MRI scanner 62, and applying HOTFEO acquisition
method 10 to output flow data (e.g. any of background FC phase 20, 3-D velocities 22, or 4D flow data 24 shown in FIG.
1). Application programming 56 may further include instructions for performing post-processing techniques such as eddy
current correction, fast MRI, and view-sharing.
[0021] Additional supporting calculations are as follows:
Assuming that the FC phase signal does not change between cardiac phases n and n + 1, i.e. φ0,n = φ0,n+1. the two
velocity vectors of the two cardiac phases are: 

and 

[0022] Expanding the velocity direction constraint (Eq. 1) yields:

[0023] For the first of the two ill-conditions, when Vn = Vn+1, i.e. ΦFEx,n = ΦFEx,n+1, ΦFEy,n = ΦFEy,n+1 and ΦFEz,n =
ΦFEz,n+1, Eq. 2 becomes: 
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[0024] For the second condition that the magnitude of three-directional velocities equals to each other (Vx,n = Vy,n =
Vz,n, or ΦFEx,n = ΦFEy,n = ΦFEZ,n), Eq. 1 becomes:

[0025] In the two ill-conditions, the velocity direction constraint is underdetermined without a unique solution. By
applying the HOTFEO acquisition scheme of the present description, Vy,n and Vy,n+1 have opposite sign of velocity
magnitudes in y-direction. In order to maintain the true physics meaning of velocity direction constraint, Eq. 1 is modified as: 
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[0026] A minus sign is used before the Vy,n * Vy,n+1 term because Vy,n and Vy,n+1 have opposite flow velocity encoding.
Meanwhile, mathematically the constraint has been constructed as a parabola-like function. For the first ill-condition,
which in HOTFEO technique, we have ΦFEx,n = ΦFEx,n+1, ΦFEy,n ≠ ΦFEy,n+1 and ΦFEz,n = ΦFEz,n+1, thus Eq. 3 becomes: 

[0027] Qualitatively, the dot product part has second order term,  , and second order term of the times between

two velocity magnitudes closely, not strictly, equal to  . When they subtract each other, the constraint will

become a parabola function with second order term  , which may have a unique solution ΦFC,n. A series of
numerical simulations were performed by assigning various ΦFEx/y/z,n to summarize the function behavior and draw a
conclusion. Based on numerical simulations of the constraint as a function of ΦFC,n, the minimal point of the function
(=0) is when ΦFC,n satisfies ΦFEy,n - ΦFC,n = (ΦFEy,n+1 - ΦFC,n), i.e. the theoretical solution matches the initial hypothesis:
Vn = Vn+1.
[0028] As for the second ill-condition, tt has two minimal points, one is the solution (=0 in the example) and its value
falls in the range (ΦFEy,n+1, ΦFEy,n), (assuming ΦFEy,n > ΦFEy,n+1). The other is when ΦFC,n may equal to either ΦFEy,n
or ΦFEy,n+1, and this extraneous root can be excluded by limiting the solution range within (ΦFEy,n+1, ΦFEy,n).
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[0029] According to the above calculations, the constraint mathematically becomes a parabola-like function (as shown
in the dashed curve of FIG. 4) without changing the original physics meaning of dot product between two velocity vectors.
Thus, it can ensure a unique solution of ΦFC,n within the searching range (ΦFEy,n, ΦFEy,n+1), and an accurate estimation
of FC signal phase, whereat the constraint of FEO (solid line in FIG. 4) is ill-conditioned and not able to determine the
FC signal phase.

[0030] Qualitatively, HOTFEO acquisition changes the mathematical function of the constraint to a 
behavior parabolic function, thus ensuring a unique solution of FC signal phase. Combined with a solution searching
range (ΦFEy,n+1, ΦFEy,n), (assuming ΦFEy,n > ΦFEy,n+1), this may aid in excluding extraneous root generated from the
second ill-condition. More importantly, the HOTFEO acquisition scheme also improves the calculation accuracy of ΦFC,n.
The function of constraint without hybrid FE was flatter than HOTFEO. Consequently, the minimal point of the constraint
might be significantly influenced by noise factors, as shown in the numerical simulation.

