) | ) ) J Korean Soc Radiol 2019;80(2):239-258
e | Review Article https://doi.org/10.3348/jksr.2019.80.2.239
iodeizs PISSN 1738-2637 / elSSN 2288-2928

Quantification of
Hemodynamic Parameters
Using Four-Dimensional
Flow MRI

4D Flow MRIZ 283 HRSH QIXjo| X7

EH
=1 o "

ot

Hojin Ha, PhD** (2, Hyungkyu Huh, PhD?, Dong Hyun Yang, MD?,

Namkug Kim, PhD**

Department of Mechanical and Biomedical Engineering, Kangwon National University,
Chuncheon, Korea

*Medical Device Development Center, Daegu-Gyungbuk Medical Innovation Foundation,
Daegu, Korea

Departments of *Radiology, “Convergence Medicine, University of Ulsan College of Medicine,
Asan Medical Center, Seoul, Korea

MRI provides non-invasive and non-ionizing methods for the accurate anatomic depiction of
the cardiovascular system. Based on the inherent flow sensitivity, MRI can be used to investi-
gate hemodynamic features in patients with anatomical data within a single measurement. In
particular, time-resolved and three-dimensional (3D) characterization of blood flow using 4D flow
MRI has achieved considerable progress in recent years. The present article reviews the principle
and procedures of 4D Flow MRI. Various fluid dynamic biomarkers for possible clinical usage are
also described, including wall shear stress, turbulent kinetic energy, and relative pressure. Final-
ly, this article provides an overview of the clinical applications of 4D Flow MRI in various cardio-
vascular regions.

Index terms Magnetic Resonance Imaging; Heart; Blood; Hemodynamics

ME

WRo| E4e sy Aste] W} Wikl eiso] ik, Hole Saviy Pk
ol Ql2jo|L} ik T g2 e ekt fAIfe W Theitt. EaH Abg Qo 9]
AJ3te] Piet A AEFH UEALE ofolA 2185H BRoely 32 ZAstel o
Blo} FA12 Zaskeky el QUTHL), ol PR BRENE UKL 714
0] Bk U AR Hdslo] 954 WHe SUska Ano R Sl Haks, s

Copyrights © 2019 The Korean Society of Radiology

EHﬁ‘_FOéIAOF2|T5;!'E|X|

Received January 23,2019
Revised March 6,2019
Accepted March 18,2019

*Corresponding author

Hojin Ha, PhD

Department of Mechanical and
Biomedical Engineering,
Kangwon National University,
1 Gangwondaehak-gil,
Chuncheon 24341, Korea.

Tel 82-33-250-6310
Fax 82-33-279-2169
E-mail hojinha@kangwon.ac.kr

This is an Open Access article
distributed under the terms of
the Creative Commons Attribu-
tion Non-Commercial License
(https://creativecommons.org/
licenses/by-nc/4.0) which permits
unrestricted non-commercial
use, distribution, and reproduc-
tion in any medium, provided the
original work is properly cited.

ORCID iD

Hojin Ha

https://
orcid.org/0000-0001-6476-2889
0| 22 SHA =2
Hemodynamic Measurement
Using Four-Dimensional
Phase-Contrast MRI:
Quantification of Hemodynamic
Parameters and Clinical
Applications. Korean J Radiol
2016;17:445-4622 o122 A,

WHY S FHAS SBILICY,

239


http://crossmark.crossref.org/dialog/?doi=10.3348/jksr.2019.80.2.239&domain=pdf&date_stamp=2019-04-03

7|X1eskaL o Sobet] E2-& = 4 Utk

Four-dimensional (°]3} 4D) PC-MRI 5=+ 4D Flow MRIEFALE Sh= 32} &7 SHH-2 2t
7188 F/3(elst MRI)o] YA o & 7|= FFoll tidh vIZ/dS ol-8stod 32k 37t
Zrof e} Maksh= AR5 S7d617] sl 7N ATHS-10). o] G712 32 S4doll 7
B2 AA AETA S70] 7HsstH % ojd FitolE ol ZhoME R £ X EFY
= SFH R B 7hsoit o= FAstalat she W] At o] S 71€9] 2D

