4D Flow ¢} &= 4D Flow
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A 2 % wAE A4
2.1 A7] 3% A9A(Magnetic Resonance Imaging)

2.1.1 MRI &g

FAA A71EHE ol MRIC] 7124 )1 92]= MRIF[9, 10]°] 2 vheb St

AR AT ge A Fe AP olF A7 muEw

ot

s

ol gt AL ALl FaH o TS stal o, A

s

A7) BYel AW oleld A7 RAE He A71ge W A

"]
N
ol
)
=)
Y
24
Ho
o
o
ot
£
o

& 2ol F3(Larmor frequency, wg)2} 3}

Wy =yB0 [);I] 2_1]



)
® bt 5‘%
QG |4
e |40 15 g
N S
() F A7 B)o] gL W (b) F A7 B)o] UL W
a3 2.1 g% A7FA®) Q3] 3 2¥o] AH L £33 M) HA

OS2 MRIGIA AREsh= A71873dw] e 2hio] Fubaes 2-100 o
A}, zatE dxpHo| 11FEyu HA(RF pulse, B)E 71shdA atoy x| A

7F Ho 5o =2 & 2.2a).
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AFEZ o2 AT ety ARey Aug Q= gl
4 (@) m| [ c)
Mz(O)L Mz(f)L M
/ . W
/ Mxy(:)) Mxy(O) Mxy(:))
N I X .
A= IF3 H2AE QU wE A3 HAE(M)e] W3t
Nuclei Gyromagnetic Ratio(MHz) Larmor Frequency at 3T(MHz)
T 42.576 127.73
1c 10.705 32.13
YR 40.052 120.23
%Na 11.262 33.81

¥ 2.1 94 A 0j&3 3TAA AEHE 99 T F95




2.1.2T1 2 T, o]+

90° ;I—J__?_lﬂ_jl_ 7]_{5HXL1 Z} :5,5; OO}Z/\C‘]Z]-‘O/] %‘%Z}ﬁ' MZ'LC“ O?_] ]iuj_, %%X}-i}
MyE Moolth ThAl a7t By ez SobbwA 22t 594 T1, 18

il T2olgho] A g,

T1 o] 293} A4 Atolo] HEAGOR F A7 FBo)} BAsA B

AT TIOlS B9 FEA43 My thooh 2 FHOR AT + Ak

__ (4] 2-3]
Mot BEgele] Mol Z7)9 23, Ti& Tiol ¢ ol

T29 olghe 23t 2uzbel AEAgolv], F A/ FBOE 45 @

w_ Mo 14 2-4]

T2 ol¢hx &3t AR daghgelH, = A7Z B0 wAskA &



T2+x= T20|+ Aeolt). tps-3 78 Tlogke] F=x13 =7], T20]<

o AEAT 2/1E Y 233 o] Akl wet WY 47 Yo

2 dojdr}
(a) M (1) (b) M, (1)
. 0 PO M,
0.63M,

Fob 22 S shtel g o= 2dF 4 e, °lE Bloch ¥4

(Bloch equation)o] &} 3} th&3} o] k&3,
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2.1.3 A% ¥4 (Signal equation) ¥ k-space

o
M
e
ol

ko] 471el dis AEH AEe v 24 2,107 Zo] xdd

+
%0,
£y

2PUAE A= HEf50 F AV B =dorw WAAIY. 1
2Qla) &3 fxlol wet Apr)Ae] Wstrh A aguJdE de(x UE)
o] gl 93 T FupeE o 4 2113 o] gHAL.

w(x) = yBy + ¥xG, [2) 2-71]

< vrow @gatel A 2103 A 2112 AgEA 4 2,127} Ak,

s(t) =fo(x)e‘iYGxxt dx [2] 2-8]

A 2128 vA How v 4 21339 drh
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[4] 2-10]

m(x’ y)e—i2n'[kx(t)x+ky(t)y] dx dy

—

s(t)

= glgol}

de B

3

0

—_
file)

jpuzel
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2.2 YA dZ% MRI (Phase contrast MRI)