Example 1

[0031] The HOTFEO acquisition scheme was evaluated in healthy volunteers and compared with conventional FC/3FE
acquisitions in 2D and 4D flow quantifications. To validate the HOTFEO acquisition scheme, flow measurements based
on 2D/4D HOTFEO acquisitions with three FE directions were compared with conventional 2D/4D FC/3FE PC-MRI. All
studies were performed on a 3 T scanner with 4-channel neck coils (Skyra, Siemens, Germany).
[0032] Numerical simulations were first performed to study the impact of signal-to-noise ratio (SNR) and velocity
magnitude ratio (VR = |Vn+1|/|Vn|) on the accuracy of FC calculation between the HOTFEO acquisition scheme and FEO
technique (i.e. all one-sided FE acquisitions in three directions). We assumed Vn = (-0.2, 1.5, 2.4) and ΦFC,n = 0 as initial
conditions, associated with SNR = 20, 30, 40, 50 and VR = 0.1, 0.25, 0.5, 0.75, 0.9 to compare the FC calculation
accuracy of the two techniques. For each combination of SNR and VR, we repeated 100 times with Gaussian noise
distribution satisfied the SNR. Root of Mean Square Error (RMSE) was used to indicate the FC calculation accuracy.
[0033] Six volunteers were recruited in retrospective in vivo study. They were scanned by a standard 4D flow sequence
at the CCAs. The sequence was implemented with: Velocity ENCoding (VENC) = 100 - 105 cm/s, flip angle = 20°,
readout bandwidth = 815 Hz/Pixel, TE = 3.35 ms, Views-per-segment = 3, temporal resolution = 67.92 ms, acquired
matrix = 256x176x10, FOV = 256x176x18.2 mm3, and spatial resolution = 13131.82 mm3. All scans were acquired
during free breathing with prospective ECG gating. Reference 4D flow data were simulated to the HOTFEO acquisition
scheme as shown in FIG. 1 and FIG. 2. Eq. 1 was used to calculate FC signal phase followed by three-directional
velocities. The simulated results from HOTFEO reconstruction, including total volumetric flow and total peak velocity

 , were compared with reference data as ground truth.
[0034] After the retrospective study, six additional volunteers were scanned at the CCAs using: 1) the standard 2D
FC/3FE PC-MRI sequence, 2) the prospective 2D HOTFEO sequence, 3) the standard 4D flow sequence, 4) the pro-
spective 4D flow HOTFEO sequence. The four sequences were implemented with: VENC = 100-105 cm/s, flip angle =
20°. The parameters used by both 2D sequences were: readout bandwidth = 500 Hz/Pixel, TE = 3.72 ms, Views-per-
segment = 3 (FC/3FE) and 4 (HOTFEO), temporal resolution = 72.48 ms, acquired matrix = 256x176, FOV = 256x176
mm2, slice thickness = 7 mm. The parameters used by both 4D flow sequences were: readout bandwidth = 815 Hz/Pixel,
TE = 3.35 ms, Views-per-segment = 3 (FC/3FE) and 4 (HOTFEO), temporal resolution = 67.92 ms, acquired matrix =
256x176x10, FOV = 256x176x18.2 mm3. All scans were acquired during free breathing with prospective ECG gating.
Eddy current correction was applied in the in vivo studies data sets by subtracting the phase images of a steady phantom
repeating scans with the same parameters from the in vivo scans. HOTFEO achieved 4/3-fold acceleration by using 4
views-per-segment compared with 3 views-per-segment FC/3FE data sets. By subtracting the phase images of the each
flow sensitive scan from the phase of the referenced flow compensated scan, the 4D flow data were obtained.
[0035] Region of interest (ROI) contours of the entire CCA lumen were drawn based on magnitude DICOM images
of each cardiac phase. For the all in vivo studies, Bland-Altman plots were used to compare the agreements of total
volumetric flows and maximum total peak velocities between reference FC/3FE and HOTFEO techniques. In retrospective
in vivo study, RMSE and two-sided paired t-test (P<0.05 indicating statistical significance) were used to compare the