C-MRI®F] 2o .0 2 4D Flow MRIE A EHAIARS 3 Hlol| 374 &, 35 Ysk= 24
o] 7}55F A2 7T}

4D Flow MRI= 71%& 2D PC-MRISF Hlwsto] B B2 49 Hlo[el 5 & 562z o5 a3t
Ao g Aol 7N skehe WRol B astet AS 7 ¥ FAN7HA] 4D Flow MRIE ©]-&
SF TRt EAH o] AvlE|Qlt. 55] 7129 717410 S} 9l {A|qstollA] ofm] &2 ARGSHE fA]
7hA8} 9 A2st W S o] S5te] HEs BAE 7E]glom QAA Bhe FPe e
olH 1 Qlrk(11). tiEA 02 gRo] WS Moz HO%—?—% A (streamline), 17 F Al7to]l
A E7o] £ ke MR R Hols= e BE(vector field), = 7M1 A AL
G YoM Z2i7hs £ 9 BG5S 5982= AZgkehs sl 4715 ATH12-14). o]
& 7}AI5H P52 4D Flow MRIE 55 thahd(AIF + 321)) BlolElE 79ho 2 Al 2 AlE
T ERo B A4S Hot 51-‘—}*4—& AlZ¥sksial AWakekat 4= QA siETh(1s, 16). 3t 2
oll= 4D Flow MRIE ©|-85t0] @ & Bl fofent ofeh @ o 2k-gsh= e &2 (wall
shear stress; °|5} WSS) (3, 4), ETrJ H|7/424Q1 W& %5 o] (turbulent kinetic energy;
o]} TKE) (17-19), 28]~ (vortex) (20, 21), & 4] (pressure gradient) (22-24) 2! 2u} Zch
4% (pulse wave velocity; ©15F PWV) (25, 26) 51} 22 T& J444Q1 3-8 7535t &7 Hiol e
op7fEo] 7= AL QIek(19, 20).

A A 27 4D Flow MRI= /44N obde} ofgt fAl|ddshael 245 e = st
b2 274 71 3 PP siAel oigh 0]5117} Lot} wba] o 2l RolA= 24D
MRI®] 2ol tfsl] =2]5}a1 4D Flow MRI9] ¢l 2jet 24 A& Avlstaiaf st o] 745
ARES A2 4= Qs ABAL g 4 gl HIol R nAE 7]sstarat kot gk el A

AlellAl 4D Flow MRIE -8 /g4 382 a/idith npA|eto & 7] 9f ohAlet 7hs /& A
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+ 7] 2D PC-MRI® 5YsE ejolct. 2}7)7%2] i3k magnetic gradient) stollA{e] Ax o]
Larmor AMxR-5 S0k, a2 T3 o] 7|4 4= Ut

1) i (r, ) = yBo + yAB, +yr(H) G(t)

o3

o171 v 2718108, iz |lE], Bois 34 X714, ABy A1) Ml A, G A7)
o] 2 ojnlatey, 4 Saysh B9 Wirol SE 7k QHBITH, 943 1) =7, + V()
S Lhebd 4 Ik ek A7) ol G7h A8 8 1) ER 4 v MRIALE Ao 914
812 Aol = ol S crewt o] Hejd 4 ek

rE (o

L TE JTE
2) ¢(r, Echo Time) = ¢ +yro J G(t)dt + WJ Gt)ydt+...
= o +V1:oMo + YGMl +

71 o= AF7172] BIFE oA 7191 Q14 AdEolH, Al 2)ollx] B = A 9 A H
A AgEe 247 14 E BRI L5 v gZ o] Ko ofs) Whyshs 94 A B2 LERATE

