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e P B ZEME i % B (chronic  obstructive pulmonary disease [COPD]) <2 /& 1 i 7¢
(interstitial pneumonia [IP])7¢ & DM 2R B CTIXIRBOHEIT & & LT TERFENL K]
HES R L, BB O B AETEENE (activities of daily living [ADL]) # & F &HTW 5,
ZORKE LT, FIWOBEIZX AR AL L &I, MEIRS MEE (pulmonary
arterial hypertension [PAH]) Z3JET 5 Z ENE X HILDH, PAH OFEMIL, FEKES « oOf
BEOBEKRENSZL ODEAEEDTND,

PAH (%, RRYOIMAEAE & &) 7Y o 70N TcH v . &5t ((pulmonary
vascular resistance [PVR]) ®EPER 728N iE O < IiE R DR T 5, PAH OEL
EOZMDOAR X — K%, A0 7 —7 Vi A (right heat catheterization [RHC])IZ
X AHEINRE (pulmonary arterial pressure [PAP]) ®HIE TH Y . PAH DIfT 11FDEE
i@ EA S5, Lo L, RHCIZ X A PAP HIEIZEEMENE V-0, f#{E CIE2 8
ZWrTE A H1EE LTS ILE (magnetic resonance [MR]) BRASIZ I3 1T A M TENRERENT D
B OMFIEHREN RSN TV D,

VR Cl. MlERINENFRETH S, FD—oDHEIC, LEME R S, KO
OB L0 AECHNMAE L EEBILT 5 RMifda > b7 A MRS (cine phase
contrast MR [cine PC MRDVEDFFAET 5, A F THAE SV TE 7 PAH OFIEE KA L T
ZAL L., MEREERNEIC XL » TH O D MATHFERT A — X TH DN R
(acceleration time [AT]). M {KFE (acceleration volumes [AV]). #x KiEE (peak
velocity [PVDIZHIA. 3 WotT — X #FIH T H2HTH 2 MATIFHI/RT A—F2 L LT
MAEEE AW 1) (wall shear stress [WSS]) & BER AW 1 ORI & X (0scillatory
shear index [0SI])IZ K ZFHEDAF AMENRHIRE S LD,

BHEY

COPD < IP ~C PAH NG 7= JER 2 67 8212 3 Ykt (three dimensional [3D]) cine PC
MR (2 & 0 BFEIIRO AT ) AR T A — 2 2550 U, BiEhARE B E 2 @ISRl © %
HNEDETTHZ ETh D,

Bk

(1) MRk 3D cine PC MR Ofgff/ X7 A —% (Flip Angle [FA]& View per
Segment [VPS]) O b Z17 - 7=,

(2) =V FRZ X — ROWBETH D 2 It (three dimensional [2D]) cine PC
MR % 3D cine PC MRICE ZHax DD MENTHOWTHETT 5720, HEIRO AT 11509
2XF A—% (AT, AV, PV)ZfHH LT 2D cine PC MR & 3D cine PC MR D ¥ #4777, E°
7 OFEERE & Bland—-Altman 54T 2 H L7,

(3) PAH 2387z 17 £412xF L CRHC (2 X B PAP DHIE L 3D cine PC MR ZJitifT L
7oo RHCIZ XK 2 PAPIC XV IEHERE 12 B, IEhRSE MEGERE 5 FlZ 08 S vz, 3D cine
PC MR X, m&WrmmfE (blood vessel section area [BVSA]). IMAT/IFHI/NT A —HTh
HUHER . TRIERIE L ONER D WSS (systolic WSS [sWSS]. diastolic WSS [dWSS]. mean
WSS [mWSS]). OST ZHIE L, IEHEHE & MBIk MEERE Tl Uz, £72. MR
FRIER & BRI L 72,

HR-EE

(1) FA O LI, REEBOESREIZHKET D Z LRSIz, VPSiE, /ha<T
%= L CHiENRFEBR D PV OfEE NI E L7z, L7=23-> T, FA & VPS D72 s% Bl
. BEEIIR O MATENREMAT D 7= I EHE L & 2 b7,

(2) 2D cine PC MR & 3D cine PC MR DAHEAFRELIZ, AT, AV I X TPV Z1E 4 0. 728,
0.804 B XL 1TN0.957 Th o7, Bland-Altman 73#HTiZ X % 2D cine PC MR & 3D cine PC MR
DFEEIF0ITEMIL TR, —BMEOEWERERNE L7z, 3D cine PC MR IZ X % ffiEhk