2.2.1 A dxx 9 &% (velocity) ¥33}

B2 MRI A2 9 SR SAY0] B AR o) EE gl
gom el QTR tehte 97t Bk 23ld oled MRS ol§

gto] 7] ARE & F Aot olE Y E=(Phase contrast)ebal g

o HEE &% R A FS e S0l ohE 9pEsE o] 43

P

/" Velocity Encoding Bipolar Gradient \

25y ofS3k: ¥
“epil ofssis ¥
X0 =

| OO0 O
OOOOO O

a8 2.4 94 YZ%=(Phase contrast) & A|FA ER
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g

TE TE
SF TE) — p(F o) = f w7, O)dt = yABo(TE — to) + ¥ f CO)F (gt

to to
[24] 2-11]
TEE A5 g5 A9 dla Bdlela GE &% F53t BA)de] A7

ol .

2o AlS gylde] Alg]E(Talyor series)® 3 7)1 AEE st v

ol

o
=3

dd 5 3l

TE TE
bG TE) = ¢0+er,[ E(t)dt+yﬁf GO dt+- [ 2-12]
to

to

e 2o 248 Al 5 258 A A7 AL Wt gl

o
R
1o,
o
0
i
e
2
BN
r
ol
2
pr

wol o8] WS APusE & 5 Ak

¢(velecity encoding) __ ¢(no) — Ad) — )/UAMl + .. [’L} 2—13]
S AolE ZAste] BRe SEE ST 5 A



_ _bA¢ _ A9 __T A o
v= ¥ = VENC , VENC= T [4 2-14]

VENCE velocity encoding.2 &% F &3} 2714 77] @D QA7 7o

2 g7 H $EHT} Folol H#3
=}

o
vl

& (aliasing artifact)7} 2A A &

2.2.2 4D flow (Time-resolved 3D phase contrast MRID)

~ Px — Py ~ Py — Po ~ P;— Po Al
= 2 =" p =22 2-15
T yAM, Y7 yAM, 7 yAM, [ :
Oy, Dy, 0,5 A2 x, vy, z W&t SEolth g, ¢, 0, Xy, 2F0E
&£ B3sl AAATIAS A7 dAS u dolar, g QA7FSHA] kS )
S Rl R=

D yyz = /ﬁ§+ﬁ§+ﬁ§ [4 2-16]



(a) Hel-2 (2)

i Al wE

i

o)
=

A=

>1|—4
il

PN

Azrel AR AAN AF SEE TF 5 QY] GEe] ARG g
o

(b) RLEZ-AZT (¥ (c) 25 (v

238 2.54D flow G4

T AANE U18E B Azl we A% IS5

RS | - 1

(Wall shear stress), ¢+ (Vortex), 4824 (Pressure loss) 1831 WHF&&

ol 4 A (Turbulence kinetic energy) So| $lt}.
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(c) HHASE (¥ST)

oY 2.6 ARYLH AR
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_Zrl

4D flowe] A% X, v, z

=l H|

MRIZ A}

Fo] the

1 SENSE, GRAPPA

SCE

5|

o Avt[11-14].

oj

2.3 &= AA 718 (Compressed sensing)

2.3.1 A7 A (Sparsity)® ¥ 7Hd A (Incoherence)

Foh4

o
T

(Compressed sensing)7] o] 1}o]3] ~E(Nyquist) 34 Bt} ut

W

o7 (1) A (sparsity), (2)¥]7H3A

Eal

=

T

ML

5|

A

2 X] =(Consistency)”} 2t}

(Incoherence), (3) ]2 34+

= A9

4 dleolH

E
=

A 71 A (sparsity) & 3 =H <l (transform domain)oll A
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2.3.2 4= AN 418 = (Compressed sensing algorithm)

H5 ML 1§l MRI 94e ATYsHE e thet go] AL

minimize |[Yym||; subject to ||[Fm —y||, < & [4 2-17]

o
I
o
ki
<
rir
2
Hy
ﬁ
o,
o
o
ofo
%
tot
|
r
=
~
2
fols
=
o
o
o
ri
T
a2
o
fru
rir

argmin||[Fm — yl,* + 4 llpmll; + 2,TV(m) [+ 2-18]

Li-norm< H43} 3= A Total variation(TV) A3 3}AHS Es)

_

WA A madh S7rETh o] HA4s HgS T HAstd 4G d7
Al 4,3 A, Z24st=d BE A 718 7]W(conjugate gradient) S ARE-3h

.
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Al

3.1

3.1.