through-plane mean flow velocities and the total velocities  calculated from the FC/3FE refer-
ence and the HOTFEO.
[0036] Compared with the FC and three-directional FE acquisitions (FC/3FE), Bland-Altman tests showed that 4/3-
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fold accelerated HOTFEO acquisition resulted in relatively small bias error for total volumetric flow (0.89% for prospective
2D, -1.19% for retrospective 4D data, and -3.40% for prospective 4D data), and total maximum peak velocity (0.50%
for prospective 2D, -0.17% for retrospective 4D data, and -2.00% for prospective 4D data) measurements in common
carotid arteries.
[0037] FIG. 5 shows the difference between the acquired FC background phase and the background phase from a
healthy volunteer calculated using Eq. 1. Compared with standard 4D flow, simulated HOTFEO showed that the FC
calculation is accurate with mean RMSE = 0.04(range:0.02-0.06) rad.
[0038] Table 1 shows the RMSE of calculated FC under various SNR and VR combinations. Both HOTFEO and FEO
tend to have more accurate estimation of FC signal (smaller RMSE) with higher SNR (as shown in FIG. 6B). As shown
in FIG. 6A, when velocity magnitudes become close (i.e. 1 - VR becomes smaller), the RMSE of FC calculation by FEO

has an inverse correlation with  , while the HOTFEO acquisition method maintains the nearly the same
accuracy, but with very slight increase and the RMSEs of the HOTFEO acquisition method are always smaller than that
of FEO. The HOTFEO acquisition method has more accurate and consistent FC estimations than FEO. From FIG. 6A,
it is expected that when |Vn| = |Vn+1|, i.e. 1 - VR = 0, the RMSE of FC calculation by FEO technique will become infinite
large, but the HOTFEO acquisition method can still provide accurate FC estimation.
[0039] An example of through-plane mean flow velocity waveform and total peak velocity waveform from one slice of
one volunteer’s data set is shown in FIG. 7A and FIG. 7B, respectively. The HOTFEO acquisition method and reference
FC/3FE method showed good agreement on both waveforms. Three slices (slice 3,5,8) of both CCAs of six volunteers
data sets were selected to compare the measurements of the mean flow velocity and total peak velocity waveforms. 36
total measurements of velocity waveforms showed that the average RMSEs of mean flow velocity was 1.22 (range 0.65
- 2.07) cm/s and total peak velocity was 3.23 (range 1.68 - 5.09) cm/s, which showed good agreements between two
techniques. The potential errors might come from the noise that reversed along velocities in y-direction during simulation.
[0040] The Bland-Altman plot of total volumetric flow measurement is shown in FIG. 8A, the bias is 0.0554 mL (-1.19%
relative bias error) and the 95% confidence interval (CI) was [-0.2399, 0.1292] mL. The Bland-Altman plot of total
maximum peak velocity measurement is shown in FIG. 8B, the bias is -0.1576 cm/s (-0.17% relative bias error) and the
95% CI was [-4.6985, 4.3832] cm/s. The Bland-Altman plot indicated a good agreement between the HOTFEO acquisition
method and reference FC/3FE on total volumetric flow and maximum peak velocity measurements.
[0041] FIG. 9A and FIG. 9B show examples of 2D through-plane mean velocity and total peak velocity waveforms
comparisons, respectively, between reference FC/3FE and the HOTFEO acquisition method. FIG. 11A and FIG. 11B
show examples of 4D through-plane mean velocity and total peak velocity waveforms comparisons, respectively, between
reference FC/3FE and the HOTFEO acquisition method. The two techniques show good agreement and consequently
result in good agreements of total volumetric flow and total maximum peak velocity measurements.
[0042] Bland-Altman plots of total volumetric flow within the cardiac cycle measured in the left and right CCAs of the
six volunteers using HOTFEO and FC/3FE PC-MRI are shown in FIG. 10A and FIG. 12A. For 2D PC-MRI study, the
bias was 0.0388 mL (0.89% relative bias error) with the 95% Cl [-0.1514, 0.2291] mL. For 4D PC-MRI study (slice 3,5,8
were chosen for relative measurements, same as the total maximum peak velocity measurements), the bias was -0.1482
mL (-3.40% relative bias error) with the 95% Cl [-0.6142, 0.3178] mL. The Bland-Altman plots of maximum total peak
velocity (FIG. 10B and FIG. 12B) showed that the bias of 2D study was 0.3729 cm/s (0.50% relative bias error) with the
95% Cl [-5.9369, 6.6827] cm/s, and the bias of 4D PC-MRI study was -1.8029 cm/s (2.00% relative bias error) with 95%
Cl [-9.6631, 6.0574] cm/s. The 2D prospective study showed similar statistics results (bias and 95% Cl of total volumetric
flow and maximum total peak velocity) when compared to retrospective 4D flow study mainly because the minimal
physiological change of volunteers within two 2D scans (<2 minutes). But 4D prospective studies showed lager bias and
95% Cl than retrospective study and 2D prospective study, mainly because the total scan time (15 minutes to 20 minutes
for FC/3FE and HOTFEO) was significant longer than 2D studies, physiological changes were observable during the
scan, such as 20% heart rate change, motion between reference FC/3FE and HOTFEO scans.
[0043] The utility of HOTFEO acquisition systems and methods have been demonstrated in PC-MRI with multiple FE