DIMAT IIFRIEANTIZ, BEFD 2D cine PC MR & [RIEDOREETH O . MEEDOFHLD =12
HETHDHEEZ LN,

(3) FHEhAR e ML ESERE D sWSS IXIE & ERE X 0 AR 27~k U7= (sWSS: it Bh Ik i) M+ JE B,
0.5940. 067N/m*; EHJFERE, 0.9610.590N/m’; p=0.001), F7=. mWSS & [AIFRIZIKAHE %
U7 (mWSS: i ENIR & M ESERE,  0.36510. 035N/m?;  1E & ERE, 0.489+0. 132N/m’;
p=0.027) , AfiEHARE M EGERED 0ST 13X, IEHF EREL U mE 47~ L7z (0.21420. 026 xf 0. 130
+0. 046, p=0.001),

mean PAP & sWSS, mWSS 35 L O dWSS IZEDOFHEIZ R L, OSTITIEOMHRE %R L7 (mean
PAP & O FHES: sWSS, -0.638 [p=0.005]; mWSS, -0.643 [p=0.005]; dWSS, -0.485
[p=0.049]; 0SI, 0.625 [p=0.007]), E£7-. systolic PAP & [AEERFHEEZ R L7= (systolic
PAP & O FHES: sWSS, -0.622 [p=0.008]; mWSS, -0.629 [p=0.007]; dWSS, -0.484
[p=0.049]; 0ST, 0.594 [p=0.012]),
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Abstract
Introduction

As respiratory diseases, such as chronic obstructive pulmonary disease (COPD) and interstitial
pneumonia (IP) advance, dyspnea on effort intensifies and patient activity of daily life (ADL)
decreases. The onset of secondary pulmonary artery hypertension (PAH), in addition to respiratory
insufficiency due to deterioration of the primary disease, is thought to aggravate symptoms. Clinicians
specialized in respiratory and cardiovascular diseases have been increasingly focused on the
evaluation of PAH.

PAH, characterized by peripheral blood vessel contraction and vascular remodeling, is a
pulmonary vascular disease that leads to a gradual increase in pulmonary vascular resistance (PVR),
The current standard diagnostic technique is right heart catheterization (RHC). However, since the
RHC method is invasive, analysis of hemodynamics measured by MRI has been reported in a number
of studies as a diagnostic tool.

Traditionally, with MR, the information of blood flow has been provided by phase contrast (PC)
technique. Acceleration time (AT) and peak velocity (PV), are the standard parameters reflecting the
severity of PAH, but recently derivatives of pulmonary artery flow velocity measured by PC have
been used. Other derivatives such as wall shear stress (WSS) and oscillatory shear index (OSI)
calculated with 3D data may be new hemodynamic parameters for evaluating PAH.

Purpose

The aim of this study was to assess hemodynamic parameters measured in potential PAH patients
due to COPD and IP by 3D cine PC MR, and find new hemodynamic parameters for PAH that can be
measured simply and objectively.

Methods

We optimized optimize the imaging parameters for pulmonary artery flow velocity using three
dimensional (3D) cine PC MR by changing flip angle (FA) and view per segment (VPS).

We then calculated and compared the flow parameters including AT, AV and PV based on the
pulmonary arterial velocities obtained by both two dimensional (2D) of gold standard and 3D cine
PC MR. We used Pearson product-moment correlation coefficient test and Bland-Altman plot for
the statistical analysis.

Right heart catheterization (RHC) was performed for all 17 patient with suspected PAH.
According to the pulmonary arterial pressure (PAP) obtained by RHC data. We calculated and
compared the hemodynamic parameters including spacially-averaged systolic wall shear stress
(SWSYS), diastolic WSS (dWSS), mean WSS (mWSS), oscillatory shear index (OSI) and blood
vessel section area (BVSA) in the pulmonary artery trunk based on 3D cine PC MR for all patients.
We then created streamline images in pulmonary arteries.

Results

FA influenced signal intensity, which was calculated from the magnitude images and smaller
VPS improved the accuracy of PV. Consequently, an optimal setting of FA and VPS was important
for hemodynamic analysis of pulmonary artery.

The r-values of Pearson product-moment correlation coefficient test in comparison between 3D



cine PC MR and 2D cine PC MR were 0.728 for AT, 0.804 for AV and 0.957 for PV. Results of AT,
AV and PV obtained from 3D cine PC MR were quite close to those from 2D cine PC MR using
Bland-Altman method. Hemodynamic analysis with the aid of 3D cine PC MR was equivalent to 2D
and was thought to be promising for the evaluation of pulmonary diseases.

