Reconstruction algorithm and phase
calibration of phase contrast imaging
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1 Phase Reconstruction



Phase/Complex Difference Reconstruction

Defination of the aliasing velocity (VENC) Complex Difference Reconstruction
T
VENC = 2 2
A ] CD = \|Z,[ +|Z, —2|2,|Z,|cos(Ad)

where Am; is the change in the first moment
of the bipolar velocity gradient

Assume that
Z,=x+iy, = pe” CD e = |2, +Z,] ~2|2,|Z,|cos(Ad..)

_ Ny — i)
L, =x,+1iy, = p,e
, TV
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( 2 VENC ]

Phase Difference Reconstruction
CD=2M

7 7 For mutiple coils
A= L{Z -/ ZZJJ (Phase arrays)

i O

v
VENC

Bernstein, M. A, King, K. F., & Zhou, X. J. (2004). Handbook of MRI pulse sequences. £lsevier Academic Press.

Ap =yAmv = b/ 4



Phase/Complex Difference Reconstruction

(b)

Phase Difference &
Reconstruction

Complex Difference
Reconstruction

Bernstein, M. A, King, K. F., & Zhou, X. J. (2004). Handbook of MRI pulse sequences. Elsevier Academic Press.



Shielded Gradient Coils

Eddy Current : g 2

o}
%

+

|

* Faraday's law

* proportional to the gradient slew rate

The cancellation concept Jiz)

(d) . '\\/ z

plateau length and the decay rate of eddy current

Eddy-Current Time Dependence

(b)

Waveform Preemphasis M LR
intentionally distort the current waveform & |
Eddy-Current Spatial Dependence :
Be(x,t) =bo(t) +x-g(t)+ - 3 — N
a spherical harmonic expansion moving /using multiple samples

Bernstein, M. A, King, K. F., & Zhou, X. J. (2004). Handbook of MRI pulse sequences. £lsevier Academic Press.

Preemphasis Compensation
Linear component

ﬁ
Preemphasized(high-pass-filtered’
waveform.

B, component

(U‘"gﬁ@ (1)
S =m" 9

e(t) = H(t) Zane_’/“’

using a B, coil w?th current
control that can be varied in real
time or shifting the exciter /
receiver frequency

Gradient Waveform De-rating
Decreasing the amplitude of

the trapezoid while holding the
slew rate fixed

Mansfield, P., & Chapman, B. (1986). Active magnetic screening of coils for static and time-dependent magnetic field generation in NMR imaging. Journal

of Physics E: Scientific Instruments, 197), 540-545. doi:10.1088/0022-3735/19/7/008



B, concomitant field

spatiotemporally varying 3D fields * created simultaneously with the spatial

B(x,y,z,t) = |Bx(X,y,z,1),By(x,y,2,t),B,(x,y, z,1)]

The overall magnetic field encoding gradient fields

72 ((;ﬂf) n (;i(f)) * accumulate undesired phase within
Bﬂ.[lfh“) - 2B
=20 k-space data
the new demodulation frequency » results in image blurring and spatial shifts

Jnew (t) = fo + Afc.om(?)

T T +2 +2 2 pe
= EB[] + E ((;X{f) + (;},{I))zn/iBn

=

Weavers, P. T., Tao, S., Trzasko, J. D., Frigo, L. M., Shu, Y., Frick, M. A, . . . Bernstein, M. A. (2018). BO concomitant field compensation for MRI systems
employing asymmetric transverse gradient colls. Magnetic Resonance in Medicine, 793), 1538-1544. doi:10.1002/mrm.26790



B, concomitant field

OAx 149 OAx 149
DFOV 10.0cm Mag = 1.00 DFOV 10.0cm
FL:
ROT:

FSE-XL/142 : FSE-XL/142
TR:4000 TR:4000
TE:52.8/Ef TE:52.8/Ef
EC:1 /1 41.7kHz EC:1 /1 41.7kHz
V>
HD WristCoil HD WristColl
FOV:10x7 FOV:10x7
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Weavers, P. T., Tao, S., Trzasko, J. D., Frigo, L. M., Shu, Y., Frick, M. A, . . . Bernstein, M. A. (2018). BO concomitant field compensation for MRI systems
employing asymmetric transverse gradient colls. Magnetic Resonance in Medicine, 793), 1538-1544. doi:10.1002/mrm.26790




Phase cycling

lllustration of overall algorithm

Start: kspace
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Phase cycling

Original Regularized

—T

Phase
Regularize

Ong, F., Cheng, J., & Lustig, M. (2017). General Phase Regularized Reconstruction using Phase Cycling. arXiv e-prints. Retrieved from
https://ui.adsabs.harvard.edu/abs/2017arXiv1709053740



Phase cycling

r _ A
Phase cycling
lteration 1 Phase Phase  Phase >
Shift Reqularize Unshift
lteration 2 Phase Phase ~  Phase
Shift Regularize Unshift
lteration 3 Phase Phase ~ Phase
® Shift Regularize Unshift
.
L y

Ong, F., Cheng, J., & Lustig, M. (2017). General Phase Regularized Reconstruction using Phase Cycling. arXiv e-prints. Retrieved from
https://ui.adsabs.harvard.edu/abs/2017arXiv1709053740



Fully-Sampled 5/8 Partial Fourier
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Ong, F., Cheng, J., & Lustig, M. (2017). General Phase Regularized Reconstruction using Phase Cycling. arXiv e-prints. Retrieved from
https://ui.adsabs.harvard.edu/abs/2017arXiv1709053740




2 Phase Calibration



Partial Volume Effects

* The relative signal intensity and volume fraction
= _—
i N A2, of flowing and stationary spins
( | 12 )
X c / * The flow type (plug or laminar flow)
S / * The relative size of the vessel and voxel grid
B \ /
* The angulation between flow direction, velocity

Figure 2. Schematic illustrates the partial-volume effect. . di . d | id
Two different tissues are represented by the shaded andl the encodin g Irection and voxe gri

unshaded areas. Voxels such as B and C include only one
tissue. Voxels such as A, which are called partially occupied

voxels, include more than one type of tissue. * The relative positions of the vessel cross
section and voxel grids

Tang, C., Blatter, D. D. and Parker, D. L. (1993), Accuracy of phase-contrast flow measurements in the presence of partial-volume effects. J.
Magn. Reson. Imaging, 3: 377-385.



Partial Volume Effects

L1y = rp(vz) exp (ik1v,)dv,

—

Zoo = [ Py exp (thyv,)dv,

—

1Z1v|sing,
6, = arctan
-— |Z1ylcospy + | Zg|
X = . E
|Z2v|sing,
Figure 3. Magnetization vector obtained from two flow 6, = arctan
measurements. Z; and Z, are the total magnetization vectors | |Z 2v | COSPy + |Z S |
for two flow measurements, respectively. Zs (dotted line) is A9 =0, — 0
the magnetization of stationary spins. Z,, and Z,, are the 1 2

magnetization vectors for flowing spins in the two acquisi-
tions, respectively. A8 is the measured phase shift. Ad is the Vi = — VE NC
phase shift of flowing spins.

i = Asvl
2 0

Tang, C., Blatter, D. D. and Parker, D. L. (1993), Accuracy of phase-contrast flow measurements in the presence of partial-volume effects. J.
Magn. Reson. Imaging, 3: 377-385.




