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Magnetic Resonance Angiography/Magnetic Resonance Lymphangiography

Keisuke Sato
Department of Pediatric Cardiology, Shizuoka Children’s Hospital, Shizuoka, Japan

Magnetic resonance angiography (MRA) is a noninvasive technique utilizing the MR phenomenon to evaluate car-
diovascular morphology without exposing the patient to radiation and requiring contrast media. However, MRA has
a long acquisition time, poor spatial resolution, and multiple imaging methods, making it difficult to determine the
appropriate type of MRA to use. In this review, the principles and applications of typical MRA imaging methods are
described, followed by a discussion of which type of MRA to choose. MR lymphangiography (MRL) is a technique that
uses the MR phenomenon to evaluate the morphology of lymphatic vessels. MRL has two types, including non-con-
trast MRL (NCMRL), which allows for static evaluation without using contrast media, and dynamic contrast-enhanced
MRL (DCMRL), which allows for dynamic evaluation with the use of contrast media. The present article also explains
the characteristics and applications of both MRL types and discusses the issue of deciding when to use each type.

Keywords: cardiovascular magnetic resonance, magnetic resonance angiography, magnetic resonance
lymphangiography

LS M (magnetic resonance angiography: MRA) (& MR Bi% 7% FHUL TS O RER T 2
AREL T BRI TH 5. W< NaL, EEALLHATIENEDD, ERHNEL, 2457 ifhe
EORNE %, Fi, MEELEHBD. TORD, VWD EDK SR MRA ZEIRT ZHEME L.
AREHTTld MRA OIRER S IREIED B L JSMPIZ2 S L7z 5 AT, COMEZERT S, WA
HIg Y > oNEHRE (MR lymphangiography: MRL) (& MR Bi5z VT U > S OFZREFHI 2 7] HE
T RHEANTH S, FRHNRHEA T Z A7z L WIEiER MRL (non-contrast MRL: NCMRL) &,
BINFHEA T Z s Al 72 i 9 2 Bii& s MRL (dynamic contrast-enhanced MRL: DCMRL) &M%
B, VWD, EHE 50 MRL ZERT 2 0E M E L. AFitEY:Tld NCMRL & DCMRL I DU TR
CISHBIZRRI LTS 2T, TOMEEESRT 5.

CMR) &, MR BI5% T rHiaE « DRk - 0
1 BRHsmERT (MRA) METGREE EOMERDOZ N2 9 % 52 W
BEhicH %, ZDHNT, HEHKMERT (magnetic
resonance angiography: MRA) (&, DI & Z D
AR e DY N T A M DT BHIITHD, FiC

L . L_ ~ === 4, y
sLole DIE R RERHli D1 H 23> T%. MRA DR L
DB RGN (cardiovascular magnetic resonance: LT, #E AT L, EEAlZHOCEVIRGE
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NHzBTE, RRETHEZHHFENS. ZD
128, NRAEERZRTEIKIC 351 5 MRA ORI 2 15
DHATFENZ D, R OIREBEDREB W) ik
FRIE D HE ATl 7% & DI BV TIE, X3y
¥ o — 2 Wi E R (computed tomography angiog-
raphy: CTA) BHWHNS T EAZ . TOHBE L
T, CTAIZ MRA & LT, IV S A MERIET
HHRFHD X FRRIE (=CT ) DHTHDFNOPT
W &, fepRENENC &, EMSRENENT &
NHTENS.

89 % & CTA WMEIRE NN B ERBIRD D, #
L DFENRANL DN E T NS/NRICBWVL T,
CTNEBENCHRE S % T L zv. LA LAD
5, ZEMRREICS % MRA 7% £ D X 5 75510 TiEER
TEHMCOVTIE, I— FEEANcd 27 LLF—
W ZGEEDINTIE—E LIz a2 T AD7E0.

K7z, MRA Z#R L2856, fficAfELa > b
FA L z2RET 2R (=NNRT) WRETFET %
T &, IHIC, FREDONNKNTZ8IHT % HIENEF
THaHI D, LDz ER LTS X0
FL.

AT, MRA Z M NOE S & A E
DEEICK O LTS 2T, RENTRPEILCD
WTHRE R & Z DISHBIZfiF#Eid 5. DS AT,
MRA %z ED X 5 IR AITEIRT 55, MRA Oissih
O FR U T2 5 KON DN TEZ THIZW.

MRA O %8 (Table 1, Table 2)

MRA &, MENEFSBREOEKICKD, MEN
EEmMENEY (ZMEMAE < Hi XN %) white
blood MRA (& 7zid bright blood MRA) & IfiLE N
BEEmEMIV (=MEH R TN 3) black
blood MRA (Z 7z1d dark blood MRA) &I fHE N
%V,

¥z, EEAEHOAREICXD, ¥ MRA (con-
trast-enhanced MRA: CE-MRA) & JF & ¥ MRA
(non-contrast MRA: NC-MRA) &IZ/HEhn5 V.

X512, NC-MRA X, I N A NEDIF %Ik
m7u bk rofmn (=i ZRHELZEDONE S
D, ThEbEaAY IR N EDF B HENT T RV
DHRNITKIFET B EI MLk, Ta b roFin
ICHTE S % flow dependent MRA & {77 L 72\ flow
independent MRA X IZ /3 HHEN% Y. L, 2O
DHEEaYF I A DT BFIEICDONTONHT
H b, NC-MRA DE{FMNIMIFTOHEZZFBMME S

MERTEDTIEEY. BEDEWVIITIHZEDD,
NC-MRA OE{GIEFICMFTOFEEZZ T TWV5E. T
DEZHRLTHEL L EETHS.

Black blood MRA

Black blood MRA &, IiiEA%E < fith 1% MRA
DM TH 5. REKNZILITIELE LT, @EHAY
>T.a— (fast spin echo: FSE & 7z{Z turbo spin echo:
TSE) 1%, RAbEH (susceptibility weighted imag-
ing: SWD MW HF 5% (Table 1, Table 2).

FSE & TSE &

FSE % /TSE i3, mdEE 5K (high velocity
signal loss) % | f L 7z flow dependent MRA T &
% 2¥. FSE %/ TSEVETI 90° L 180°D 5 ¥ A /%
AT % (Fig. 1A). HoeWiimmIcd %k L
rra bk, WO IF WISV AEZIT BT EIC
X0EEBERS. —F, Wz s CElT
I3k (=I1F) &, 90°& 180°D T VA i/
IVADWHE 2523 % T L g 5 HTuw-> T
LES57%% (wash out), KEFICHHENS (E
JE(S B4EE > Y.

FSE 1 /TSE #:1%, wash out B2 O 9 LIk
MERFARDBIZITENT VS, T, MENDMEE
FTHEHEDHMEREOBRICENTNS. DY,
S RMEDREE PIc B 2 0B EOBL S (Fig.
1B) =, JIikifs7s &1 31 2 e B REE Mk O g ©
BREIFIHENTVWS. &, EELOMRTIE, Lt
IR C o TE AR Z2 15 L, CMR MREEIC
BB MEWHREICFHH L TWS. —7, MmifisE
MBWIME, SLRPERAH 515 7% £ wash out A
FZ DI WM TR, mMENEMEESICEDL R
Molzb, FKOESMREELZDT2HEGE R
TLES Y. F7, METREVERES OIS (4
X, BEE, aBAbUIE0iAE) Maicdh 255
i, MEPNREEXFILD50 Y,

SWI &

SWIHR, MR T4 FoNETmE Y ORILHE
(WIHc E 5 ENTHMLENS) IR ZFIH LTz flow
independent MRA TH % . FAFvAE/ v
YREIRIMICZ N D, MEIRAETTE 7% £ FICH Rk
ZEDBEICFIAE NS 1ED 7, 2L « N
I + HE PR ME 72 E RN O H 2SI F]
fEnz Y.
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Table 1 Classification and Pulse Sequence Selection for MRA

Classification by Signal Intensity

in Blood Vessels Pulse Sequence

Flow Dependent

MRA FSE/TSE

Black Blood MRA NC-MRA

Flow
Independent SWI
MRA

Flow Dependent

MRA TOF, PC, FBI

NC-MRA
Flow

Independent b-SSFP
MRA

White Blood MRA

CE-MRA 3D CE-MRA, 4D CE-MRA, MUSIC

b-SSFP, balanced steady-state free precession; CE, contrast-enhanced; FBI, fresh blood imaging; FSE/TSE, fast spin echo/turbo
spin echo; MRA, magnetic resonance angiography; MUSIC, multiphase steady-state imaging with contrast; NC, non-contrast;
PC, phase contrast; SWI, susceptibility weighted imaging; TOF, time of flight.