The mean sWSS of PAH and non-PAH were significantly different (PAH: 0.594+0.067N/m?
and non-PAH: 0.961+0.59N/m?; P=0.001), The mean mWSS of PAH and non-PAH were
significantly different (PAH: 0.365+0.035N/m? and non-PAH: 0.489+0.132N/m?; P=0.027). The
mean OSlIs of PAH and non-PAH were also significantly different (PAH: 0.214+0.026 and non-
PAH: 0.13+0.046; P=0.001). The r values of Spearman’s rank-correlation coefficient test in
comparison between hemodynamic parameters and mean PAP were -0.638 (p=0.005), -0.485
(p=0.049), -0.643 (p=0.005) and 0.625 (p=0.007) for SWSS, dWSS, mWSS and OSI respectively.
The r values of Spearman's rank-correlation coefficient test in comparison between hemodynamic
parameters and systolic PAP were -0.622 (p=0.008), -0.484 (p=0.049), -0.629 (p=0.007) and 0.594
(p=0.012) for SWSS, dWSS, mWSS and OSI respectively. The r values of Spearman’s rank-
correlation coefficient test in comparison between the hemodynamic parameters and BVSA were -
0.488 (p=0.049) and 0.574 (P=0.016) for OSI. Vortex or helical flows were observed in three out of
five PAH patients but not in any of the non-PAH patients.

Conclusion

The sWSS, mWSS and OSI, which can be measured simply and objectively with the aid of 3D

cine PC MR were considered to be potential hemodynamic parameters for PAH diseases.



H X

IXC®»IZ
5| SRR

% 1% 3D cine PC MR OB/ T A —& D EEAL

) S = = R S I T S R I
1-2 J5ik
| O - T R S S S I S I
1-2-2  fHFH#%RS - T%{%\‘/_/j‘ V. S R R T T
1-2-3  JHEIRFGE T — Z fRAT ST o 0 v e e e e e e e e e e e
1-2-4 S )54
1-2-4-1 F AL + ¢ ¢« o o o o o o o 0 o o 0 o o o o
1-2-4-2 VP SOfcIE = ¢« o o ¢« o o o o o o 0 0 0 00 0.
1-3 ik
1-3-1 FA@H%J@’”C .....................
1-3-2 VP SOEmE « ¢+ ¢ o ¢ o o o o o o o 0 0 0 0 000
1=4 EEL e o e e e e e e e e e e e e e e e e e e e e e e e e
1-5 }ﬁ%ﬁﬁ% ...........................
%I)ﬂjcr‘ﬁk ...........................

% 2% 2D cine PC MR & 3D cine PC MR D HE:

2-1
2-2

H #Y
Jiik

2-2-1
2-2-2
2-2-3
2-2-4

2-3
2-4
2-5

B

51 F SCHik

s -~ S S
FEFMESE « BB — - o o e e e e e e e e e e e e
PEIIRITRIR T — Z AT TTIE o o e v e e e e e e e e e e
B iy 0

HB3E HEAROFH-RMITHER T A —F (WSS, OS 1) OFHf

3-1
32

H Y
Jitk

()| =~

S o o Ol

10

DN = e
W b W W W w NN



5
5
5
5

3-3

5
5
5
5
5

34
3-5

2-1
2-2
2-3
2-4
3-2-4
3-2-4
3-2-4
3-2-4
3-2-4
i A
3-1
32
3-3
34
3-5
5%

YbzA
=0

51 FH STk

;d—% .........................
FEFIMEES « B — A7 L A ¢ o o e e e e e e e e e e e e
FHENARGEIE T — Z AT T« o v e v e e e e e e e e e e
FFA 7 1

-1 fETFIC L DEEOFEM e e e e e e e e e e e
-2 AT IIFHI 8T A — 2 K D IEPAH & PAH D LLifg R
-3 MAT /ST A—% L PAP & OFE O+ - - - -
~4  IMATHEHEHI T A—=FZ N TOMB O« o« o 0 ¢ - -
-5 HEZRMATENRE AN — O+ e e e e e e e e e

MR L ATSB DAL v o o v o e e e e e e e
MATF)F8) /8T A — 2|2 K HFE PAH & PAH O LLg RN
MAT IR T A —2 L PAP L OO« « » + - -
MATHFH 8T A —ZNTOFBEOFM - - - = = o = -
B2 ATEIBE S — L DI o o v v e e e e e e

j:ﬁ%o)i b N R T T S T R R S S R ST T T S SR S

A

26
26

DN NN
NEENEENEENEEN

BN NN DN DN DN DN
0 © © W W 0 W @



[FL &I

18 4 B SE M i < R (chronic obstructive pulmonary disease [COPD]) <°[H]/E M4 fifi 4¢