Partial Volume Effects: Calibration
-Correction Factor As; = nas

As; = (1 —n)As
Qo = VzoAs f
A VENCAs mesinAg
¢ Q = ——arctan (

0 - - T mgcosAp + mg

-————— - . . .

| M. M [ m. — Small-phase-shift approximation:

|- m, ~| Ao Y

=7 S—
Figure 1. [llustration of the change in transverse magneti- Q z0 me+m
zation between the two velocity-encoding acquisitions. m,, f S
and m,, are the transverse magnetizations of stationary M f
spins, and m,, and m,are the transverse magnetizations of Q=0y—
flowing spins; m, and m, are the total transverse magnetiza- m
tions in the two acquisitions. A¢ is the phase-shift difference m
of flowing spins between the two acquisitions, while A8 is the Q c = Q —
phase shift actually measured between acquisitions. M f
! ' 4%
Qtotal = Z‘ Qr + Z‘ ﬁQi
fully partially f

Tang, C., Blatter, D. D. and Parker, D. L. (1995), Correction of partial-volume effects in phase-contrast flow measurements. J. Magn. Reson.
Imaging, 5: 175-180.



Partial Volume Effects: Calibration

Withow Cormection

P _ -Correction Factor

Relative VFR | ' y _ Q 1 ¢ [ SiTlA(p ]
Phase Shiflt {in radians) - arctan —
Qo nlg SRA—-mn) sindg

sr (k) _ &

SR

With Correction pf
Q. n+(@—n)SR can | sinAg |
1.02 4 = arctan
11,1:1::;%1 re QO nA(p SR(l _ 77)

+ sinAg

Figure 2. Relative VFR of a partially occupied
voxel without fa) and with {c] correction. Halfl the
voxel is occupicd by stationary spins and half by
flowing spins. The relative VFR is plotted as
function of SR and phase shift (b). The VFR is
overestimated by as much as 100%. Mte:’l Cor-
rection. the error is less than 29%.

Tang, C., Blatter, D. D. and Parker, D. L. (1995), Correction of partial-volume effects in phase-contrast flow measurements. J. Magn. Reson.
Imaging, 5: 175-180.



Partial Volume Effects: Calibration

wl — T o )» i s e O = n I =
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Hamilton, C. A. (1994). Correction of partial volume inaccuracies in quantitative phase contrast MR angiography. Magnetic Resonance
Imaging, 12(7), 1127-1130.



Partial Volume Effects: Calibration- CDFM

cD MR ; (pv
raw data CD=2 stm >
i ]
ComctfquF (pv
e e e CD = k(% Y) (B, v, d, TR, T1)n(x, y)sin <7>
J'_ Calculate CD — CD
en, < [ rommalization 7 a6, v(PD),d, TR, T1]
- Nyo .
t - 1 z CD (i)
m-c?.in[C’DM:} Nfo - 1 Sln [O.SPD (l)]
L=
I ' | CD
Multiply by CD,5c = —— = 1(%,y)sin (@,/2)
s;%n{PI;:: sign{ PIJ) K
oty 4 1y o,
4 U = 5in"H(CDpse) = sin~ (nsin (9,/2)) = —
CDFM (Small angle approximation)
_ ENC
Figure 4. Flow chart for CDFM algorithm (see CDFM = Slgn[PD(X, y)] llJ(X, y)AXAy
text for explanation of symbols).

Polzin, J. A., Alley, M. T., Korosec, F. R,, Gristn, T. M., Wang, Y.,... Mistretta, C. A. (1995). A complex-difference phase-contrast technique for
measurement of volume flow rates. Journal of Magnetic Resonance Imaging, 5(2), 129-137.



Phase Offset Error

Sources

Eddy current
Concomitant Gradient

Gradient field distortions

Results

Small velocity offset errors often lead to
much larger errors in blood flow
quantification

Such error exhibits a substantial increase
with increasing distance from the

Isocenter of the MR system

Parameters

Vessel position
Imaging plane angles

VENC

Postprocessing Correction

Manufacturers: ROl in stationary tissue
Estimate offset error in distant stationary
tissue- spatially fitting

Repeating the imaging sequence In
“phantom”-additional time

Magnetic field monitoring



Phase Offset Error: Correction
-Spatially Fitting

N
1
Vinean (X, y) = Nz V(x,y,n)
n=1

N
1
Vsa(x,y) = NZ[Vmean(xr y) — Vix,y, n)]z
n=1

\
Vstatic(x, y,n) =V(x,y,n) if Vsa(x,y) < limi
Verror(x,y,m) = Ax + By + D

Vb‘qe(x' Y, Tl) = V(X, Y, Tl) _ Ver‘r'or'(xJ Y, n)