acquisitions (2D and 4D flow quantifications) for accelerating the PC-MRI scans to achieve significant savings in total
acquisition time. The HOTFEO acquisition method of FIG. 1 and FIG. 2 is a pure phase image-based reconstruction
technique, therefore other fast MRI techniques, such as parallel imaging, compressed sensing or non-Cartesian readout
may be combined to achieve even higher acceleration rates. Moreover, it can be used to improve temporal resolution
and footprint for PC-MRI. Typically, the temporal resolution and temporal footprint of PC-MRI with three-directional
velocity encodings equal to 4*TR*views-per-segment. With certain views-per-segment and optimized TR, the temporal
resolution and temporal footprint can no longer be improved by fast MRI techniques.
[0044] View-sharing techniques may help improved the temporal resolution but not the temporal footprint, which may
still cause the underestimation of maximum peak velocity due to the temporal averaging by long temporal footprint. FC
signal phase is the parameter that can be shared without significantly introducing errors to peak velocity measurements,
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because it reflects the background phase which is not expected to change significantly in a relative short period of time.
In the HOTFEO acquisition and method, the FC signal is only shared within two consecutive cardiac phases (about 140
ms), and it does not introduce significant errors into the total maximum peak velocity measurements as view-sharing
techniques generally do. Thus, the HOTFEO acquisition method can improve both temporal resolution and temporal
footprint to 3*TR*views-per-segment by forgoing the FC acquisition. When changing views-per-segment (= 1, 2, 3...),
the temporal resolution has a smoother step of increase (= 3TR, 6TR, 9TR...) compared with conventional FC/3FE PC-
MRI (= 4TR, 8TR, 12TR...). The improved temporal resolution is expected to provide more accurate estimation of total
maximum peak velocity.
[0045] The HOTFEO acquisition method has limited effect on increasing TE/TR. While two-sided FE acquisition can
be applied on any one or two direction(s) of the three directions, the two-sided FE was preferably applied on phase-
encoding direction (y-direction), because it did not increase TE/TR of the pulse sequence. The minimal TE/TR was
achieved in PC-MRI sequence by partially canceling certain one-sided FE gradient with slice refocusing (z-direction) or
dephasing gradient (x-direction). However, when the opposite one-sided FE gradient was applied, it could inevitably
increase the gradient duration as well as TE/TR.
[0046] From the results of total volumetric flow and total maximum peak velocity measurements from both 2D and 4D
FC/3FE, it was validated that the velocity direction was consistent within 140 ms time span (=12*TR) in CCAs. The
HOTFEO acquisition method is less sensitive to noise, thus it can be used to accelerate FC/3FE PC-MRI, while maintaining
the measurement accuracy of blood flow velocity both in systolic (high VNR) and diastolic (low VNR) cardiac phases
with minimal limitations.
[0047] Embodiments of the present technology may be described with reference to flowchart illustrations of methods
and systems according to embodiments of the technology, 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).
[0048] 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 com-
puter 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.
[0049] 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 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).
[0050] It will further be appreciated that the terms "programming" or "program executable" as used herein refer to one
or more instructions that can be executed by a processor to perform a function as described herein. The instructions
can be embodied in software, in firmware, or in a combination of software and firmware. The instructions can be stored
local to the device in non-transitory media, or can be stored remotely such as on a server, or all or a portion of the
instructions can be stored locally and remotely. Instructions stored remotely can be downloaded (pushed) to the device
by user initiation, or automatically based on one or more factors. It will further be appreciated that as used herein, that
the terms processor, computer processor, central processing unit (CPU), and computer are used synonymously to
denote a device capable of executing the instructions and communicating with input/output interfaces and/or peripheral
devices.
[0051] Although the description herein contains many details, these should not be construed as limiting the scope of
the disclosure but as merely providing illustrations of some of the presently preferred embodiments. Therefore, it will be
appreciated that the scope of the disclosure fully encompasses other embodiments which may become obvious to those
skilled in the art.
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[0052] In the claims, 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."
[0053] No claim element herein is to be construed as a "means plus function" element unless the element is expressly
recited using the phrase "means for". No claim element herein is to be construed as a "step plus function" element unless
the element is expressly recited using the phrase "step for".