(interstitial pneumonia [IP]) 7 & DFFRERIEEA TITHNBOEELT & & H I T 1ERFIFIL A
BENEETR L BBEE O B ATEENE (activities of daily living [ADL]) Z K F SHTW5,
ZORKE LT, FHOHEEIZLDFRAR L &I, MB)RE MEE (pulmonary
arterial hypertension [PAH]) Z#FJIETHZ LR EZ NS Y, PAH OFEAhIL. FELES -
DHLE DRIRENS ETETEZ OEAZED TN D,

PAH 1%, R OMAENANE & ME Y €T U 7 0NFHTH Y | i & #KHT (pulmonary
vascular resistance [PVR]) ®EPERG 728NN HE OO < il & 52 DIEIR T 5, PAH DH
EDOZWDO AR 2 — KX, AT —7 VA (right heat catheterization [RHC])IZ
X AHEIRE (pulmonary arterial pressure [PAP]) ®WIE TH YV . PAH O IAT/IFDEE
flilc@mEEA SN D Y, LarL, RHCIZ X % PAP B IXREMEN R W=, flifE TIRE
BICZWrTcx b hiEdE L TR IEE (nagnetic resonance [MR]) {EIZ31T 2 A TENRESME
Bro#gx OMFFEHSE N S Tnd T

MR T, MyRlEHIEEC X 2 MATEREMET S AIRE CTH 5, £ DO—D2DHEIC, LEXE
A S, FORFFHOHEIC LV A UL ZE S L LT 5 RMifE=a o b
7 A MERIEISE (cine phase contrast MR [cine PC MR]) ™ 3% %, BUfEHME SN T
WADIZ, 2L TT—XIWWEXITH 2 It (two dimensional [2D]) cine PC MR T
b2, ITH, HEEEERBIEOFREIZLY 3R TOT —XINEEITH 3 Kot (three
dimensional [3D]) cine PC MR**” MR FfE & 72 > TE T\ %, 3D cine PC MR (X, #Y
I UBFR  (repetition time [TR]) & = 2 —HKFf[] (echo time [TE]) DEXEDS 2D cine PC MR
LV HELSTHTENABET, MET HWMERICK L TRREDD 72 W T —ZINENTE H 2
&L BRI 2 T 3 Wt R IMIEIE SR G O D Z L7 EL ORENREZ X LILD D,
R MPRARHT D FTRE 72 FERR TR Y 23 0 | gt/ N7 A — & R IRAVA MR FE 7T
ENTWRVOBEIRTH D,

FEIARGE R E (2 L » TR O N D MAT /IR N T A — 2 OJEFER (acceleration time
[AT]D) . JE{AFE (acceleration volumes [AV])? 35 X UM KO FE (peak velocity
[PV "1, COPD 0> & 5 72 MR 2RI 00 BESE BE IR L CAb T 5 *0%, LichioT, Jii
BRI GEEE B O IEME CRE LTZHIEER. 2N OMATFERI/NT A —Z ORI
L. FERZEROFHMIICIERICHEE TH L EEZX 6N, LL, ZTNE TOHETIE
2D cine PC MR ZHWTH Y | QIR &7z 2 IRoTEMG & A2 FHIWE 2 5R0ET 5 72
O, FENRGGERE I XA EE) e Wim & 25 E RN H 0 . WERROBENME T 570 L
OISR DD EEZBND, 2T, 3D cine PC MR O/ 8T A — & Ofciifb % it
L7c BT, BIfEE T#EDZ 2D cine PC MR Z MATENREMRAT D T—)L RA X L 4 — R L
L. 3D cine PC MR & DH#EEITH Z & T, 2D cine PC MR % & & 2% TH 7212 3D cine
PC MR OEHMNFIRETH MR L7z, F£72. 3D cine PC MR ZFIH LT, BIfEfEH S
TWAIMAT IR R T A —% AT, PV, AV Iz, #F7-72 AT )09/ 8T A —H OEER A
Wriss /7 (wall shear stress [WSS]) %2 L EEW A WIS ) OREIHID & X (oscillatory
shear index [0SI])(Z X% IREMEIC DWW TR L, BRARBIMEIC K 2 MitBhie o w2 H
WTEBEZ LD THET 5,
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1-1. B#M
3 Y& It (three dimensional [3D]) cine PC MR "2 X 2 Ffi@h IR HI B2 I\ THERE D
EWFER 215572010, g/ NT A —Z D Eam iz oW TRIGE L 7=,