Table 2 Name of the Pulse Sequence for MRA by Vendor

Pulse Sequence Siemens Philips GE Canon
2D FSE/TSE TSE TSE FSE FSE
3D FSE/TSE SPACE VISTA CUBE MPV
SWi SWI SWip SWAN FSBB
b-SSFP True FISP Balanced FFE FIESTA True SSFP
FBI NATIVE-SPACE TRANCE DeltaFlow FBI
3D CE-MRA 3D-FLASHVIBE eTHRIVE Vasc TOF SPGR QUICK 3D'’s
4D CE-MRA TWIST 4D TRAK TRICKS DRKS

b-SSFP, balanced steady-state free precession; CE, contrast-enhanced; FBI, fresh blood imaging; FSE/TSE, fast spin echo/turbo
spin echo; MRA, magnetic resonance angiography; PC, phase contrast; SWI, susceptibility weighted imaging; TOF, time of
flight.

TOF i£i&, HEH DT VAR IV AZEHT 27 Z

White blood MRA VI bxad— (gradient echo: GRE) {ETHET %

White blood MRA (&, 1fiiifg/ H < it € % MRA
DI TH B, NEMNTIRBGITIEE LT, RITHRRH
(time of flight: TOF) %, fifHA22 > FZ A+ (phase
contrast: PC) %, /N > ARIEHIKAE [ i 2 i Bl
(balanced steady-state free precession: b-SSFP) {%,
FBI (fresh blood imaging) {£M®IF 5412 (Table 1,
Table 2).

TOF &
TOF i1, i BE 58 (flow-related enhance-
ment) %FIJf L7z flow dependent MRA TH % .

ARNRBERSBSFME F4NE F15

(Fig. 2A)%. HRZHIPANICH Bk Lic 70 ki,
IR DT VAWV A2 % T & TRRAE D BER]
L, ERIREBIGELTRES &%, —F, i
AMBHEATZ 7 by (=1l &, @RS Y
A IV A2 B T &I S WAL SRR IRRE
DI L2 H LTV AIREE) Th @I
MEns GdpEgE)>Y. kb, Bk OFE
LTV LI AEEICEmE L EESICHEEN
%. RO ZEHGH L2 WIGE, SIRD R HIPH N
ICHRAT ZHIOEN TR SV AZ DT % &, Bk
WIFEE S &2 D BIRA SESIHiE NG 2.
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A: Imaging Principles ~ B: FSE/TSE-MRA

@ Before application of pulse 26 years old, male, normal heart

Blood
vessel
Imaging slice
main pulmonary artery; MPA, descending aorta; DAO
@ 90° pulse to imaging slice @ 180° pulse to imaging slice

90° 180°
pulse pulse
90° pulse/180° pulse
Blood = Blood ()/()
vessel - vessel
/ (+)/(-)
/) T

“Signal loss”
Imaging slice Imaging slice

Fig. 1 Fast Spin Echo/Turbo Spin Echo (FSE/TSE) sequences

A: Imaging Principles - B: TOF-MRA

@ Before application of pulse 6 years old female, SRV after f-TCPC

Sagittal MIP Axial MIP

Blood
vessel » »

. . Hypoplastic RVA
Imaging slice s
single right ventricle; SRV, fenestrated total cavopulmonary connection; f-TCPC,
maximum intensity projection; MIP, right vertebral artery; RVA
@ Gradient echo (GRE) pulse to imaging slice @ After repetition time
GRE GRE
pulse pulse
GRE pulse
Blood " =» Blood IS (+)
vessel vessel

“Flow related enhancement”

Imaging slice Imaging slice

Fig. 2 Time of Flight (TOF) imaging
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A: Imaging Principles

@ Before bipolar gradients (BGs)

2 Phase image
_ A Phase shift

v Gyromagnetic ratio

Static
tissue

Blood
vessel » @

Moving distance

!

Static

30° 60°
. N 0 Y)
tissue -30°
-6
Phase shift (Ad) m m

Fig. 3 Phase Contrast (PC) imaging

0°

TOF £, v i 72 m CRE 9 % 2D-TOF £
LA TEHET % 3D-TOF ik & HdH 5. 2D-TOF i
W RN <, BegBnmic i 22 9 % g O fin
BIFTH DD, HsgWrim i HramE otz R rET
B3>0, DR, G- SR - ERR 7 Ll
NS OBIZICRAE N5 V. —F, 3D-TOF i
BN EL 25800, g X 3R
BREWY., cofd, MRS % ESEEOMm
HOBSUHIHE NS (Fig. 2B)".

PCi&

PCiElE, AEUitHANR (spin-phase effect) 7]
H L7z flow dependent MRA TH % >, A ¥ ik
R E, WAL 5 75 h TSR D 75 1)
K7a by (=REY) Minke ¥, filHoZ
(BiFH> 7 ) MR 2858 THS. MiHZ 7k (Ag)
Fra by (=1 N - EREERE (G -
[ERIRESFTANEE R (T 0 2 RICHBIT 2728 Y, G, &
T EMREINNUL, vIECAeEBNS. 7%
bbb, NS v RDBENAREL RS, KTz,
FrIE U7 Tl A E NIRRT SR T28,
ik U 72 AR & s & ORI IZAeD K E & DNiHA
WECS. COREAEZFIFT % C & TEIEMESN

ARNRBERSBSFME F4NE F15

r B: PC-MRA

YG,vT? 8 years old female, SRV after f-TCPC
Ap= ———

Magnitude image

Amplitude of
gradient field

v Velocity of proton

N

Duration time of
either BG+ or BG-

single right ventricle; SRV, fenestrated total

cavopulmonary connection; f-TCPC, ascending aorta;
AAo

Blood -
vessel

Static
tissue

Phase shift (Ad)

.

PCHDHHGICHIz> T, BELYI—T 17
(velocity encoding: VENC) Z&&Ed 5. i,
ApDHIFHATH B - S+aE TICHID Y TENTZY
DFEHTHS. §5&, GGETEMNVENCIZIEU
THWETS. £T T, G, OMERRLYS (FUKE
E OB Z EA—XTHNd 2 2 L) ZIEAZ
NENTIOHING 5 &, #iE U DOAIAHA 0
EEBDICH L, MENTE vICIE AT,
M & PR E OB ORI A £ 755 (Fig.
3. ZORERE LT, fillEEZOE FEEGEL
TehifHii 5 (phase image) &, NEAHZE D#EHE 7% [
BELTe (=MEADNEESICHT SN sREEE
(magnitude image) ¢G5 M% (Fig. 3B)V. D
L&, MEE WM VENC Z A 5 L, iDRLUH
% (aliasing) M > TL RV, MEmEEICS Ul
BPREZ R DERMIONEL XD, ZDRD, T
BENZIRARDMFHEEX VENC Z# A H 0K DI
WETH . AP, WIEOESEE VENC D 50%T
RAREZD, WD 25% 3R EEND. I5bD,
TIRENS MIEED VENC D 25~75% 1IN E > T
VB EaY FSAMORVEBZNEEN Y, FHIN
% AR DIMFTHEE D VENC D 25% 7% REl 5 & Bifx
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26 years old male, normal Heart

Slab MIP: RCA

Curved MPR: RCA

- A: Balanced Steady-State Free Precession (b-SSFP) Acquisition

Slab MIP: LAD

Curved MPR: LAD

maximum intensity projection; MIP, right coronary artery; RCA, multi planar reconstruction; MPR, left anterior descending artery; LAD

26 years old male, normal Heart

r B: Relaxation-enhanced angiography without contrast and triggering (REACT)

Slab MIP: Aortic Arch

volume rendering; VR, maximum intensity projection; MIP, pulmonary artery; PA

Slab MIP: PA

Fig. 4 Flow independent white blood MRA

VI AMMESNEWV. DL EXD, VENCIET
MEINDmAMFHEL D 25% KEUVMHEICERTET 5D
HHANTHS P, CNSEEEAT, BEEL DM
RTIFHEI NS RAMBEELD 1.2~1.5 51275 3
K5I VENC ZREL T\ 5.