Claims

1. An apparatus (50) for time-resolved, three-directional-velocity-encoding PC-MRI of a target anatomy (60), the ap-
paratus comprising:

(a) an MRI scanner (64) configured for scanning the target anatomy and a computer processor (54) coupled to
the MRI scanner; and
(b) a non-transitory computer-readable memory (58) storing instructions executable by the computer processor;
(c) wherein said instructions, when executed by the computer processor, perform steps comprising:

(i) performing (14) one-sided flow-encoded (FE) MRI acquisition of the target anatomy in a first direction,
x, of three orthogonal directions, x, y and z, associated with the MRI scanner;
(ii) performing (16) interleaved, two-sided FE MRI acquisition of the target anatomy in the second direction,
y, of the MRI scanner, wherein the interleaved, two-sided FE MRI acquisition comprises alternating a polarity
of a FE gradient between successive cardiac phases; and performing (18) one-sided or two-sided FE MRI
acquisition in the third direction, z, of the MRI scanner;
(iii) generating (12) successive time-resolved FE datasets of the target anatomy from the one-sided FE and
interleaved, two-sided FE MRI acquisitions; and
(iv) calculating (20) a flow-compensated (FC) background phase from the FE datasets.

2. The apparatus of claim 1:

wherein the three orthogonal directions comprise a phase-encoding direction, a frequency-encoding direction
and a slice-encoding direction of the scanner; and
wherein the interleaved, two-sided FE MRI acquisition is applied in the phase-encoding direction.

3. The apparatus of claim 2, wherein the one-sided FE MRI acquisition is applied in one or more of the frequency-
encoding direction and slice-encoding direction.
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4. The apparatus of claim 2,
wherein one-sided FE MRI acquisition is applied in both the frequency-encoding direction and slice-encoding direc-
tion.

5. The apparatus of claim 1, wherein the flow compensated background phase is calculated according to the equation: 

wherein  ;
Wherein

; and
wherein ΦFEx,n, ΦFEy,n and ΦFEz,n are acquired FE phase signals for cardiac phase n in the x, y and z directions,
respectively, ΦFEx,n+1, ΦFEy,n+1 and ΦFEz,n+1 are the acquired FE phase signals for cardiac phase n+1 in the
x, y and z directions, respectively, and |Vn| and |Vn+1| are the velocity magnitudes for cardiac phases n and
n+1, respectively.

6. The apparatus of claim 1 wherein said instructions when executed by the computer processor further perform steps
comprising:

measuring one or more physiological characteristics of the target anatomy from the FE datasets;
wherein the one or more physiological characteristics of the target anatomy comprises calculating 3-D blood
velocities of the target anatomy; and
wherein the 3-D blood velocities are calculated by subtracting the FC background phase from the time-resolved
FE datasets.

7. The apparatus of claim 1, wherein said instructions when executed by the computer processor further perform steps
comprising:
generating 4D flow data as a function of the calculated FC background phase and the time-resolved FE datasets.

8. A method for time-resolved, three-directional-velocity-encoding PC-MRI of a target anatomy, the method comprising:

performing (14) one-sided flow-encoded (FE) MRI acquisition of the target anatomy in a first direction, x, of
three orthogonal directions, x, y and z, associated with an MRI scanner;
performing (16) interleaved, two-sided FE MRI acquisition of the target anatomy in the second direction, y, of
the MRI scanner, wherein the interleaved, two-sided FE MRI acquisition comprises alternating a polarity of a
FE gradient between successive cardiac phases; performing (18) one-sided or two-sided FE MRI acquisition
in the third direction, z, of the MRI scanner;
generating (12) successive time-resolved FE datasets of the target anatomy from the one-sided FE and inter-
leaved, two-sided FE MRI acquisitions; and
calculating (20) a flow-compensated (FC) background phase from the FE datasets.