1-2. Ak
1-2-1. @&

AL, BHETNREWPE AWML RS, 4B RFRFPEE SRR Lmfm
HEERZESTEREINTWD (KRES 13-304), /-, BHBRENOA T3 —LF -
arvvr hEE,

EWAN 44 CEYFE 2Tk, Bkt 4:0) 2x8eE Lk,

1-2-2. (EFA%ER - BB —7 20X

3D cine PC MR IZ. 3T MR #&& (Signa HDxt, General Electric Healthcare., Waukesha,
WI) . HD cardiac =tA /L& L7,

3D cine PC MR, JiiBIARERD b A MEIRZ & Lo & O (CRIBIRT G 25 L, RS
T A —HT3D cine PC MR Z#pf% L7=, repetition time(TR)/echo time(TE)/flip angle
(FA) /number of excitations (NEX), b5.6ms/2.8ms/6~15degree/1; field of view(FOV),
350x260x60mm®; matrix, 256x224x30(256x224x60 with zero—fill interpolation
[ZIP]); voxel size, 1.3x1.2x2mm’(1.3x1.2x1mm*> with ZIP); bandwidth, 62.5kHz/FOV;
20phase/one cardiac cycle; velocity encoding (VENC) of three direction, 150cm/s;

view per segment (VPS), 4~12; in plane acceleration factor, 2; slew rate,

77T/m/s; scan time, 4~10minutes, F7=. FEK DB L Z[E L TR EEZFH LT

3)

o

1-2-3. FBIARIRE T— 4 B A %

HIENIRE LEE 2 & 2em OMFENIRICEE 2WHE 2 E L, £OMEND region of
interest (ROI) : 130mm* |2\ T, 1.04AE T ORFHDOIE SR EBE OE S EOFEH 21T\,
ZOMEEFERE LB mEMBEELZNE Lz, Bm@BIENTIcIL, 4—7 v Y — A ligfiE
#r> 7 b (image J, versionl.43; National Institutes of Health, USA) Z W T. kD
BRI BT LB L 7=,

IR (acceleration time [AT]) © & fx KiEJE (peak velocity [PV]) ®”i%. 3D cine
PC MR DfE 5 EEE 4 & #HEE 3 By ONHE B A % A = A (digital imaging and
communication in medicine [DICOM]) 7 #—=~ > KR T/XY a2 (A > 7 )L Core CPU.2. 1GHz.
Microsoft Windows 7)IZ#51% L. IM¥AENT 7 b (Flow visualization and analysis
[Floval, (BK) 7—v7 > 7 R, AA) Z VT, IROBRICH@ AT LE L 72,

fifi i OO FEF 2R B UL, TRES MR OE BRI DWW THTENIR LS OAMVBIREEE 21T > 72
O ZREMV region growing tE CESI AT —var L, v—F T F 2 —TETER



EVES T, MENBNICEENT-R T BLDOE A OEET — 2 Z T FE DS 1. 5mm D4y
fRRE THEARIA T, IR RS % 25 Lok IRF Y 3 ROT LG 2 157,

AT & PV DFHEZAT - oW, MBhIRFPIAIER I L BV = v M, i LU
fEvia ST A 70, BRI LEE A 5 2em OEAT CIfL /s & Tl & 72 5 Wik 2 38 & LT
AT o1,

B AT I, NETHEOTRA DI O 2 U ITRIE DO e KE £ TORFM & ER LTz, £
7o PV ITIGHE B D fe R & e L7z (Fig. 1-1),

1-2-4. EE@A%
1-2-4-1. FAOEE1E
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Figure. 1-1. Flow curve of pulmonary artery and definitions of
parameters in our study.

Acceleration Time (AT), Acceleration Area (AA) and Peak
Velocity (PV) as parameters in our study are shown.
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(d) Case of healthy volunteer 4



5| A#ER

1. Markl M, Chan FP, Alley MT et al. Time-resolved three dimensional phase-contrast MRI. J
Magn Reson Imaging 2003;17:499-506.

2. Bammer R, Hope TA, Aksoy M, et al. Time-resolved 3D quantitative flow MRI of the major
intracranial vessels: initial experience and comparative evaluation at 1.5 T and 3.0 T in
combination with parallel imaging. Magn Reson Med 2007;57:127-140.