1)

3 As X ¥HY

Yy 9 gojlg 5
1 92 B&E 38 WY (Pulsatile jet flow phantom)

52 F#(Working fluid) ¥ ¥s4 33 (Pulsatile pump)

& frAl(working fluid)= defa} 22 =9l WEs whE7] 98t &=

I FEAES 6:4¥ER2 A sFFAY] dEe HEE 1053.8kg/
, 3.72x107 kg/msoltq, LEE 20°CH Y. £ 52 1] (Velocity to

noise ratio, VNR)E ==°]7] 93l s2FA 40L o MRI Z3A

(Dotarem, 0.5 mmol/kg, Meglumin gadoterate, Gurebet, Paris, France)

o] AFHY 29 20L/mino® WEA EES AT A(VN20
Wintech Process, Korea) | &3to] s ERlstglon, WEsd 55

& obFol(Arduino) ZE 1S o] §ate] By 60MH FrlHow w

sheiet.
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13 3.1 ¥5A H I (Pulsatile pump)

2) &= X9 (Contraction model)

W FEolA 28 W By Fopxl FE& Autal uA ol

-
1
e

WA R = 2US AZEE T 25mm x 25 mm X 600 mm 2 ARz

upo] 3 1/3 Aol 75% Folxl FE(12.5mm x 12.5mm x 10mm)<

22



(a) (b)

]
_">I | 125 mm E 12.5 mm
[
25mm ~ 10mm 25 mm
(c)

a9 3.2 £ 249

(@) A4 =24 (b) EF d0¥ (o) 22 AFALF

23



3.1.2 4D flow 2 ICOSA6 Hlo|H F=

3T MRI “H|(Ingenia, Philips medical systems, Best, The Netherlands) 2}
32A4d #& FA(32ch torso coil= o]-&ste] HA A& (fully-sampled) ¥
4D flowHlolHE 5 33t 4D flowE 3WH(x, y, z5H) 02 &% K557}
A7bel 71E 4Dflowst 6w Fer Hx REsyl 7"

ICOSA6(Icosahedral six) 4D flowE 85319t}

ICOSA6E= AolawdAle] FanE =1 +V5)/2% 64F &% 5353 7

AR 71 4S Q1713 4D flowe]tH[15-18]1. 719 4D flowH.

iv)
w

)
ﬁ{l
I
b
o

R7F F7hE A FERER G4S g557] b, IRy £ 459 4

stAdo] b oy A S A Reynold stress, TKE 28]a WS

0)]
oj
e
=i
18

4 Q4 Auk 71E 4D flownth 4Ee AL sk AW o Be

Fd= 471 wIol FEISAIZEe] 1 E R Qv
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£ H5 | Fue had 33 9F I 3F ud Fod) B
0 0 0 0
! —1V1+y? 0 YT+ 92
2 1/J1+ 92 0 Y1+ 9?2
3 P/ +9? 11+ 92 0
4 —p/J1+y? 11+ 9?2 0
5 0 Y1 +y? 1/V1+y?
6 0 —YN1+y? 1/y1+¢?

¥ 3. 110CSA6 &= H353 BAAAZ|H

4% 1fsg(velocity mapping)< 93t 2 VENC(300 cm/s)¢t dH &
ANHIA(TKE)E 93le] ©& VENC(150 cm/s)o® Z}z dQow AR e}
"HE tea 2k
FOV(Field of view) = 256x140x70mm3, ¥3F 4= = 128x70x35 (k—&3t=
256x70x44), A F7]= 2x2x2mm3, 5 YZH(Flip angle)= 10°, TR= 4.5ms,

TE= 2.5ms, A#8557]= 30 phase.
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3.2 45 AT

o

3.2.1 7 oM =" (Pseudo undersampling)