9. The method of claim 8,

wherein the three orthogonal directions comprise a phase-encoding direction, a frequency-encoding direction
and a slice-encoding direction of the scanner; and
wherein the interleaved, two-sided FE MRI acquisition is applied in the phase-encoding direction.
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10. The method of claim 9, wherein the one-sided FE MRI acquisition is applied in one or more of the frequency-encoding
direction and slice-encoding direction.

11. The method of claim 9, wherein one-sided FE MRI acquisition is applied in both the frequency-encoding direction
and slice-encoding direction.

Patentansprüche

1. Eine Vorrichtung (50) für zeitaufgelöste, dreidirektionalgeschwindigkeitscodierende Phasenkontrast-MRT einer
Zielanatomie (60), wobei die Vorrichtung umfasst:

(a) einen MRT-Scanner (64), der zum Scannen der Zielanatomie konfiguriert ist, und einen Computerprozessor
(54), der mit dem MRT-Scanner verbunden ist; und
(b) einen nichtflüchtigen, computerlesbaren Speicher (58), der vom Computerprozessor ausführbare Anwei-
sungen speichert;
(c) wobei die Anweisungen, wenn sie von dem Computerprozessor ausgeführt werden, Schritte ausführen, die
Folgendes umfassen:

(i) Durchführung (14) einer einseitigen flusskodierten, FE, MRT-Erfassung der Zielanatomie in einer ersten
Richtung, x, von drei orthogonalen zum MRT-Scanner gehörenden Richtungen, x, y und z;
(ii) Durchführen (16) einer verschachtelten, zweiseitigen FE-MRT-Erfassung der Zielanatomie in der zweiten
Richtung, y, des MRT-Scanners, wobei die verschachtelte, zweiseitige FE-MRT-Erfassung das Abwechseln
einer Polarität eines FE-Gradienten zwischen aufeinanderfolgenden Herzphasen umfasst; und Durchführen
(18) einer einseitigen oder zweiseitigen FE-MRT-Erfassung in der dritten Richtung, z, des MRT-Scanners;
(iii) Erzeugen (12) aufeinanderfolgender zeitaufgelöster FE-Datensätze der Zielanatomie aus den einsei-
tigen FE- und verschachtelten, zweiseitigen FE-MRT-Erfassungen; und
(iv) Berechnung (20) einer flusskompensierten, FC, Hintergrundphase aus den FE-Datensätzen.

2. Die Vorrichtung nach Anspruch 1,

wobei die drei orthogonalen Richtungen eine Phasenkodierrichtung, eine Frequenzkodierrichtung und eine
Schichtkodierrichtung des Scanners umfassen; und
wobei die verschachtelte, zweiseitige FE-MRT-Erfassung in der Phasenkodierrichtung erfolgt.

3. Die Vorrichtung nach Anspruch 2, wobei die einseitige FE-MRT-Erfassung in einer oder mehreren der Frequenz-
kodierrichtung und Schichtkodierrichtung erfolgt.

4. Die Vorrichtung nach Anspruch 2,
wobei die einseitige FE-MRT-Erfassung sowohl in der Frequenzkodierrichtung als auch in der Schichtkodierrichtung
erfolgt.

5. Die Vorrichtung nach Anspruch 1, wobei die flusskompensierte Hintergrundphase gemäß der Gleichung berechnet
wird: 

wobei 

wobei    ;
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und
wobei ΦFEx,n, ΦFEy,n und ΦFEz,n die erfaßten FE-Phasensignale für die Herzphase n in der x-, y- bzw. z-Richtung
sind, ΦFEx,n+1, ΦFEy,n+1 und ΦFEz,n+1 die erfaßten FE-Phasensignale für die Herzphase n+1 in der x-, y- bzw.

z-Richtung sind, und  und  die Geschwindigkeitsbeträge für die Herzphasen n bzw. n+1 sind.

6. Die Vorrichtung nach Anspruch 1, wobei die Anweisungen, wenn sie von dem Computerprozessor ausgeführt
werden, ferner Schritte ausführen, die Folgendes umfassen:

Messung einer oder mehrerer physiologischer Eigenschaften der Zielanatomie anhand der FE-Datensätze;
wobei die eine oder mehreren physiologischen Eigenschaften der Zielanatomie die Berechnung der 3D-Blut-
geschwindigkeiten der Zielanatomie umfassen; und
wobei die 3D-Blutgeschwindigkeiten durch Subtraktion der FC-Hintergrundphase von den zeitaufgelösten FE-
Datensätzen berechnet werden.