3. Markl M, Harloff A, Bley TA, et al. Time-resolved 3D MR velocity mapping at 3T: improved
navigator-gated assessment of vascular anatomy and blood flow. J Magn Reson Imaging
2007;25:824-831.

4. Ku DN, Giddens DP, Zarins CK et al. Pulsatile flow and atherosclerosis in the human carotid
bifurcation. Positive correlation between plaque location and low oscillating shear stress.
Arteriosclerosis 1985;5:293-302.

5. Bock J, Frydrychowicz A, Stalder AF, et al. 4D Phase Contrast MRI at 3 T: Effect of Standard
and Blood-Pool Contrast Agents on SNR, PC-MRA, and Blood Flow Visualization. Magn Reson
Med 2010;63:330-338.

6. Sanz J, Kuschnir P, Rius T, et al. Pulmonary arterial hypertension: noninvasive detection with
phase-contrast MR imaging. Radiology 2007;243:70-79.

7. Sebastian L, Derliz M, Michael P, et al. Value of MR phase-contrast flow measurements for
functional assessment of pulmonary arterial hypertension. Eur Radial 2007;17:1892-1897.

8. Bock J, Frydrychowicz A, Stalder AF, et al. 4D Phase Contrast MRI at 3 T: Effect of Standard
and Blood-Pool Contrast Agents on SNR, PC-MRA, and Blood Flow Visualization. Magn Reson
Med 2010;63:330-338.

FIGURE LEGENDS

Fig. 1-1

Flow curve of pulmonary artery and definitions of parameters in our study.

Acceleration Time (AT), Acceleration Area (AA) and Peak Velocity (PV) as parameters in our study
are shown.

Fig. 1-2

Change in signal intensity volumes according to difference in flip angle (FA) with magnitude image
(a) Case of healthy volunteer 1

(b) Case of healthy volunteer 2

Fig. 1-3

Change in pulmonary arterial velocity according to difference in view per segment (VPS)
(a) Case of healthy volunteer 1

(b) Case of healthy volunteer 2

(c) Case of healthy volunteer 3
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(d) Case of healthy volunteer 4
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H2E 2D cine PC MR & 3D cine PC MR O LE &%

2-1. BH

il B IR 5 R I E LT S U 72 5 B Y (acceleration  time  [AT])Y . 0 id K FE
(acceleration volumes [AV])? 3 X O ROHEE (peak velocity [PV]) “P DEHNZ-SWT
BEfFD 2 kot (two dimensional [2D]) cine PC MR & 3 kot (two dimensional [3D])
cine PC MR¥™'WZ Ll L, %ENAIFICE MR DNDNEN LT Uiz, Fiz, MBIIRE
WA DS B I CE 20 b LTz,

2-2. Ak
2-2-1. &

AR, BHTSR G EmmEEES, A TEBRFPRFRETFZRUER L
HEEZESTERINLTWS KRE S 13-304), £, BHBRENOA VT4 —L K -
avvr hEE,

2011 A2 4 H7 5 2013 4 12 H O WIS EREE T, D= 2 — A& L 2 HEEREh R
£ (pulmonary arterial pressure [PAP])Z % &2, ERERAYIZ AHENAR S )£ %E (pulmonary
arterial hypertension [PAH]) 288&boiL7- 13 JEM] CEHIHEES 67.9 5%, Bkb8:5) &L 1E
WA 34 CESFE 24.3 5%, B3 :0) x5 L Lz,

2-2-2. fHFAMER - JRIG—HT R

2D cine PC MR & 3D cine PC MR (X, 3T MR #{& (Signa HDxt. General Electric
Healthcare, Waukesha, WI) . HD cardiac =xA /LZ&{EH L7,

QWRILAT Y NE{R A HT7-8 fast imaging employing steady—-state
acquisition (FIESTA) {EZHWT, IROERG/NT A —% THiE L7, repetition time
(TR) /echo time(TE)/flip angle (FA) /number of excitations (NEX),

2. 8ms/0. 9ms/40degree/1; field of view(FOV), 350x260 mm®; matrix, 192x224; voxel
size, 1.8x1.6x8mm’; bandwidth, 31.3 kHz/FOV; slew rate, 77T/m/s; scan time,