PCIEICIX, “FHME{ENE 5N 3 2D-PC ik, Vifk
H{REDTGF 5N 5 3D-PCE, & HICIE RN
Z W H S % £ 5 4D-PC i (4D-flow) B H 5.
2D-PC i, FIKIMREHICHHAINS. £z, D
FEHRRRE Y R0EPREAE Y 2@ 2 ERE
ROBREEZBRTZ LN TES D, RELOE
BEFEICRIF 1 5. 3D-PC & EIC@iR >, M
Bl 1, SEHEEEIR 1 ORISR E N B,
4D-PC 7413 3D-PC I DEE A Z D U IR 2 {5
MmL7zeDTHO, FISHIERJIZNERITICRIHE
%.

b-SSFP &

b-SSFP %1%, # DX LK (repetition time: TR)
MIEFIC O = GRE 1572 -V T T2/T1 bz sfai 9
% T LT, T2TL A @iz @5 5 It 4 %
flow independent MRA T % ™. T2/T1 LN,

BT E @MW, g OB IR T 72 7
g3 eh—iincsHs .

b-SSFP i3 R A4« MU [R5 72 20 U THRE
TE B2, Je RO B OTEAER W il 1l 71 ffl
BEHMAENE2W. Fz, IR % Ok
W TR EDRBIROIPEBIZICBHH N2 (Fig.
4N 5T, I B I O &
51T, T2/T1 H @G O Ltk Ui & 2 Mg
DHIHEHHETH % .

7543, b-SSFP ik7x & ik GRE L& 1\ C T2/T1
FEAEI E N5 MRA ICBW TR, MiR7ZT TG
Mt mlEsLxssd, BIHIHENDLE LR S.
b-SSFP {Eic B TIdK (i) & M oD HLng e IR
D77 MM U THRIGE S 72 89 2 8 BRB0E R AR
IHHIHRRED NS N2 W, WA —I2 55 < falh#n
MR RPMKRE SN ECS  ENME L% 5.
REACT (relaxation-enhanced angiography without
contrast and triggering) % (3 Philips £ 3H1 H © flow
independent MRA T& 2 78, NEMi#IHIH & LT
DIXON % OK & Rafi D HNG A & D 72 R L Thi
HO¥IR2 2 DOEBZEKL, 2 DOBEHGDNHHAE
2R UCIENE S 2R 2578 2S5 L
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A: Imaging Principles

@ Dpiastole

Vein

@ systole

Artery Vein

4

J N AN
AN

r B: FBI-MRA

@ Subtraction (Diastole — Systole)

Vein Artery

26 years old male, normal heart

VR Slab MIP: Aortic Arch

volume rendering; VR, maximum
intensity projection; MIP

Fig. 5 Fresh Blood Imaging (FBI) method

T, WS AE—IC X 2B ROMEZ AR Uiz
Wi TdH 5> REACT £, b-SSFP % & [Al
RRIC SR R O RERZ W AT TN 75 EICHI X
Nz (Fig. 4B)%, R0 T2/TI LAEVED LT
BELUTAGEICH 2 IMEORMIZNEETH 5.

FBI & (OERHA 3 kit FSE %)

FBIL#£l&, FSE i/ TSEEICET 5 mEEESHE
DEIR & IR OBIR E T3 59, IO
IkCitec %2 & ZFIH U7z flow dependent MRA T
H5 100 EEIE ORI Y 7 — ) T FSE i/
TSE {2 VTV, SRR & UE & T 3D 7—X
T 2. RGO ODRENC X 5 3 s g A T2
b, EEEESHEREC SRV, —5T, BRI
RFFH CIMFHEE DN R R 0, JEERIAC 30 Tl ik g
P EEE S SREMNE T ARV, I EEIC By
TIEMFBEENE N D E S SR 5. Z
DIz, ILEAG T THk=mE5, Bilk=mE5]
it S, RIS T TER=S1ES, k=1
B5) K5, ZOMBRE LT, ESmEHRTIE
MiR=1KE5, Bik=mE5) ICHHIh, #iRD
SR E Ncmifg s % (Fig 5A)%Y.

FBI i:iZ, UNAiEHA L SERIAIC B O CEIRIE B DD

ARNRBERSBSFME F4NE F15

F> &0 LT WM « P - BN OBIIR HiE) ik
DB E NS (Fig 5B)?.

CE-MRA

CE-MRA &, EEAIZ MM % MRA OFEFRCH
%. JEANCIE T1 EMIR N H 0, MENEEES
WK E N5, 2Dk, CE-MRA i white blood
MRAICHENS. REMNZE®RBITIEL LT, 3D
CE-MRA & 4D CE-MRA D BT 5N 3. Tz, ifE
54T 13 ferumoxytol 2 {i i L 7z MUSIC (multiphase
steady-state imaging with contrast) {%7% & DRk
{719 % (Table 1, Table 2).

ERE

CE-MRA Ti&, EIcA FVY =7 L (gadolinium
Gd) EEHMMEHENS. GETIZAMICHS 71 b
YD Tl EMEIEET % T & TMENE &GS IR
5. Lhl, #ENEWYETHZ 2D, FL—1
fbdaceTEFEME LTHERENTVLS Y. GdiE
RN MR G A & LCTIERI L, SRS RS
T % LIME WD S HERMC RO\ BT,
BL OSN3 2. BIET & U CRIRRLE B S
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r A:3D CE-MRA

17 years old female, repaired CoA

Volume Rendering (VR)

coarctation of the aorta; CoA

— B:4D CE-MRA

38 years old female, MAD

Maximum Intensity Projection (MIP)

mitral annulus disjunction; MAD

Fig. 6 Contrast Enhanced MRA (CE-MRA)

KX BHEME - JE S, (LRI XK 2 E0 - &
e, BIERLBESIOIC KB B R ENDH S, TNED
HIVEF OFEBUHEE I (0.001~0.01%F2E) &Eh
20, GdEFANCH S HEIWEFHOBES T LV F—
PEROBHEIB G 7L LTHB N TS ™. £,
HEZEWEH & U TERERT DS 2 BHEPEN7Z L
TV A EHRICET 5B MEMHERE (nephrogenic
systemic fibrosis: NSF) D% 5. Thid, K20
IC 2 AR I > TR L 2 e S IR TH 5D, Gd
EERIORNARFICEK D, FL— S EMEDRE
W GA NS B T AN TH D EEND .
TR, B AROEIMBRETH % /Y
RGPk (ultrasmall superparamagnetic iron
oxide: USPIO) O ferumoxytol (ARFBAAER) Mitise
FlE UCHEISIMER &N TV 5 2. Ferumoxytol 1&
Gd™ L FRKRICEPIC % 71 - > O T1 KRR (2
§5C L TMENZmEZICHITT 5. 7 —Ib
DA R CRIBEA 14.5 KiH) 728, &7 —
Vit Al & UTHER S %. Ferumoxytol (& NSF Yl
IHERWe, BikaeEEDOH 5 BETEMAARET
BB, BWEHELTTY F7 14 ZF 2 —7x EHIREE
RISICDWTDOMEND 50, A FHFRGIERIIK
{2%AHEEINTNDS .

3D CE-MRA (first pass CE-MRA)

3D CE-MRA &, Gd @Al SudiiiEA L, ¥
FEE D X A X 27 CrndiRfihk TH % T1 R 3D
spoiled GRE EZHWWTHRE T AT &ic kb, #RikL
72 3D Eif 2152 /1L TH % (Fig. 6A). TD®,
first pass CE-MRA & & £BlE N % . WFEIcHz-
TiE, HNE TECIRNE > L& B2 %A
VITH T A ENERTHS. w2 AV
TRy %51k LT, mBEHMERE (best guess tech-
nique), 7 A FIR—F Xk (test bolus technique), it
SOAIEEIRN &V A —H#R (automatic triggering),
MR ZE#H (MR fluoroscopy) % EMRETNTE
A, BUE TIERAIHEEA bV A —ikiE & MR &
EATIMEHENS 7, &P, WoniimEr( 32
YT EDE TEEERZITS 12, RE) O HE)
C&B7—FT 77 EBECRTV. DD, #Hi
REIED TORGL 2B R T 208N D 5.