S MATLAB R2020b(The MathWorks Inc.,

2 sk PR AEYe 23

(2D Variable density Poisson-disc

, A ASE 2,4, 6 28 ar 80t

MZ A A (Weighted sample

[4] 3-1]

+
%0,
N
]
M

of o]k Hol g

N
&
0%

2]
9

0
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a9 3.3 7 99 ABEFH (Pseudo—undersampling)

3.2.2 Total variant (TV) &= A4 AF+A

argmin||Fm — yll,* + A, [lymll; + 2,TV (m)

N
e
2
r (o]
o
—
\0
2,
>,
N

19e L, norm¥} Total variant® HdsA &3l

AL AP}, spA v 2 A9 4D flowe] A-$ matrix size’} IA &

7] 2ol dlolEl WEks ARgek= F- 1 349 e ol Asty=

27



R, AolER WHE il 285 Fol7] s sHEAAteration)S 57t
3 45W x&ystglet

Undersampled CS (L1) CS (Wavelet L1) CS (TV L1

Original

b gAY AT

3
«

a3 3. 4 WaveletS ¥3

8 delEld] 2zt 482 sgor], AT

a5 A 7IHS e 2d H
e Het AFE 23 (Root mean square, RMS)E #4-8351o] HolHE 24

i
_0|L
32
o

n
1
RMSE == ) (pi—~y0)® [4] 3-2]
&

28



3.3 59383 A (Hemodynamic parameter)

3.3.1 tlo|g AAZ

29 dolg (Raw data)ollA k-33F dHolHZ WAS= HJAHANA AF
QA (DC offset), L23YU o]F& F% (Profiled dependent amplification),
d9 94 (Random phase) 28]l =4 94 (Measurement phase)<

ERET

[

MRI ] WjF-olA Flow7} 2% 45 9% 2324 27 (Phase offset
error)7} WASEe] Ao AEFS mx|7] witol] <XF (Eddy current)®}f
W~ (Maxwell terms) EAS Stk AAAZ1Ze] Wyt F4oA
Hojd4Z vy 4 7Y EAZE TASA Hed 2 AgelAs dEHol
71 gholx Yol Huigk Fu] FAAl AAAZAT] wEel BAES A

ket

d

% g 9 TKE oF 2dS == 49 Ay S A9k g FE9
golg 7t /= YEld 4= 7] witol] vk (Masking)S skt v
He+= FE3 MR 9G4S NIFTI 39 2oz wWMEsle] Insight

segmentation and registration toolkitg ©]-&3}e] T}o]X HE S I3}

29



3.3.2 £ % "3 (Velocity mapping)

71 4D flow®] 73-% Skoll w2l A3k uket ol o, 9, 9,5 T

02 + 92 + 075 T+ & 7b ek,

D, = (9y + Dp)/(2x0.8507)

D, = (D3 + D4)/(2x0.8507)

D, = (Vs — Dg)/(2x0.8507) [4] 3-3]

71 U5 4D flowst nIRMA R AAEE 7y, = / + 024922 T8 5 9

.

3.3.3 347 &% 9 YA (Turbulence kinetic energy)

o]

A dilxz2% GAUD flow)olA] MRI Al &= &3 o] 3E 4 ¢}
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S(k,) = Cfoos(v)e‘“‘vv dv [4] 3-4]

k, (= m/VENC) & &5 EE g7 wgxoly
Dyverfeldt[19]¢} Binter[20] 5ol w

WS W A ] o} Ao

_ 2 (SO A 3=
olVSD = sqrt [k—%ln<|s(kv)|>] = sqrt u, u] [4] 3-5]

S(0)= S F33t A7ES A7 @ks W] MRI AlE

SWEHRIh Ast 2 BA W A FHL AEAA OF

TKE = Ep(u’1 uj + uyuy + ujuy) (J/m3) [4] 3-61

w Dbt 060l hes% ARsE. 5

’

VENC7} &

u
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(TKE)E t}e-3} Zro] Turbulence tensor estimation® AAFe 4= 9t}

Uyy Uyy Uy
— | ! ! Al 2-
Turbulence tensor = (uy, Uy, Uy, [+ 3-7]