0. 7sec/slice, #RMGITmIZ, Mg & RNERWHER & Lic, 202 Fmomiga i, fi
EIRO T % ST 5 72D A RHENIRELAAES 2> 5 2em OFBNAL CIAEICEEIZ /2 D X 5 1ZHE 3
Wik 2 5% & L (Fig. 2-1). 2D cine PC MR C#lE 3 B4y ONLAHEER 2 IR DHRfGE /T A — X
THRf% L7-, TR/TE/FA/NEX, 20ms/5.9ms/30degree/1; FOV, 350x260mm’; matrix,
160x160; voxel size, 2.2x2.2xbmm*; bandwidth, 31.3 kHz/FOV; 20phase/one cardiac
cycle; velocity encoding (VENC) of three direction, 150cm/s; slew rate, 77T/m/s;
scan time, 2minutes/slice,

3D cine PC MR (%, JfiEhReR s &AL MEINRAZ ZTe K O ISRMAEEME (Oblique-
Axial) ZRXE L. OB NT A —52 THRig L7z, TR/TE/FA/NEX,

5. 6ms/2. 8ms/9degree/1; FOV, 350x260x60mm’; matrix, 256x224x30(256x224x60 with
zero—fill interpolation [ZIP]); voxel size, 1.3x1.2x2mm*(1.3x1.2x1mm* with ZIP);
bandwidth, 62.5kHz/FOV; 20phase/one cardiac cycle; VENC of three direction,

150cm/s; view per segment(VPS), 4; in plane acceleration factor, 2; slew rate,
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77T/m/s; scan time, 8.2minutes, E7=. MO ELEZF L T, MR EELZFEH L

15)
o

2-2-3fhEARTET — 2 B A &

2D cine PC MR & 3D cine PC MR OD1E 5o@ AL Ef5 & 3R 3 plsr OAAHEIRIZ, &1 2 A
(digital imaging and communication in medicine [DICOM]) 7 #—=~ > R T,V (A
> 7L Pentium4 CPU, 3.2GHz. Microsoft Windows 7) IZ#55 L. MR [T — & 1%, Mg
#r> 7 kb (Flow visualization and analysis [Floval, (B8) 7—/7 v 7 ER. HA)
Z T, IROBRIZ BT ALER L 7=,

i8> B AR B FUL, A5 5 IR i & ALAE iR O [ 7 O BRI K-S x| Bk
BONBRESE T, 2 E O region growing JECE /A T—ar L, ¥v—
FU T X a—TETIREEo T, WENMINICEENTR T BLVO{E A2 DRERET —F %
AAHER 2> 6 1. 5mm D53 fREE THE A A, RISy & B TRy 3 IR S A 157,

2D cine PC MR (X, fBWimOT — X 2 H L TAT, AVIEIOPV ZFHHE LT,

3D cine PC MR @ AT & AV B X NPV DFHE ZAT 5 72 WrifilL, 2D cine PC MR &R U4
FHENREL AR 2> B 2em OFRAL TS & TE & 72 ZWiH 2 5% € L. T 217 -7,

7235, ATIFNEATYEDFRIV D4R 6D > & IUHE W HH O fe KAE~DIEf] & LER L7z, AV,
JNEA T D FEAL D hE 8 2> & WU B E O e KAE~D M#% & (Acceleration Area [AA]) & I
Wiz Ul LiEF LT, £7-. PVITIHEMIGRE ORI E & L TER LT (Fig.
1-1),

FRUICERE LW v > 7 7 7 35 CRENRAR T > & A BRI JiAR 2 fli L 7=,

2-2-4 EHEAE

3D cine PC MRIZ &> THELNZMEINGEE ICH-S < AT, AV I X OVPV OIAT 15X
T A =B ZBEAFD 2D cine PC MR THONTREREZSMEAEL LT L7z, 2D cine PC
MR & 3D cine PC MR OAHEARSERIC DV Tl Pearson FHEAGRE A48 L CREAMH L . p fE<0. 05
AEEE LT, £7-. Bland— Altman Z#T % — B OFAGIZfE H L 7=,

2-3 #ER

2D cine PC MR & 3D PC cine MR DOHOFHBIMRENIL, AT, 0.728; AV, 0.804; PV, 0.957
Tdh v B2 AHEER 2~ L7z (Fig. 2-2), Bland— Altman Z3#712 X % 2D cine PC MR &
3D cine PC MR ® AT & AV B X OVPV Ol Clk, AT, AV I L ONPV TREZED O lZEfl L7
ETHH, —HEOEmWERIE O (Fig. 2-3),