4D CE-MRA (Time resolved CE-MRA)

4D CE-MRA (&, 3D CE-MRA & keyhole imaging
LEMAGDES T LICED, 3D CE-MRA Z#HE
DWHICHFE T 57 TH %5 (Fig. 6B)”. keyhole
imaging & 1%, k2¢fil (=MR{ESZEMLTzT7—=X

© 2025 Japanese Society of Pediatric Cardiology and Cardiac Surgery
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Z2MD) FUEROES (=Ficay M A MCB%RT S
38) ZEdNELDD, kZEMUEROES (=3
ICHEBIEICRATR T B155) INEZRF 2 IR LA S
bR B LT, EEAOH X 2N BB LDD,
B B R D7 RRE B AR k 2 Fe R TH 5 Y.
RER D FRAED OIS 5 N5 728, time resolved
CE-MRA & & £BlE N5 >, /i, 4D CE-MRA
T% 3D CE-MRA & [FIBRICARE) PR EE)IC K 57—
FT77 7 FHECRT VD, HEECRIED TOWRY
EERTZNENDS.

MUSIC 3%

MUSIC ¥, ferumoxytol % ¢ 5141, L 7B R
& IR [RI 72 0 TCHEE DI T SSFP 1572 IV T il
F B ETHB . Ferumoxytol 13 M I E <
HES70, RG22 7B 3G key-
hole imaging D & 5 & mnd{b DIERZH T % T L7 <
2218 73 fRRE & IRE I 57 R RE D T 5 Y i WO EHIRDME B 1
%. ZTDI, FHTLKIMERICIHBWT, MUSIC ik
2 W TR RERHiMl & A it & 2[RI T 5 76 E DRt
RINVEENTVS .

BhYIc

AT, MENOREZEEIC KD MRA % black
blood MRA & white blood MRA &IZ7HHL, T HIC
ERHIEHOAIC X D CE-MRA & NC-MRA ki
DHLT. Flz, AV I ANEDFZHEN T B
kY OWRNCHKAFT 2D E S MK D, NC-MRA 7%z
flow dependent MRA & flow independent MRA & IZ
LT, i, RENREEICDOWT, gl
M SAB 2R LTz, 2D5 AT, MRAZEDX
S IR EITEINT 55, MRA Ok ¢ 7 138
RUTEE XOMDIEDNTERT S.

9, MRAZEIRIXREHHLLT D I—F
EEHANCT 27 LIVF—0% 55, 2) CTA Tl
IS 5 e TERWVEGS, 3) #E< zk3L<
BT AER/NRICIED T2 NGE, D3 EANBETLN
3. T05b5, 2) OEKHIE LT, JIEHEERERE
Th 2 EEIREIC BT 2 MERGHED ST 5N S, Tz
2L, TOWLBEE, ZEMITRED BN SIS E
WIERIEDNLEE LW, F£iz, 3) OEKEIE LTI,
DRI FAT I 3503 5 RBRENEIR O BATE R A
BFoNnsd. TOEEAR, CTA DX EEWZERsD
FREEIGE S 207z 8, #HIE < Ziltl) X< MRA 7V
RINCEZD1G2TEA 5.

ARNRBERSBSFME F4NE F15

DEI, EIRTXRE MRA DIRFEIEICONTIE,
Gd A HOE M E T M RICK D Bix s, B
f£, CE-MRA ®O A & 175 HM T Gd id& 5 &l
ENBTLEFHELEVWEAS. HIBELT, %M
IRREER T B D THNIE CE-MRA K O CTA A
EBhns2L, I—FREZAKHTET7 LILF—DDH
256 (SCTANTERVIEA) IFGAEEA &
L OB i EhbiFons. Lizh-T,
CE-MRA (&, Gd B 7% E CE-MRA LIS OB
T Gd @A Z AT 2551, FITEREE RS,
F 72, NC-MRA IEFHMiASRIC K D s 5157238 IR
LZTENEFELV. FEELOMR T, MERED M
IC & FSE 1%/ TSE i, ORI S0 e Bk O #EAfi 1< W&
b-SSFP i « REACT ¥ « FSE i/ TSE ¥, ¥ @ Ik 5
SHBIAROFHIGIC 1 TOF 1%, MR DFEMIC & PCIE,
TROBEEMRICIE FBIVE, &Wole k5 HERZ L
TWV5.

723, FFRMIC ferumoxytol 7 F V> 7z MUSIC {0
W R AHEDIE, ZEMI 5 RBE & MR/ FRAEDS = O I 5 Y
"onsie, CTADRETFERE L TOD MRA Tk
i<, FEMMREREEE LTO MRAICKRS T A
fEhs.

fiame LT, MRA Z#IRUIRIEZ B Z % L EiC
EHEIRC L, FHGid 2 HNESREHEICT ST &
&, WX < Ea 2R BT B NRIC 1R 5 El g 72
RoRNT e THsEEbNS. MRA HDVNRIEERS
K CILIEHE NG T e LIz,

2 BRER Y INERR

Lol

FLBEDTw L (FLEEM7K, FLEEOEEK, FLEERKE L)
&, LX LKA RIFRRIcHEE % 5. X,
Fontan i bRiSERI D V1272 K& { A9 % 85
LB LR EARMEE B Y, Z ORIy v
IWEMNELS D> TWA T ENERIEN TV, i
F, INHOHBICHT BIRHILL LT, U IVEA
YRRV ay, UNE-HIRYIEG, B EIR-O
BEWIG7% EDY 2 SEIRBIVSET 5 0 2, 1)
VINEOWRINZAL 2R T 2 ME L LTMR Y V/VE

# (MR lymphangiography: MRL) HWEH T3 X
Sicizore. TOHME LT, BIEE MR YU 208
B (dynamic contrast-enhanced MRL: DCMRL)
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Table 3 Classification and Pulse Sequence Selection for MRL

Injection Site of

Contrast Media Pulse Sequence  Siemens Philips GE Canon
No Requirement of
NCMRL . T2W3D-FSE/TSE SPACE VISTA CUBE FASE
Contrast Medium
IN-DCMRL Inguinal LN
DCMRL IH-DCMRL Periportal Lymphatics T1W3D-GRE VIBE eTHRIVE LAVA  QUICK 3D'’s
IM-DCMRL Mesenteric LN

DCMRL, dynamic contrast-enhanced MRL; FSE, fast spin echo;

GRE, gradient echo; LN, lymph node; MRL, magnetic reso-

nance lymphangiography; NCMRL, non-contrast MRL; T1W, T1 weighed; T2W, T2 weighed; TSE, turbo spin echo.

— A: Non Contrast MRL (NCMRL)

16 years old male, ccTGA/VSD/PA after TCPC

Slab Maximum Intensity Projection (Slab MIP)

congenital corrected transposition of great arteries; ccTGA, ventricular
septal defect; VSD, pulmonary atresia; PA, total cavopulmonary connection;
TCPC

Volume Rendering (VR)

Thoracic

Thoracic
duct

— B: Dynamic Contrast-enhanced MRL (DCMRL)

6 years old female, SRV after f-TCPC, PLPS

pulmol

single right ventricle; SRV, fenestrated total cavopulmonary connection; f-TCPC,

nary lymphatic perfusion syndrome; PLPS

Thoracic
duct

Fig. 7 MRL (Magnetic Resonance Lymphangiography)

MBELEC 2 NEIF5N 5. MRLIE, GdiE

seR 2 U7z wIEid 52 MRL (non-contrast MRL:
NCMRL) &, GdE#AIZ# A9 %5 DCMRL &I

JHEN S (Table 3) A%, HEKD NCMRL TidY >/8
BIEEOHOFUMIEE > TW e, ZDREMNT, #Hilk
ICX$55 L7z DCMRL IC & © U >/ SBIRED FI & T RE
kixolz.