Uzxy Uzy Uy,

—_ ! ! ! ! ! ! ! ! ! ! ! !
TKEICOSA6 - Ep( Uyxx Uxx + uxy uxy T Uy, Uy, + uyx uyx + uyy uyy + uyz uyz

+ u’zx u’zx + u,zy u,zy + uz, u,zz) (J/m3)

[+ 3-8]

Ed=(Martin Bland)®} ¢ Zgtx dET
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A 47 A3

4.1 97 2% AUA(TKE) 24} H

o) 7H5-1](Signal to noise ratio) {18k @2 W& %S Fol7] 93t
A5 Adste] AA GR 5 duA Has S48 vlolE =
AdutE7] 30phase 2 SAs5i%1on, i 4D flow Ho total TKE:
12.4657 mj (F 3.3452%3.8718 mJ))¥ o Ar] MEH 69 = 19.6316
mj (B 19.6316+5.6174 m))& 7F¢ =7 sdel= = Av}k ICOSAG] 7

Y-S 12,5563 mJ (B 3.1334£3.3690 mj)= F4o] Ao, Ay

Ho

BEY 89 ) 21,5737 my (A 5.1219£6.6358 m)E 7} =] Fjel
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4D Flow (m)) ICOSA6 (m))

R Adiat "oy w8 | HAdg Hdyg x58A

1 12.47 3.35 3.87 12.56 3.13 3.64

2 13.28 3.66 4.42 15.51 3.79 4.88

4 16.68 3.85 5.60 17.91 4.33 5.26

6 19.63 4.71 5.62 19.64 4.41 5.85

38 18.68 4.52 5.82 21.58 5.12 6.64

E 4 19% 97 % AUAY AU, FER, EZAA

HAF7E total TKES 1% 4.1 o] ez thebd & v, £
g0l g W, Ay ABYo] FAUFE mo|=Z AF WEF T S
o ook W FAEEC] 9 A% oF WEBEL FojEul, AR v

T =8 AuA 2o eS| Zle 2l 4= Sl
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4D Flow ICOSA6

[
o

(8]
o
o
na
=]

o

1571

== 047 (total TKE, mJ)
2

F= 047 (total TKE, mJ)

-
=

HE
HAl

’ ’ ° ez ;\:;F(PhaSE) ? = ? ’ : v & E ?':“IS(Phase) “ “ ?
(a) (b)
a9 4.1 A B& HAE 37 YA R=1, 2, 4, 6, 8)
(a) 4D flow (b) ICOSA6
ANy F BE Hit dF &% dYA(mean TKE) ¥4 A3}, 9 4D

flows= AW 16.5774 J/m3(H ¥ 6.1789+3.8068 J/m3)olA A A=7 8Y
] 27.3984 J/m3 (¥ 16.8308+5.0345 J/m3) & HHE L= FHAoh
ICOSAGE mF7kA 2 8] 7S 16.0912 J/m3 (B¢ 6.7548+3.5518 J/
m3)ol A olt] AMZE 8 w) 31.8638 J/m3 (W 22.3799+4.2035 J/m3) =

NEdS HAJATHE 4.2).
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4D Flow (J/m?) ICOSA6 (J/m?)

)

R Adiat "oy w8 | HAdg Hdyg x58A

1 16.58 6.18 3.81 16.09 6.75 3.95

2 16.42 7.59 3.47 20.51 11.48 3.19

4 17.83 10.36 3.03 22.14 17.10 3.95

6 23.60 13.67 4.47 25.51 17.99 3.05

38 27.40 16.83 5.03 31.86 22.38 4.20

E 4.2 9% 97 % AUAY AU, FER EZAA
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4D Flow
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CS TKE (Jim3)

TKE Comparison (CS 2)

TKE Comparison (CS 4)
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4.2 £% v (Velocity mapping) 2.X} 8L

Ay T4 BE ST oy A Ay 95 4D flowd] H 5T 205.5422
cm/s ©]al, At MEHo| FrIEFE A FTHEHA EJoy, HIEEEE
91.4880£59.5676 cm/solA o] WMZH 8YU uw] 79.41524+50.0564 cm/s%

AW A=l S7HEdTESE A4 H2dS5 Hdh ICOSAR v/ = A

u|

)
=l

&% 210.7851 em/sE AVAZEo] QS A W] gkgror} W itss
EE 95.4700+59.0716 cm/s oA AuAZd 8YU uw] 79.2956+47.2643

cm/sZ A HAadS FHAJATGE 4.9).