71&9] 2D PC-MRI= S746kAt sh= @79] g webs d=5/8e 7HA A7 178 1l (bi-
polar gradient)S 2-83tCHFig. 1). ©] ¥4I 2714 FHlle T H FHEofA Whiish= 94
S AAg) wheba Aakq o 2 5 AlSo|AE gt 45 voll oI5 94 skt Z7go] Hr
4D Flow MRICIA = LRFAH O 2 Q14 @ IAl s & 4= YLOB 2 o|5 A5 flsi M, #to]

[‘l‘
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e o) 2SSt
4D Flow MRI
Reference Flow-encoding along x
+Gx
No bipolar gradient b =l o
Or flow compensation ‘ ¥ T
- Gx
Flow-encoding alongy Flow-encoding along z
+ Gy +Gz
-Gy -Gz
Magnitude Phase x Phasey Phase z
Fig. 1. Principles of 4D Flow MRI.
4D = four-dimensional
Adapted from Ha et al. Korean J Radiol
2016;17:445-462, with premission of
The Korean Society of Radiology (10).
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SJol|A &RIst 4~ Ql5o] s} ke = AE-S Mi2] T 7)ol webA g2k 4= Qlct,
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£ velocity encoding parameter (°]5} VENC)Z o|-&3}o] 2|45}l 2|11 &gk oJeke] 5=

nErh AL gafo 7 2

T
4)VENC=" \r

5)v=VENC— Aq)
ojuff VENC (cm/s)i= 1t FFE-20] 914 FIgHE Jo7|H, o] grEct 2 L7 HAget 742 9)/do]
S oA D 2 BASst tlo|ElE Z 53 Hr
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elmiRizct @R £EE 2ot W9 27

S o]-&3k= 2D PC-MRI2H= 22 4D Flow

MRIE= A At x y, z ko2 Zzko 7 £52 24slojof slog X4 || Ho] 24
S ARESITY. ol 2717 liré‘*éﬂl ot 9 A 7t BF FYstThL 7Yk, 2l
A2 F/gTt hulste] UmR] Al /deliale] 9l wstRRE] 72t L= HEE IS 4 9t} 4D
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tude image)2t 91 B/ (phase image) 25 &= 3HTH27, 28).
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’5}7 | —.4 31 2.0~3.0 mm 24 37]7} /\}8.5] 7 %q(29_34).
A7t ShAHE (temoral resolution)= A7 0 2 W3lshe s J52 AslkslA| BAlsh7] 9Js)
7Hsgt gotok g}, T12{u} 4D Flow MRICIA Hlo]E|9] 27 4= A7t alAdmof| whaba] 417 |}
5 7718 R HAR rolA SHsk=Alol wbA AW, AR s =Tt w24 E 27 ARt
| Aoz F7keteh b, A7t s dew 85w & 54 AIRte = Qs AgHeTt. dut
o2tz 75 =457 95l 2F 20~40 ms] AlZF =7 AREEITH30, 34).

VENGE 574 7hset @79 2 £25 243t 2% F VENCEH &2 50| /4 4
2|0}/ (aliasing)& L.2717] wjoll VENCE ol/dE = Ztf SR} Eolof it 22t
VENC7} =845 74 4= thH] o] = H]E-(velocity to noise ratio)©] ZrA5}7| wj&of] L&
7 A5t ol ol A £ SR °oF 10% w2 HelolA VENCE dAoteS
HEAETH29).