UL LiEM5, U2 NEORINZE L2 R 3 % s
ELT, YVINEYYF YT T ¢ (lymphatic scintig-
raphy: LS) *® X #V >/ VE ki (X-ray lymphangi-
ography: XRL) & & % &%/ ¢, NCMRL ** DCMRL
DEENTDNTIE—E LIz a v ¥ Ao,

AIHTIE, NCMRL & DCMRL O ZFNFNIZDWN»
THBILTZ2 2 °C, R EISHBIcOVWTE &%,
%%, DCMRL TiE, MAETFIHE FEEFEINCOWT
fREHT 3. ZDS5 AT, U ISNEORNZL 21T
5 & LT, NCMRL*® DCMRLDHAELED L S
I % #7205 ODEYINIC DOV TE ZTHIZL.

NCMRL

NCMRL (&, R0 Z2 D 732V 5 T2 831 3 2K
TLEIRA Y YT a— (T2 weighed 3D-fast spin echo:
T2W 3D-FSE) 5% ffiff] L T/ 5Nz heavily T2 5

© 2025 Japanese Society of Pediatric Cardiology and Cardiac Surgery
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A: Timeline of DCMRL

@ Lymph Node/Lymphatics Puncture

* Under ultrasound guidance

@ Patient Transfer into the MR Gantry

* 2x diluted gadobutrol (Gadovist®) 0.2 ml/kg

* With 23-25G catheline/spinal needle

* Need for device to prevent subject from moving

@ Gadolinium Contrast Injection and Imaging with TIW 3D-GRE Sequence

* Imaging every 20-30 sec.

— B:Lymph Node Puncture

TISOA  MI14

— C: Injection System -

Hockey stick shaped probe

| th

L »l
r ;
I 1
Extension ¢

tube =

23G catheline
needle

1ml syringe

Fig. 8 Procedure of DCMRL

WIS K >T, VU NEZEESICHIET 2RVIET
%% (Fig.7A)%.

heavily T2 58 & F & (& MRUK 58 & # 5 (MR
hydrography) & &FFENTHH, BV T2 HZ £
DEKHNOKEEESICHINT 2%, $abb,
NCMRL & [V >N 28 24t d 5 C
&, MHEMICY) VBRI 2IRGIETH . T
72U, MakSeREK s EARIPEPIC IR U ok, Tl
ERMRRRICHTE L7k, & 5ICIEEIRNICSH % I
WiE Loz AN OKERIENTLE S .
B, BEROBRICIZTEDLETHS.

HHEmR

NCMRL OFiiE, JHZEBINICY /B DIBRERT
N TEZTLTHS. TOKI TR EENMLT,
WERVEFFAIC 3500 2 BTG Z THidT 5T D R 7
V== (WEDOFEEE )0, Ko Fifitk
DR EAREERALO R E 4V, Fontan i 0 H.OEHIRIE
BRI RS B OTEREZ LD B D 75 L DRI R
HENn T3

ARNRBERSBSFME F4NE F15

DCMRL

DCMRL i, U Y/VENWIC GAEFAIZEAL,
IR 72 20 733 5 T1 il 3 Rt/ 9 YV T b n
J— (T1 weighed 3D-gradient echo: TIW 3D-GRE)
ECTHEBIRRS S5 2 LT, U NEREES OB
it 2 TH % (Fig 7B).

T1 58EHE CTH 2 728, MK - Kk - JEK - 77
75 EAERNICTAE S B /K D58 2 32T 75 WO EHRDMG 5
Ns. e, GAELAIZMERT 5720, F5ME!t
Ly b I A NS EOERMG SN S.

REFIE

DCMRL %, 1) VU MiE G VSO %
fil, 2) MR A2 N NNOHMEORE), 3) Gdit

WAIOITA L TIW 3D-GRE I K B0 3 DOF
JETiTbNs (Fig. 8A). x¥, MED I EHHIEH
DEEMEICHKS & TAHDBKRENWSD, HEEOERIC K
HZAEEDRNEE 5%, TORD, FEELOIRTIX
REREE NICMEZTT> TV,
1) U ‘//\"ﬁ’ﬁ feld ) > I\SB D ER|

I OFHRE OB 2T IR WIGBATT, U oS

mimi V2 SR O EER R BER AT A R RIS,
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ZERIEHE, V) NEE ) Vo SHRROY A ARET
3H5H, 23-25GDAT T VEHRTZIE A1 F IV
TS, iz, ZRHOBEE T O—7130 =7
RIZBiHd %. EDRICEONTE, Ry Tr—A7 1w
T ORER LIz ) Z 7 R a—7 7% FH9 % L LD [H
LMWKV (Fig. 8B). &3, T i, #kiF 2 —
Tt LT & ZhTE e L i U, AREEK
Tz LT (Fig. 8C). #iF 1 —7I13HDHOE
OZEHT 2 & K0, ERFa—ThEVE, EEAl
AT BT PRI E ik ) > SN
WKERELIRWED DA, FDERTEEN 2 S8HiE
721d ) 2 SHEED BRI 05 {75 %.

2) MR A~ kU R\DHEIRE DIEED

ZERIEEDN ) D RETE 7213 ) VSR DA IR D &
IICHERLAEND, MR AV b U NAEREZBHIT
. TOEE, DINEEETEZEREDY > RHiE
723D SHEED BN T LE S T 2D 572, Ml
DOFENHETHS. MREBEDEED MR 4~
FUhESNNG XA TDED (dockable table) (X,
RN DIRNEENS P,

3) Gd EZHIDEA L TIW 3D-GRE s:lc & 31882
Gdi& % &l 1 A Wi ic, T2W 3D-FSE i & TIW
3D-GRE i & Thag 2175, T D%, HHEEKT
2MEFRMLEART ho—)L (FREZAR®) 02mL/
kg (0.lmmol/kg) %, VU V/NEDOHEICEDLE &
MORRIRITTEANT B, FEAHEED B 20~30 B

TIW 3D-GRE iE0#SE %175 4.

HHEEIGE

DCMRL OF#id, X Mk, ErMtokny
IKTATED Gd EEHIZ VT, Y VNEICBIT %
) 2 SEIHEDFHEMN TE ST & TH 5.

Pk, HHRY) SoEICEBT B Y 2 SEIHED R,
SRS () EL R—)L®) ZHWVZXRLICEKS>T
TTONTERD, WX EIMEERANC X 2 FREN
ML RS> TV, Eobl, AEREEAT SR
TIPSR AN X B MEERD Y R 7 hEne 1,
FHMEZ SNAEADN D -7 . Z20aHT, |
BV SEIRZERIL, ZERMEORVIKIATED Gd &%
#ZHWT, MREGZE (MR imaging: MRD T/
GHEY 2SR E D SR VBN E NS U V8D
FREFTMM Z 17 5 XV > 78Hi DCMRL (intra-nodal
DCMRL: IN-DCMRL) W& EN, S5 ORED
RRENZ T L L5729 20k, FIREFHOD
V) > SEHER 7 2] LIPS B FPK D > SEA L A S
2\ B e 7z A S % PR E P U > SE A% DCMRL

(intra-hepatic DCMRL: IH-DCMRL) ¥, - fisid)
BiRY > SEiZz 28] LG SR o SEA a9
V) 2 SEfE R BN S LR ER Y > S DCMRL
(intra-mesenteric DCMRL: IM-DCMRL)*® héii#s &
nr.

COX D IRFBERIEN LT, SR OEEHZRORL
JEERG =>4, Fontan i % 0D 8 1 HME B e °0 086
SRS RV ICHBIT B ) Y SBIRED B DCMRL
BHRAINTVS.

Hbic

AW TIX, NCMRL & DCMRL DZNZFHIZ D
THHR L7295 27T, R e IiomliconTE L.
%%, DCMRL TiF, METFIEE FEREFEHICDOWT
fRadi Uiz, 205 2T, VI NEORNZ L% S
LM & LC, NCMRL % DCMRL WHI{EE D &K 5
IS E 2 S OMEYINICDONTHELRT 5.