7. Die Vorrichtung nach Anspruch 1, wobei die Anweisungen, wenn sie von dem Computerprozessor ausgeführt
werden, ferner Schritte ausführen, die Folgendes umfassen:
Erzeugung von 4D-Flussdaten in Abhängigkeit von der berechneten FC-Hintergrundphase und den zeitaufgelösten
FE-Datensätzen.

8. Verfahren zur zeitaufgelösten, dreidirektionalgeschwindigkeitscodierenden Phasenkontrast-MRT einer Zielanato-
mie, wobei das Verfahren umfasst:

Durchführung (14) einer einseitigen flusskodierten, FE, MRT-Erfassung der Zielanatomie in einer ersten Rich-
tung, x, von drei orthogonalen zum MRT-Scanner gehörenden Richtungen, x, y und z;
Durchführen (16) einer verschachtelten, zweiseitigen FE-MRT-Erfassung der Zielanatomie in der zweiten Rich-
tung, y, des MRT-Scanners, wobei die verschachtelte, zweiseitige FE-MRT-Erfassung das Abwechseln einer
Polarität eines FE-Gradienten zwischen aufeinanderfolgenden Herzphasen umfasst; Durchführen (18) einer
einseitigen oder zweiseitigen FE-MRT-Erfassung in der dritten Richtung, z, des MRT-Scanners;
Erzeugen (12) von aufeinanderfolgenden zeitaufgelösten FE-Datensätzen der Zielanatomie aus den einseitigen
FE- und verschachtelten, zweiseitigen FE-MRT-Erfassungen; und
Berechnung (20) einer flusskompensierten, FC, Hintergrundphase aus den FE-Datensätzen.

9. Das Verfahren nach Anspruch 8,

wobei die drei orthogonalen Richtungen eine Phasenkodierrichtung, eine Frequenzkodierrichtung und eine
Schichtkodierrichtung des Scanners umfassen; und
wobei die verschachtelte, zweiseitige FE-MRT-Erfassung in der Phasenkodierrichtung erfolgt.

10. Das Verfahren nach Anspruch 9, wobei die einseitige FE-MRT-Erfassung in einer oder mehreren der Frequenzko-
dierrichtung und der Schichtkodierrichtung erfolgt.

11. Das Verfahren nach Anspruch 9, wobei die einseitige FE-MRT-Erfassung sowohl in der Frequenzkodierrichtung als
auch in der Schichtkodierrichtung erfolgt.

Revendications

1. Appareil (50) pour IRM-PC codant pour une vitesse tridirectionnelle à résolution dans le temps d’une anatomie de
cible (60), l’appareil comprenant :

(a) un scanner d’IRM (64) configuré pour scanner l’anatomie de cible et un processeur d’ordinateur (54) couplé
au scanner d’IRM ; et
(b) une mémoire lisible sur ordinateur non transitoire (58) stockant des instructions exécutables par le processeur
d’ordinateur ;
(c) lesdites instructions, lorsqu’elles sont exécutées par le processeur d’ordinateur, effectuant les étapes
comprenant :
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(i) la réalisation (14) de l’acquisition d’une IRM codée par écoulement (FE) sur un côté de l’anatomie de
cible dans une première direction x, des trois directions orthogonales x, y, et z, associées avec le scanner
d’IRM ;
(ii) la réalisation (16) de l’acquisition d’IRM FE à deux côtés, intercalés, de l’anatomie de cible dans la
deuxième direction, y, du scanner d’IRM, l’acquisition d’iRM FE à deux côtés, intercalés, comprenant en
alternance une polarité d’un gradient de FE entre les phases cardiaques successives ; et effectuant (18)
une acquisition d’IRM FE à un côté ou à deux côtés dans la troisième direction, z, du scanner d’IRM ;
(iii) la production (12) d’ensembles de données de FE à résolution dans le temps successifs de l’anatomie
de cible des acquisitions de l’IRM FE à un côté et de l’IRM FE à deux côtés, intercalés ; et
(iv) le calcul (20) d’une phase de bruit de fond compensée par écoulement (FC) des ensembles de données
de FE.