4D Flow ICOSA6

R o 4t

b
)

2t

ﬂ.{

F q A%  weax

1 205.54 91.49 59.57 210.79 95.47 59.07

2 202.34 85.75 55.31 214.88 88.91 55.79

4 207.64 84.18 52.23 202.49 84.33 50.79

6 199.93 81.48 52.30 203.61 82.34 49.51

8 200.26 79.42 50.06 204.18 79.30 47.26

X 4.3 o) £x9 Hoig, "Ik, 2EHEA
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4D Flow ICOSA6
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Flow Comparison (CS 2)
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Abstract

Development and analysis of CS-
accelerated extended 4D flow and 4D
flow for turbulent flow

Kyoung-Jin Park
Dept. of Electrical and Electronic Engineering

The Graduate School

Yonsei University

Time resolved 3D phase contrast (4D Flow) is widely used for blood
flow evaluation and visualization of flow patterns. Compressed
sensing (CS) method can be used to reduce the long acquisition time
in 4D flow, but may under—estimate the velocity of the flow. This

underestimation can be aggravated in circumstances of turbulence,

o7



however this has not been thoroughly examined.

Turbulence was created by the contraction area located in the
middle of rectangular model. Fluid was a mixture of water and
glycerol to adjust the density to 1053.8 kg/m3, and Viscosity to
3.72x10-3 kg'm-1s-1). Moreover, to increase the signal intensity, 30
mL of Contrast agent (0.5 mmol/kg, Meglumin gadoterate, Guerbet,
Paris, France) was added. Fully sampled data was acquired on a
clinical 3 Tesla MRI scanner (Ingenia, Philips Medical Systems, Best,
The Netherlands) using 32ch torso coil. Conventional 4D Flow and
ICOSA6 were acquired as followed: FOV= 256x140x70mm3, spatial
resolution= 2mm iso-voxel, flip angle= 10°, TR= 4.5ms, TE= 2.5ms,
cardiac retrospective phase= 30, VENC= 300m/s for velocity
parameter, 150m/s for turbulent estimation. In ICOSAG6, one reference
and six different icosahedron motion encoding with golden ratio were
acquired. Full sampled k-space data from 4D Flow and ICOSA6 were
under-sampled using 2D variable density patterns with wvarious

acceleration factors (R= 2, 4, 6, 8). CS reconstruction using total—

58



variation regularization was used for the study. We evaluated
relationship between under—estimation of peak velocity and averaged
TKE for various reduction factors. TKE derived from fully sampled

data was used as a reference for the evaluation.

Peak velocity was under—-estimated along the central line. When the
mean TKE increased, the gap between original velocity and CS
velocity became worse. Underestimation of peak velocity (CS= 2)
increased from 4.16£3.2 (mean TKE= 0 mJ) to 20.82+8.34 (mean
TKE= 12 mJ) in 4D flow, and from 8.36+£6.60 (mean TKE= 0 mJ) to
35.70£11.34 (mean TKE= 12 mJ) in ICOSA6. Comparison of total TKE
in the central line show that discrepancies between 4D versus

ICOSA6 becomes aggravated beyond R=4.

In this study, we explored analyzed peak velocity and turbulent flow
using CS for 4D flow and ICOSA6. While ICOSA6 can give a more
accurate analysis of turbulence, it is more sensitive to undersampling
effects. Underestimation of peak velocity is induced due to signal loss

from turbulent flow in CS reconstruction. ICOSA6 technique is more

59



sensitive to this signal loss since it has more motion encodings.

Further study for compensation method 4D flow or ICOSAG is needed.

Keywords: Magnetic Resonance Imaging, 4D Flow, ICOSAS6,

Compressed Sensing, TKE, Velocity.
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