V) UNERFMMT 27200TXY 70 £ LTI,
LS, XRL, MRL (NCMRL, DCMRL) H2F5Nn%.
Z Dx/MNT, NCMRL iF#13 < h7x < IR EHI Tl
HBHEDD, V) INERREOFHMIDOMICIEE 5 T0,
FIAR Y 2B D R 7 1) — = > 7SRRI 2 L O HERIC
HWwong., i, XRLIZY V/SBREFH A A GET
HBHEDD, FERMEDD ZDIMMEEAZ V5720,
FLEER LIS 03 2 5 /s & OGN T 72 IRE
LTirbna B, Coiy, HiEKEERT
HIEFNCH LT, EEIROAY v ERWET L
MTERVEFICXRL Z2179 T T2 RXETH
%. A 2DO0MAEDS B, DCMRL IE, #IE < W
%<, @mOWZERIREET, IMMEEEAZ VI v
INEHREDFIMMIN TE 5 T & 5B HMENZEX Y
ToEWVWAB. LED->T, B5%I1c) DCMRL % fii
7922 N TEZRMTHNZE, MENRLFiED
FLIEEJR > Fontan fifi#% 0 28 [ HH M B e 085 5 &L
BRRELICEBT A VETHICBWT, BINCE
RIREERY T %52 THAS. LHL, FHEIC
¥ DCMRL OREf 113 A5 Tld . 8 e LT,
) REiRO U Y 7 SERRO ZERIFART VS K LT
TNT k, FEERBICHERNDD B 25 MR Mt
REOMRDNEETH % T &, MR ZWEEENICEBIA
BTEDTEBTNARICHIBRDZ T &, FEFE
IZ X% MR BEZENTOMEN—RATIZRnT &
BENBTEND. TOXIBEBURDED, #EXH
HY, ZEFTRRENMENE DD, BREEEICHBIA
T3 ZADHEHIR <, fEECHEICITS T EMNT
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TBLSE, MUGERINS &2V, LHL,
2R MRBEDR X 0 5 LS DA T L T NG
AlTiZ, ROEREE LT DCMRL 2179 N&ETH
A9,

¥7z, BUDEIEEHEER T &4 mis 2 a3 2IEH)
KBV TS A Z T Y 27V E A 2=
Vg VRS A, EEAIOMHIC KB
FERIED YD X7 % LB AV B B0 E S InERT
g3 ENEETHD. LIeHo>T, FDOLIKNE
BISH LT, R=ZAA—=HHAZD LS I MR %
B O DR EEERSL, FLERO=NZ  Hifshhb
WOMEWNK S RBEUERR ETRVED, R
DCMRL Z179 RETH %.

5, ZERO) RAE I m O DS EIEEAG T X R
NCMRL &, ZERi fREE AR WD BN C & %
LS L A B LR S T LT, MEDREEAM S A
MIEENTIHD 2, V) oo SEigfl A s I
B 2#175 L SBREORME L LTSNS,

e LT, #E s, @m0z fREET,
HMEEEAZHOII) VSBIREROEMA TE S
DCMRL &, UV /NENEOLERICGER L &
WKHEETHNIEHE BN LIt VWRAETHS. Ly
L, VUYSHiZRWUIGY /MO 77239 3 7z
DENPEATEST, HEMIIHE - BINERRS
T e RV, ZFOREMNT, 1) LS TEZWD O EW
B, 2) AR EE T BIEFNCR U CitkEEFl %
i 4 %5 &1CE, DCMRLZITHNETCH S, %
7z, NCMRL (&, Hf) 2/ L Z CTICiAT %Y
VIRBIEZD DB EEIC, FOAT ) =Tk
RIZ L DBIRICHER TH 5. 5%, AFIcBWLT
MRL H& K9 % C & B IRF Lz,

FMEHER
AR DOV THE TN EFREH L IR0,

51 Sk

1) Opfer EK, Artz NS, Mitchell GS, et al: Pediatric magnetic
resonance angiography: To contrast or not to contrast.
Pediatr Radiol 2023; 53: 1364-1379

2) Panda A, Francois CJ, Bookwalter CA, et al: Non-contrast
magnetic resonance angiography: Techniques, principles,
and applications. Magn Reson Imaging Clin N Am 2023;
31:337-360

3) FiA ) PUENL MRIFERMRRE 55 2 il AWEAT 1 7
IV, 2014

4) Henningsson M, Malik S, Botnar R, et al: Black-blood
contrast in cardiovascular MRI. ] Magn Reson Imaging
20225 55: 61-80

ARNRBERSBSFME F4NE F15

6)

7)

8)

9)

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

Henningsson M, Zahr RA, Dyer A, et al: Feasibility of 3D
black-blood variable refocusing angle fast spin echo car-
diovascular magnetic resonance for visualization of the
whole heart and great vessels in congenital heart disease.
J Cardiovasc Magn Reson 2018; 20: 76

Matsumoto K, Yokota H, Mukai H, et al: Coronary vessel
wall visualization via three-dimensional turbo spin-echo
black blood imaging in Kawasaki disease. Magn Reson
Imaging 2019; 62: 159-166

Barnes S, Haacke E: Susceptibility weighted imaging:
Clinical angiographic applications. Magn Reson Imaging
Clin N Am 2009; 17: 47-61

Halefoglu A, Yousem D: Susceptibility weighted imag-
ing: Clinical applications and future directions. World J
Radiol 2018; 10: 30-45

Wheaton AJ, Miyazaki M: Non-contrast enhanced MR
angiography: Physical principles. ] Magn Reson Imaging
2012; 36: 286-304

Wymer DT, Patel KP, Burke WF 3rd, et al: Phase-con-
trast MRI: Physics, techniques, and clinical applications.
Radiographics 2020; 40: 122-140

Kramer CM, Barkhausen ], Bucciarelli-Ducci C, et al:
Standardized cardiovascular magnetic resonance imaging
(CMR) protocols: 2020 update. ] Cardiovasc Magn Reson
20205 22: 17

Dorfman AL, Geva T, Samyn MM, et al: SCMR expert
consensus statement for cardiovascular magnetic reso-
nance of acquired and non-structural pediatric heart dis-
ease. ] Cardiovasc Magn Reson 2022; 24: 44

Thomson LE, Crowley AL, Heitner JF, et al: Direct en face
imaging of secundum atrial septal defects by velocity-en-
coded cardiovascular magnetic resonance in patients
evaluated for possible transcatheter closure. Circ Cardio-
vasc Imaging 2008; 1: 31-40

THILRORES, FHAEL, B, (& 0 ZALIEHTEE
DR PR ARIE LS 351 2 DMK MRI 2T hifizEa > b
F A MEZ O T DZE N en face BB DA ME—(EIH
A AU LI RBIOE R H/NREBR 268
2022; 38: 189-195

Ross MR, Pelc NJ, Enzmann DR: Qualitative phase con-
trast MRA in the normal and abnormal circle of Willis.
AJNR Am ] Neuroradiol 1993; 14: 19-25

Sumi T, Sumi M, Van Cauteren M, et al: Parallel imaging
technique for the external carotid artery and its branches:
Comparison of balanced turbo field echo, phase contrast,
and time-of-flight sequences. ] Magn Reson Imaging
20075 25: 1028-1034

/NEF 900 MRI OFERE &SR IR MRA. HGR
Hi#xik 2022; 78: 1210-1216

Greil G, Tandon AA, Silva Vieira M, et al: 3D whole heart
imaging for congenital heart disease. Front Pediatr 2017;
5:36

Greil GF, Seeger A, Miller S, et al: Coronary magnetic res-
onance angiography and vessel wall imaging in children
with Kawasaki disease. Pediatr Radiol 2007; 37: 666-673
Isaak A, Luetkens JA, Faron A, et al: Free-breathing
non-contrast flow-independent cardiovascular magnetic
resonance angiography using cardiac gated, magnetiza-
tion-prepared 3D Dixon method: Assessment of thoracic
vasculature in congenital heart disease. ] Cardiovasc
Magn Reson 2021; 23: 91