QoA AFSH utetn]E] S o] Qo] k-space coverage, BE =7 (parallel imaging)
k-t undersampling 5= 2 7% ofetu|g 50| 7 A7t do]E]2] SNRoll 214 Q1 S
01 4= ek 7|ef 274 mheta]Ejo]] thgh ApAlgh A2 o d AtE ET 4= JITH(11, 29).

e
i
_I]Nr
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0]

o W&

Gll0|E{2| TX{2|(Pre-processing)

A Ak o2kl & ]85} 4D Flow MRI 572 -35HH S7%E MRI 4129 Q14974
2 dRe £ YEE xolo] I FFA FA0] o8- 4= Ut} 2|, o] 22k= THEA MRI
A|ARIS] £/ 0 2 Qlof] 9143 3 TSt 732 *AME x3sit). webr] &7 A4 2
Aof] A Hlo]E] 2] A 2] pdo] B e s

4D Flow MRI &7 o] 23H= th2A] JAlofal= 2714 Fteie] 8] 484 (gradient field non-
linearity)¥} ollt]Z&(eddy current) 5 thdst Hz7|1%4 @250 EAsk=t] o]2]gh 2H7142]
H3h= A 02 Q4P LA EAAIZITH35-37). whebA] A 2] abgollA] ol=igh 94 @
25 HAsh= 2go| " sttt 4D Flow (Siemens, Munich, Germany), GT-Flow (Gyrotools
LLC, Winterthur, Switzerland), CAAS MR 4D Flow (Pie Medical Imaging BV, AJ] Maastricht,
the Netherlands)?} 22 4D Flow MRI 31418 B4 AT EQoj= 7| A0 2 Q4f BHA HA]g]
55 Algstct, J2iut iR AFAHE-2 MATLAB (Natick, MA, USA) B 7]eF T2 1 2)
7] Qlo]Z 7|¥ko & 2pjd 0 & QJAF WA 7|52 sHrslo] AFgsHs Al o|T},

S5 79 L7t ol det VENCEHEH wor S 53t Q43 4olAl 21/ dzjold

(aliasing)o] BT}, EF &= 9l AF/GS AN ol o]2f3h 1 dejolds AskA] e
A

s

W gy istol ojs) Aute e 4
R I P
= (o]

Z(phase unwrapping algorithm)o] B o5t} Z2juh, AR Q1 B 95k dutekd o
A2 E o] E=EE|A] eitem, 7t 94 HlolE ] B/ wet darejFe] g5 thE 4 A
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o}, wfebA] @A = oSt 91/ 5 dare|Fe] 5S Hlashr] fIgt of2] A7t 8=l
TH(38-43).
SV Tlolg o] o] +RYEH thg PAl= 91 F/dollA sliAlstaiat ke
£ ohE FEs 85k 918l nkAA oln|A|(mask image) & A/dshe 9 £ ol st A
94 0 & 4D Flow MRI9] A1E 37] 9/H(magnitude image)2 &t P 1k
A 9571 wliZoll eke ] 185k offt). wehA ytoM= /o] Lt wi=
£ d77) Qlths A4S o] &dto] Ba4 2} o|n] | (complex difference image) 52 AJAJsto]
A =l ARGRIH27, 28). SHAIRE E77F =1 AU R &= Zpo|7t
A& ol o] 9 wheba] f&oll 2% G o] olEE 4 %l
g 29=(MR angiography)= B =& 71510 sfiAof o] g2k 4
= FIolM Baka 2Ts7] flsiA 71E siFet 2142 7Hie =
5 T ohet b B&oll o] 27I7HA] thgst F 2] B/ B0l AREE 4+ QlTH(44-46).

(¢}

[T
ol
Fr

4D Flow MRIE -85t EF JIFefstal l”ﬁﬁ”ﬂ gl 3}71 ffsliidE = 7}11 Hows

7‘4°1W AE ’b*% e AMESHH St AnkE {hél /\1745}“3}1 @%‘@F@ 5 9}‘:}. OW
T 48 AZEQol= oHs] EF &5 B RG22 7P 7124 EF JEUS Algs)
H, A2 A WS A8517] o B0l ot wEtbA o] AAHES MATLAB &
+ o2 m2 e dojel 22 A Z2iE-S 7R 2 ot R/ /IANEE AlAteh thE Tec-
plot (Tecplot, Bellevue, WA ) & Ensight (CEI, Apex, NC) 52 -3-4Jg} 2ololA 2] ALeE]
+ YRHAQl 34 2] AL EQJo}E to]E & A3} Shal RA k=Tl ARESITY.