_ [(sz X ny) - (Czy X Cxx)]
[(ny X ny) - (ny X Cxx)]
A= [Czx — (B X ny)]
B Cxx
D=7Z-AX—-BY
[=Xi]=2j,X=2XxY=2y, C;=Pm)XIxX]—UX])

» 1= Z Vstatic (X, y, )

(on

Walker, P. G., Cranney, G. B., Scheidegger, M. B., Waseleski, G., Pohost, G. M., & Yoganathan, A. P. (1993). Semiautomated method for
noise reduction and background phase error correction in MR phase velocity data. Journal of Magnetic Resonance Imaging, 3(3), 521-530.



Phase Offset Error: Correction
-Magnetic Field Monitoring

t
KO =y | ¢ @dr =y
0
Probe T (+) — ft
/,f“\ k,(t) = Y G (t)tdt = yM,(t)
0
£e o sk ky + Aky)ed*Tdk
{ \ Ap(r) =2 ———
* s ol coi [ sCk, ky)e/ " dk
e " % < Water Droplet = Ak, v(7) + Ag, (7, Ak,)
\\ " ® / H‘ Glass Capillary v(7) =
. .
\\< _ " < EPoxy Casing VENC
i = (A(pv(r) + A, (7, Ak ))
700um
Ape (77) = Z PL(7) Ak,
=1

Giese, D. , Haeberlin, M., Barmet, C., Pruessmann, K. P., Schaeffter, T. and Kozerke, S. (2012), Analysis and correction of background
velocity offsets in phase-contrast flow measurements using magnetic field monitoring. Magn. Reson. Med., 67: 1294-1302.



Phase Unwrapping

Path integration (Itoh,1982)
1D 2D
Ap, =, — b, AxPmn = Gmn — Pm-1n

A, = 1, — Ay¢1n,71 = ¢m,n — ¢m,n—1
" " nt Axl,bm,n — l/)m,n - l/)m—l,n

Smoothness condition: Ayl/’m,n = Ymn — Ymn-1
1A, | <m Smoothness condition:
then: |Ax¢m,n| S T, |Ay¢m,n| ST
Ad. = W(A then:
Pn = ( l/Jn) Ax¢m,n — W(Axl/)m,n)

Ay ¢m,n — W(Aywm,n)

Ying, L., Liang, Z. P., Munson, D. C., Koetter, R., & Frey, B. J. . (2005). Unwrapping of mr phase images using a markov random field
model. [EEE Transactions on Medical Imaging, 25(1), 128-136.



Phase Unwrapping

Dual-VENC Unwrapping
VENC; = BVENCy,0<p <1
b — Av

L 1
Vvenc,H A Vene, H qb Venc H

1 0 0
m 1 Searpee F T aTa ¢ Toamy
A — 0 1 0 AT N vene LV Venc H Venc.l
Y VI.‘IHJ " M ( A )
00 1

1 r
VvencL — 4 1 Vene, L qui' Vene, L 7 ‘E'T'_n}

Loecher, M., & Ennis, D. B. . (2017). Velocity reconstruction with nonconvex optimization for low-velocity-encoding phase-contrast mri.
Magnetic Resonance in Medicine.



Minimize TE
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Bernstein, M. A., Shimakawa, A. , & Pelc, N. J.. (1992). Minimizing te in moment-nulled or flow-encoded two-and three-dimensional
gradient-echo imaging. Journal of magnetic resonance imaging : JMRI, 2(5), 583-588.



Minimize TE
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O'Brien, K. R., Myerson, S. G., Cowan, B. R., Young, A. A., & Robson, M. D. . (2009). Phase contrast ultrashort te: a more reliable
technique for measurement of high-velocity turbulent stenotic jets. Magnetic Resonance in Medicine, 62(3), 626-636.
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