Miyazaki M, Sugiura S, Tateishi F, et al: Non-contrast-en-


https://doi.org/10.1007/s00247-022-05467-8
https://doi.org/10.1007/s00247-022-05467-8
https://doi.org/10.1007/s00247-022-05467-8
https://doi.org/10.1016/j.mric.2023.04.001
https://doi.org/10.1016/j.mric.2023.04.001
https://doi.org/10.1016/j.mric.2023.04.001
https://doi.org/10.1016/j.mric.2023.04.001
https://doi.org/10.1002/jmri.27399
https://doi.org/10.1002/jmri.27399
https://doi.org/10.1002/jmri.27399
https://doi.org/10.1186/s12968-018-0508-1
https://doi.org/10.1186/s12968-018-0508-1
https://doi.org/10.1186/s12968-018-0508-1
https://doi.org/10.1186/s12968-018-0508-1
https://doi.org/10.1186/s12968-018-0508-1
https://doi.org/10.1016/j.mri.2019.07.001
https://doi.org/10.1016/j.mri.2019.07.001
https://doi.org/10.1016/j.mri.2019.07.001
https://doi.org/10.1016/j.mri.2019.07.001
https://doi.org/10.1016/j.mric.2008.12.002
https://doi.org/10.1016/j.mric.2008.12.002
https://doi.org/10.1016/j.mric.2008.12.002
https://doi.org/10.4329/wjr.v10.i4.30
https://doi.org/10.4329/wjr.v10.i4.30
https://doi.org/10.4329/wjr.v10.i4.30
https://doi.org/10.1002/jmri.23641
https://doi.org/10.1002/jmri.23641
https://doi.org/10.1002/jmri.23641
https://doi.org/10.1148/rg.2020190039
https://doi.org/10.1148/rg.2020190039
https://doi.org/10.1148/rg.2020190039
https://doi.org/10.1186/s12968-020-00607-1
https://doi.org/10.1186/s12968-020-00607-1
https://doi.org/10.1186/s12968-020-00607-1
https://doi.org/10.1186/s12968-020-00607-1
https://doi.org/10.1186/s12968-022-00873-1
https://doi.org/10.1186/s12968-022-00873-1
https://doi.org/10.1186/s12968-022-00873-1
https://doi.org/10.1186/s12968-022-00873-1
https://doi.org/10.1161/CIRCIMAGING.108.769786
https://doi.org/10.1161/CIRCIMAGING.108.769786
https://doi.org/10.1161/CIRCIMAGING.108.769786
https://doi.org/10.1161/CIRCIMAGING.108.769786
https://doi.org/10.1161/CIRCIMAGING.108.769786
https://doi.org/10.9794/jspccs.38.189
https://doi.org/10.9794/jspccs.38.189
https://doi.org/10.9794/jspccs.38.189
https://doi.org/10.9794/jspccs.38.189
https://doi.org/10.9794/jspccs.38.189
https://doi.org/10.1002/jmri.20889
https://doi.org/10.1002/jmri.20889
https://doi.org/10.1002/jmri.20889
https://doi.org/10.1002/jmri.20889
https://doi.org/10.1002/jmri.20889
https://doi.org/10.6009/jjrt.2022-2085
https://doi.org/10.6009/jjrt.2022-2085
https://doi.org/10.3389/fped.2017.00036
https://doi.org/10.3389/fped.2017.00036
https://doi.org/10.3389/fped.2017.00036
https://doi.org/10.1007/s00247-007-0498-x
https://doi.org/10.1007/s00247-007-0498-x
https://doi.org/10.1007/s00247-007-0498-x
https://doi.org/10.1186/s12968-021-00788-3
https://doi.org/10.1186/s12968-021-00788-3
https://doi.org/10.1186/s12968-021-00788-3
https://doi.org/10.1186/s12968-021-00788-3
https://doi.org/10.1186/s12968-021-00788-3
https://doi.org/10.1186/s12968-021-00788-3
https://doi.org/10.1002/1522-2586(200011)12:5%3C776::AID-JMRI17%3E3.0.CO;2-X

41

22)

23)

24)

25)

26)

27)

28)

29)

30)

31)

32)

33)

34)

35)

36)

37)

38)

hanced MR angiography using 3D ECG-synchronized
half-Fourier fast spin echo. ] Magn Reson Imaging 2000;
12: 776-783

TRERD, BUEAE, TORREL, Eh  TNRETEEE
U & 5 MRURE 2 iRk A 8 7 F A b —.
PILAR PRESS, 2010

/RN ARV =0 L AL 2 #) UP TO
DATE. H/NBHREEE 2017; 33: 91-96

Shah R, VanSyckel A, Popescu AR, et al: Guide to use of
ferumoxytol for hepatic vascular assessment as part of
dual contrast MRI. Pediatr Radiol 2023; 53: 2180-2187
Nguyen KL, Yoshida T, Kathuria-Prakash N, et al: Multi-
center safety and practice for off-label diagnostic use of
Ferumoxytol in MRI. Radiology 2019; 293: 554-564
Kocaoglu M, Pednekar A, Fleck R], et al: Cardiothoracic
magnetic resonance angiography. Curr Probl Diagn
Radiol 2024; 53: 154-165

Zhang H, Maki JH, Prince MR: 3D contrast-enhanced
MR angiography. ] Magn Reson Imaging 2007; 25: 13-25
Nagpal P, Grist TM: MR angiography: Contrast-enhanced
acquisition techniques. Magn Reson Imaging Clin N Am
2023; 31: 493-501

Han E Rapacchi S, Khan S, et al: Four-dimensional, mul-
tiphase, steady-state imaging with contrast enhancement
(MUSIC) in the heart: A feasibility study in children.
Magn Reson Med 2015; 74: 1042-1049

Nguyen KL, Han F, Zhou Z, et al: 4D MUSIC CMR: Val-
ue-based imaging of neonates and infants with congenital
heart disease. ] Cardiovasc Magn Reson 2017; 19: 40
Sharma V], Iyengar AJ], Zannino D, et al: Protein-losing
enteropathy and plastic bronchitis after the Fontan proce-
dure. ] Thorac Cardiovasc Surg 2021; 161: 2158-2165
Itkin M, Krishnamurthy G, Naim MY, et al: Percutaneous
thoracic duct embolization as a treatment for intratho-
racic chyle leaks in infants. Pediatrics 2011; 128: e237-
e241

Hayashida K, Yamakawa S, Shirakami E: Lymphovenous
anastomosis for the treatment of persistent congenital
chylothorax in a low-birth-weight infant. Medicine (Bal-
timore) 2019; 98: e17575

Smith CL, Hoffman TM, Dori Y, et al: Decompression of
the thoracic duct: A novel transcatheter approach. Cathe-
ter Cardiovasc Interv 2020; 95: E56-E61

Hraska V: Decompression of thoracic duct: New approach
for the treatment of failing Fontan. Ann Thorac Surg
2013; 96: 709-711

Dori Y, Zviman MM, Itkin M: Dynamic contrast-en-
hanced MR lymphangiography: Feasibility study in swine.
Radiology 2014; 273: 410-416

Mitsumori LM, McDonald ES, Wilson GJ, et al: MR
lymphangiography: How I do it. ] Magn Reson Imaging
2015; 42: 1465-1477

Jara H, Barish MA, Yucel EK, et al: MR hydrography:
Theory and practice of static fluid imaging. AJR Am J

39)

40)

41)

42)

43)

44)

45)

46)

47)

48)

49)

50)

51)

52)

Roentgenol 1998; 170: 873-882

Okuda I, Udagawa H, Takahashi J, et al: Magnetic res-
onance-thoracic ductography: Imaging aid for thoracic
surgery and thoracic duct depiction based on embryolog-
ical considerations. Gen Thorac Cardiovasc Surg 2009;
57: 640-646

Higuchi T, Ozawa S, Koyanagi K, et al: Clinical impacts of
magnetic resonance thoracic ductography on preventing
postoperative chylothorax after thoracoscopic esophagec-
tomy for esophageal cancer. Esophagus 2021; 18: 753-763
Hyun D, Lee HY, Cho JH, et al: Pragmatic role of noncon-
trast magnetic resonance lymphangiography in postop-
erative chylothorax or cervical chylous leakage as a diag-
nostic and preprocedural planning tool. Eur Radiol 2022;
32:2149-2157

Dori Y, Keller MS, Fogel MA, et al: MRI of lymphatic
abnormalities after functional single-ventricle palliation
surgery. AJR Am ] Roentgenol 2014; 203: 426-431