4D Flow MRI Z23}e] A|Zfsh= dubz o 2 WiEjd = (vector field), Toréj(streamhne) A2
A(pathline)& AFESFCHFig. 2). &= HEH E= F1tol|Ale] 2k BAlo| A Ueh= £ W\
wo o2 siAme| A7)e} HEko 2 d 2o Aol ke olEEr) 9 ’ﬂ(strealline)% 2%
AZtol] ER&E HEfo] o= T4 o R APt or FF7o| 2 ko 7 Wt 7
24 (pathline)2 712l EF AAF=0] o= A= & ufet S27h=AlE HojFe 7 A=Y
gtolth(Fig. 2).

4D Flow MRIE 0| 2% @79 Hzkx 2 M

4D Flow MRI+= 7|24 0 & 2D PC-MRI®t 5ot 7T HEE A35HA|9F 4D Flow
MRI= 331 0 & Hlo]E & HEoEE YA i ER7RE oS & 57k

o] 2 m}# 9] 7fdto] 7}55ieth. tRS Aol A= 4D Flow MRIZ o]8sto] 7fst 4 9= &
&4 mietnel g2 712 dgjet Ae 4 oju)g A7)gtch(Table 1). tiF-22] 448 AXES]
ol2ist FYste mE wolelA| ko n 2 "ash HYstE Qs E
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Table 1. Summary of Hemodynamic Parameters and Their Clinical Applications

cHﬁl_I-oéIAOFQIT{IFEIXI

Parameter Definition Physiological Implication Application in Previous Studies

Notes

Abnormal increase or decrease in

1. WSS increase in patients with BAV
blood flow indicates possible P

Fl locity A t of blood
owvelodly  Amount oTbioo 2. Low & oscillatory WSS in carotid artery

& flow rate transported ischemia or local contraction . L .
3. WSS increase in intracranial aneurysms
of vessel
L Abnormal alteration of flow . . . .
Frictional 1. WSS increase in patients with BAV
. pattern near vessel wall . . .
WSS shearing force . 2. Low & oscillatory WSS in carotid artery
influences vascular . o .
on vessel . 3. WSS increase in intracranial aneurysms
dysfunction
Rotational Abnormal appearance of vortical 1. Development of vortex flow atpulmonary
Vortex structure of flow indicates abnormal hypertension Vortex identification can
blood flow alteration of flow pattern be highly influenced by noise
THE Turbulent kinetic  Increased TKE indicates more 1. Increased TKE at aortic stenosis
energy energy loss of blood flow 2. Increased TKE at cardiomyopathy
1. Pressure gradient through stenosisin
Pressure - S
. . Increased pressure drop indicates aorta and carotid, iliac, and renal
Relative gradient from )
ressure arbitrar decreased blood flow or arteries
u i
P y increased work load of heart 2. Pressure distribution at intracardiac
reference