2. Appareil selon la revendication 1 :

dans lequel les trois directions orthogonales comprennent une direction d’encodage de phase, une direction
d’encodage de fréquence et une direction d’encodage de tranche du scanner ; et
dans lequel l’acquisition d’IRM FE à deux côtés, intercalés, est appliquée dans la direction d’encodage de phase.

3. Appareil selon la revendication 2, dans lequel l’acquisition d’IRM FE à un côté est appliquée dans une ou plusieurs
de la direction d’encodage de fréquence et dans la direction d’encodage de tranche.

4. Appareil selon la revendication 2, dans lequel une acquisition d’IRM FE à un côté est appliquée aux deux direction
d’encodage de fréquence et direction d’encodage de tranche.

5. Appareil selon la revendication 1, dans lequel la phase de bruit de fond compensée par écoulement est calculé
selon l’équation : 

dans laquelle 

dans laquelle 

et

dans lesquelles ΦFEx,n ΦFEy,n, ΦFEz,n sont des signaux de phase FE acquis pour la phase cardiaque n dans
les directions x, y et z,
respectivement, ΦFEx,n+1, ΦFEy,n+1 et ΦFEz,n+1 sont les signaux de phase FE acquis pour l phase n+1 dans les

directions x, y, et z, respectivement, et  et  sont les amplitudes de vitesse pour les phases
cardiaques n et n+1, respectivement.
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6. Appareil selon la revendication 1,
dans lequel lesdites instructions quand elles sont exécutées par le processeur d’ordinateur effectuent en outre les
étapes comprenant :

la mesure d’une ou de plusieurs caractéristiques physiologiques de l’anatomie de cible à partir des ensembles
de données de FE ;
les une ou plusieurs caractéristiques physiologiques de l’anatomie de cible comprenant les vitesses de sang
3-D de l’anatomie de cible ; et
les vitesses de sang 3-D étant calculées en soustrayant la phase de bruit de fond de FC des ensembles de
données de FE à résolution dans le temps.

7. Appareil selon la revendication 1,
dans lequel lesdites instructions lorsqu’elles sont exécutées par le processeur d’ordinateur effectuent en outre les
étapes comprenant :
la production de données d’écoulement 4D en fonction de la phase de bruit de fond de FC calculée et des ensembles
de données de FE à résolution dans le temps.

8. Procédé d’IRM-PC d’encodage de vitesse tridirectionnelle, à résolution dans le temps, d’une anatomie de cible, le
procédé comprenant :

la réalisation (14) d’une acquisition d’IRM encodée par écoulement (FE) à un côté de l’anatomie de cible dans
une première direction, x, des trois directions orthogonales x, y, et z, associées avec un scanner d’IRM ;
la réalisation (16) d’une acquisition d’IRM FE à deux côtés, intercalés, de l’anatomie de cible dans la deuxième
direction, y, du scanner d’IRM, l’acquisition d’IRM FE à deux côtés, intercalée, comprenant en alternance une
polarité d’un gradient de FE entre les phases cardiaques successives ; la réalisation (18) d’une acquisition
d’IRM FE à un côté ou à deux côtés dans la troisième direction, z, du scanner d’IRM ;
la production (12) d’ensembles de données de FE à résolution dans le temps successifs de l’anatomie de cible
des acquisitions d’IRM FE à un côté et FE à deux côtés, intercalés ; et
le calcul (20) d’une phase de bruit de fond compensée par écoulement (FC) des ensembles de données de FE.

9. Procédé selon la revendication 8,

dans lequel les trois directions orthogonales comprennent une direction d’encodage de phase, une direction
d’encodage de fréquence et une direction d’encodage de tranche du scanner ; et
dans lequel l’acquisition d’IRM FE à deux côtés, intercalés, est appliquée dans la direction d’encodage de phase.

10. Procédé selon la revendication 9,
dans lequel l’acquisition d’IRM FE à un côté est appliquée dans une ou plusieurs de la direction d’encodage de
fréquence et de la direction d’encodage de tranche.

11. Procédé selon la revendication 9,
dans lequel l’acquisition d’IRM FE à un côté est appliquée aux deux direction d’encodage de fréquence et direction
d’encodage de tranche.
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