Dori Y: Novel lymphatic imaging techniques. Tech Vasc
Interv Radiol 2016; 19: 255-261

Chavhan GB, Amaral JG, Temple M, et al: MR lymphan-
giography in children: Technique and potential applica-
tions. Radiographics 2017; 37: 1775-1790

Sheybani A, Gaba RC, Minocha J: Cerebral Embolization
of ethiodized oil following intranodal lymphangiography.
Semin Intervent Radiol 2015; 32: 10-13

Krishnamurthy R, Hernandez A, Kavuk S, et al: Imaging
the central conducting lymphatics: Initial experience with
dynamic MR lymphangiography. Radiology 2015; 274:
871-878

Biko DM, Smith CL, Otero HJ, et al: Intrahepatic dynamic
contrast MR lymphangiography: Initial experience with a
new technique for the assessment of liver lymphatics. Eur
Radiol 2019; 29: 5190-5196

Dori Y, Smith CL, DeWitt AG, et al: Intramesenteric
dynamic contrast pediatric MR lymphangiography:
Initial experience and comparison with intranodal and
intrahepatic MR lymphangiography. Eur Radiol 2020; 30:
5777-5784

Savla JJ, Itkin M, Rossano JW, et al: Post-operative chy-
lothorax in patients with congenital heart disease. ] Am
Coll Cardiol 2017; 69: 2410-2422

Brownell JN, Biko DM, Mamula P, et al: Dynamic contrast
magnetic resonance lymphangiography localizes lym-
phatic leak to the duodenum in protein-losing enteropa-
thy. J Pediatr Gastroenterol Nutr 2022; 74: 38-45

Dori Y, Keller MS, Rome J], et al: Percutaneous lymphatic
embolization of abnormal pulmonary lymphatic flow as
treatment of plastic bronchitis in patients with congenital
heart disease. Circulation 2016; 133: 1160-1170

Shima T, Hara T, Sato K, et al: Fusion imaging of sin-
gle-photon emission computed tomography and mag-
netic resonance lymphangiography for post-Fontan chy-
lothorax. Radiol Case Rep 2023; 18: 1471-1476

© 2025 Japanese Society of Pediatric Cardiology and Cardiac Surgery


https://doi.org/10.1002/1522-2586(200011)12:5%3C776::AID-JMRI17%3E3.0.CO;2-X
https://doi.org/10.1002/1522-2586(200011)12:5%3C776::AID-JMRI17%3E3.0.CO;2-X
https://doi.org/10.1002/1522-2586(200011)12:5%3C776::AID-JMRI17%3E3.0.CO;2-X
https://doi.org/10.1007/s00247-023-05737-z
https://doi.org/10.1007/s00247-023-05737-z
https://doi.org/10.1007/s00247-023-05737-z
https://doi.org/10.1148/radiol.2019190477
https://doi.org/10.1148/radiol.2019190477
https://doi.org/10.1148/radiol.2019190477
https://doi.org/10.1067/j.cpradiol.2023.10.001
https://doi.org/10.1067/j.cpradiol.2023.10.001
https://doi.org/10.1067/j.cpradiol.2023.10.001
https://doi.org/10.1002/jmri.20767
https://doi.org/10.1002/jmri.20767
https://doi.org/10.1016/j.mric.2023.04.007
https://doi.org/10.1016/j.mric.2023.04.007
https://doi.org/10.1016/j.mric.2023.04.007
https://doi.org/10.1002/mrm.25491
https://doi.org/10.1002/mrm.25491
https://doi.org/10.1002/mrm.25491
https://doi.org/10.1002/mrm.25491
https://doi.org/10.1186/s12968-017-0352-8
https://doi.org/10.1186/s12968-017-0352-8
https://doi.org/10.1186/s12968-017-0352-8
https://doi.org/10.1016/j.jtcvs.2020.07.107
https://doi.org/10.1016/j.jtcvs.2020.07.107
https://doi.org/10.1016/j.jtcvs.2020.07.107
https://doi.org/10.1542/peds.2010-2016
https://doi.org/10.1542/peds.2010-2016
https://doi.org/10.1542/peds.2010-2016
https://doi.org/10.1542/peds.2010-2016
https://doi.org/10.1097/MD.0000000000017575
https://doi.org/10.1097/MD.0000000000017575
https://doi.org/10.1097/MD.0000000000017575
https://doi.org/10.1097/MD.0000000000017575
https://doi.org/10.1002/ccd.28446
https://doi.org/10.1002/ccd.28446
https://doi.org/10.1002/ccd.28446
https://doi.org/10.1016/j.athoracsur.2013.02.046
https://doi.org/10.1016/j.athoracsur.2013.02.046
https://doi.org/10.1016/j.athoracsur.2013.02.046
https://doi.org/10.1148/radiol.14132616
https://doi.org/10.1148/radiol.14132616
https://doi.org/10.1148/radiol.14132616
https://doi.org/10.1002/jmri.24887
https://doi.org/10.1002/jmri.24887
https://doi.org/10.1002/jmri.24887
https://doi.org/10.2214/ajr.170.4.9530026
https://doi.org/10.2214/ajr.170.4.9530026
https://doi.org/10.2214/ajr.170.4.9530026
https://doi.org/10.1007/s11748-009-0483-4
https://doi.org/10.1007/s11748-009-0483-4
https://doi.org/10.1007/s11748-009-0483-4
https://doi.org/10.1007/s11748-009-0483-4
https://doi.org/10.1007/s11748-009-0483-4
https://doi.org/10.1007/s10388-021-00832-2
https://doi.org/10.1007/s10388-021-00832-2
https://doi.org/10.1007/s10388-021-00832-2
https://doi.org/10.1007/s10388-021-00832-2
https://doi.org/10.1007/s00330-021-08342-6
https://doi.org/10.1007/s00330-021-08342-6
https://doi.org/10.1007/s00330-021-08342-6
https://doi.org/10.1007/s00330-021-08342-6
https://doi.org/10.1007/s00330-021-08342-6
https://doi.org/10.2214/AJR.13.11797
https://doi.org/10.2214/AJR.13.11797
https://doi.org/10.2214/AJR.13.11797
https://doi.org/10.1053/j.tvir.2016.10.002
https://doi.org/10.1053/j.tvir.2016.10.002
https://doi.org/10.1148/rg.2017170014
https://doi.org/10.1148/rg.2017170014
https://doi.org/10.1148/rg.2017170014
https://doi.org/10.1055/s-0034-1396957
https://doi.org/10.1055/s-0034-1396957
https://doi.org/10.1055/s-0034-1396957
https://doi.org/10.1148/radiol.14131399
https://doi.org/10.1148/radiol.14131399
https://doi.org/10.1148/radiol.14131399
https://doi.org/10.1148/radiol.14131399
https://doi.org/10.1007/s00330-019-06112-z
https://doi.org/10.1007/s00330-019-06112-z
https://doi.org/10.1007/s00330-019-06112-z
https://doi.org/10.1007/s00330-019-06112-z
https://doi.org/10.1007/s00330-020-06949-9
https://doi.org/10.1007/s00330-020-06949-9
https://doi.org/10.1007/s00330-020-06949-9
https://doi.org/10.1007/s00330-020-06949-9
https://doi.org/10.1007/s00330-020-06949-9
https://doi.org/10.1016/j.jacc.2017.03.021
https://doi.org/10.1016/j.jacc.2017.03.021
https://doi.org/10.1016/j.jacc.2017.03.021
https://doi.org/10.1097/MPG.0000000000003287
https://doi.org/10.1097/MPG.0000000000003287
https://doi.org/10.1097/MPG.0000000000003287
https://doi.org/10.1097/MPG.0000000000003287
https://doi.org/10.1161/CIRCULATIONAHA.115.019710
https://doi.org/10.1161/CIRCULATIONAHA.115.019710
https://doi.org/10.1161/CIRCULATIONAHA.115.019710
https://doi.org/10.1161/CIRCULATIONAHA.115.019710
https://doi.org/10.1016/j.radcr.2023.01.021
https://doi.org/10.1016/j.radcr.2023.01.021
https://doi.org/10.1016/j.radcr.2023.01.021
https://doi.org/10.1016/j.radcr.2023.01.021