plaque

Sufficient spatial and
temporal resolutions
are required

WSS can be influenced
by spatial resolution

Vortex identification
can be highly
influenced by noise

More than two
acquisitions are
required

Influence of turbulence
on pressure field
cannot be included

BAV = bicuspid aortic valve, TKE = turbulent kinetic energy, WSS = wall shear stress
Adapted from Ha et al. Korean J Radiol 2016;17:445-462, with permission of The Korean Society of Radiology (10).
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oM 4 BRF £ T7H= FH FFe] Y=E o]t 4= QUrH48, 49). 4D Flow MRI= =
SF A AP AlARS] A L= glo|ElE Algolr] wiiol Bxdet I v ES T 0] R
xS JEstelal 54 A9 Y 21 £ 5 BASH: o §-85ith
4D Flow MRI H|o|E|2 2 E Alitd 7 £T= dubd o2 ZA={ufyg(color mapping) &
|A1E ARgste] AlZshEth(Fig. 2). Fole] P Thof| A W] £ nE XR5H IR
o] Hats 24 4= It} o] 9] 1Lof| A 4D Flow MRI2] Al5-2 715 2D PC-MRIQ} H| w5}o]
Hrbsl i = Hie A2 2 Yx|ohs o2 B E|QITH50). 4D Flow MRIE o|-&5to] &
T Wl B7reh] floiate B 7ol 24k 3~5719] A H|o]E|7} agE] ofof Shrial
ATH5I). webA] S7dstazt sh= dae] A717F A Sl 49, olE ALesto] 31kl
A== Axst Fert Qlok Yuk o 2 4D Flow MRIE 2D PC-MRI®} H| wato] F7FsiA =7}
Goz]7] wjiZol| i Fo] ol wEba] 2 7o) Bl xjo| 2 PREFe] 7t ot WEk
4= Qleth w2bA 4D Flow MRICIA ER&GS B71e wioll= 3] 71stehd AAIE st +

ﬂl
Hu:
£
Mr o 0

9,

rr

ol

i

ol

HH S (wall shear stress; 015} WSS)&= ol fA17F 2-85h= npg Mk 30|}
a

= ool WSS REL Wk A3 23] ZAE 7394%—4 o5 Hrelo] goﬂ
(o)

o17]X 1= WSS, n2 2] ¥I9] ¥E], us £ 42, e € Frolth u, n % uof &7k 2
Ztmfs, m % N - s/m? o] WSS2] ©9]+= Pascal &+ N/m?o|c}.

WSSE S4517] 919t A WAl D7l Al g DHlolM 253 A /g oz ie o)
HH Fge D Zolnh o|2RE ol 91x|2} 2t f1A]olA jAdH]

o
oX
o
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)\
)0
o
%

CHFig. 3). 1 th RIA HElS ujet iy 2xo] PRe] £ FE5H1 TRl BxtndS
ol g3t Ao S ALK HTH5L). A o AL L& Jtufo] Fol HE S Fsto]
WSSE A2 4 eh(51). oo 2 Aol WSS Rk o2 whe WSS P 3t 2 WSS 4
g 57| sl Aejuig S o]-&5t B ALY S ARgSto] AlZstsin dike] oz
WSSe| ZH5-5 Hla A 51A] Hrh(Fig. 3)
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Fig. 3. WSS estimation using four-dimensional phase contrast-MRI.

WSS = wall shear stress
Adapted from Ha et al. Korean J Radiol 2016;17:445-462, with permission of The Korean Society of Radiology (10).

Segmentation
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b
Magnitude Phase Lumen surface extraction
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Velocity fitting & estimate velocity
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O
o] AIE 7|Hte 2 HR-FolA| (turbulence kinetic energy; ]o} TKE) 24 A A5H
ChFig. 4). o] $42 7ol 2oz 54 ol Gaussian &= =27} HHAFctal 71t
H5O Al 7HA] W = ¥ AJE-2 o3 2ol MRIAI S 37| G0 2 HE] A8 4 QUTH(52):

7)Gi:kiv Zh’IH?H

o7 orte i M) T4 XS eI, ks BREHZIE (k= yVENC)S LEho, [, 2
|S[= 77k, =091 Z-90ix Qe MRIA150] 37)% Ltehuict. ghg] Rald TKES the} 2o
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4D Flow MRIZ &2 _ o0

r2
o

Fig. 4. Principle of TKE estimation.
IVSD = intravoxel velocity standard deviation, TKE = turbulent kinetic energy
Adapted from Ha et al. Korean J Radiol 2016;17:445-462, with permission of The Korean Society of Radiology (10).

So Si
Magnitude, Phase, Magnitude; Phase,
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y A4
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turbulence kinetic energy velocity quantification
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[ o 7
0 37 75 112 150 0 37 75 112 150
1 3
8 TKE= - > of [J/m?]
i=1

pe AA U, o 1 ] £ 58-S UERACH
MRI 944 TKE 2% 9] 717t =& VENC (= k)9 ¥ W=}, TKE £49] vz
A 371 8] 18]/S0|7F <k 0.60] 2 wi 7 2793t ok 12{utS|/|S)E 271 918 VENC 242
Bk o 2 JRo] Hof £rHo) 2h, webk, TKE 242 Jsiie dukzoz 94 GatollA
ofdelojAdS doFict. mebr] P 7 L= TKES FAlol 2415171 54l VENC gto] o2

5 7 o]4ge] 27go] Besict.

A e SUEEe TS 8 A2 5 48l sjge] wARthelE S
of, Fk 8l T LY 5:8)(53-55). olefet Bels f5 3} Helsh Abo]o] SlutpAl ob g
23] ojlE|A] RILAT Bela §Eo| x4 §29} AEE FuiR, wEu, H440] el 4
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oF ARHIAI7} Qlgo] EF FOIHt(53-55). whA], el At F A Alo]|9] WA|S U5]

o
A A 7E 7S] flsiMe HA 820 Jit et &

O

@50l o 58 el tiEKo R JjeEle falelst Ak BRel oh(ortici-
ty)olch. S ofeet o] 4= weje] Z(curl)2 HolEin] 7 S Aol n]Eow o]2oi
91082 4D Flow MRIIA 53 412 HE|S 7] 2.0 2 1)1 QAkS Z7Fsle] A4 4 ik

- - ,0V; OVy OVx OV OVy OVx
= X = o - —_
)@=V XV <6y 0z’ 0z 0x’ 0OX 6y)

o714 7 ohw AE-L Sld x, y, 25S T} §3] 247} Aoht A8S0| 2|0l e 2w
= Uehic,

24 &4l (Pressure loss/Pressure gradient)
A Al /HXPOM 'W% OﬂLﬂXH = —'Jﬂlﬁiik oflz] &alo] F7ts)

r_‘EL
el
o :lm

WA ERolA Uit gl SRek Abgst
ASEE £ 2000 G2 T 5104

A

S 5
wgAe theat o) wjedE 4 Qe

A ge PP
o] sk QlofA| R, szt B 4 Qs X HOR el o) ek Poisson YA B
ol 2g 4 Utk A, 4] 10/ WehHel 42 7|Fol g ATl YL petick. mekd 5

https://doi.org/10.3348/jksr.2019.80.2.239 249



Fod Al

4D Flow MRIS 283t #RASH £ _

Fig. 5. Procedures for the estimation of the relative pressure field. Adapted from Ha et al. Korean J Radiol
2016;17:445-462, with permission of The Korean Society of Radiology (10).
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Fig. 6. Streamline visualization of the aortic flow. Visualization of the aortic flow in a normal subject (A), patient with aortic stenosis (B), and
patient with aortic regurgitation and aortic root dilatation at systole (C) and diastole (D). Note that aortic flow in aortic stenosis causes helical
flow patterns; aortic flow in aortic dilatation causes impinging flow pattern during systole, and a substantial amount of regurgitation flow is
observed. Adapted from Ha et al. Korean J Radiol 2016;17:445-462, with permission of The Korean Society of Radiology (10).
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Fig. 7. Streamline visualization of a normal control and a patient. Comparison of patients with (A) normal and
(B) replaced tissue-valve. Note that only the aortic blood flow with the replaced tissue-valve generates com-
plex helical blood flow.
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Fig. 8. Flow visualization of stenotic flow. Visualization of flow velocity (A) and TKE (B) in a patient with severe
aortic stenosis.
TKE = turbulent kinetic energy
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Fig. 9. Visualization of vertical flow in
an aortic sinus.
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