F7o. EFITHEIROFRED BAFICHM S v, REBZE Fig. 2-41T5R7T,

2-4 EE

ARIORGETTIX, PAH OESEEICHKAF L TELT 5 2 & A STV 5 AT /)57y /8
TA=ZDAT & AV KPVITHONT, SFETHEM SN T2 2D cine PC MR & 3D cine
PC MR Dl 24T 572, T OFEHR, AT & AV LTXPY £ T T, 2D cine PC MR & 3D cine PC
MR ORI BAF7eEB & mn—EERn o7, ZORER LY . MEhRMm AT IZI VT 3D
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cine PC MR % 2D cine PC MRICE X Z HND Z LAVRENT-,

3D cine PC MR /%, 2D cine PC MRIZHATEEA 2RS35 &5 % Hiuiz, 3D cine PC
MR CiX, TR & TE ®F%E% 2D cine PC MR XV $H<L< 925 Z EAATHET, MERT 2RI
kLU TCRREDDIWT —HINEIZ LY 3RILT — X BUENRETH D . IREEZIC 3 KocHy
IS ESERMEICRE SN MMREGREZBIET 5 Z LN TE L (Fig. 2-4), ZHITLEDY
Wi e DR &2 9~ B BRI, REAR N 7 A& 5| X 23 alGEMED & 2 iE-CMR g 72 & D
BRI A CEHAITI 2% E D Z LN ARE T o7, 2D Z L2 LV, 3D cine PC
MR X, 2D cine PC MR TR T o 7= FiEh RO A G i ax E 12 & 5 el E i A= % [k
TEMTELEZ N, £72. 3D cine PC MRIC L AR EGOBIEZL, ikE
(2 L 2 BB R O IE-CHRFERE 72 & 5L R 22 O N Z — fiRMT b FIRE & 3% & bz,
I 51T, 3D cine PCMR X, 3RILT —FEAFIZ L U SNR DEENFIRETH D . Mo KEAR
WOFHENBIR Y THRESNTWVD L IICATA ANREEDH EbE 2 bz, Lotz J 5
DTV TIE, 3.0 T @ PCIETOEILT- SNR BRI L OV S fiieom FIc Bk 5 =
EEMEL TS, ZDXHIT, 3D cine PC MR 2 L THIEBNRVTHERIE 21T 9 2 &1,
Jifie B D IMAT )RR T A — 2 OFEE LXEEEN M L3 2 2 & OREhIRN 0387 72 72 1 35 1 3
DORMBIIFEIND LB Z DT,

ARIFGEDRIFL, JEFIE D DI nFTH S,

2-5 #EiR

3D cine PC MR T X 2 MATENREMENT I, BEAFD 2D cine PC MR E[RIZEDMEE CTH O . fifi
REOFHIDOTZDIZHELETHD EB b,

14



alb

Figure. 2-1. Double-oblique steady-state free precession cine MR
images of right pulmonary artery for setting the location of 2D cine
PC MR. The locations of two cross sections perpendicular to the
right pulmonary artery 20 mm distal from the pulmonary artery
bifurcation are represented by the white line.

a. An axial section parallel to the right pulmonary artery at the level
of the pulmonary bifurcation.
b. An oblique coronal section parallel to the right pulmonary artery.
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Figure. 2-2a. Correlation coefficients of acceleration time
between 2D cine PC MR and 3D cine PC MR.

a, Acceleration time;

b, Acceleration volume;

c, Peak velocity;

2D cine PC, two-dimensional cine phase-contrast; 3D cine PC,
three-dimensional cine phase-contrast
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Figure. 2-2b. Correlation coefficients of acceleration volume
between 2D cine PC MR and 3D cine PC MR.

a, Acceleration time;

b, Acceleration volume;

c, Peak velocity;

2D cine PC, two-dimensional cine phase-contrast; 3D cine PC,
three-dimensional cine phase-contrast
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Figure. 2-2c. Correlation coefficients of peak velocity between
2D cine PC MR and 3D cine PC MR.

a, Acceleration time;

b, Acceleration volume;

c, Peak velocity;

2D cine PC, two-dimensional cine phase-contrast; 3D cine PC,
three-dimensional cine phase-contrast
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Figure. 2-3a. Bland-Altman plots of acceleration time measured in
3D cine PC MR compared to 2D cine PC MR as the reference
standard.

a, Acceleration time;

b, Acceleration volume;

c, Peak velocity;

2D cine PC, two-dimensional cine phase-contrast; 3D cine PC,
three-dimensional cine phase-contrast
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Figure. 2-3b. Bland-Altman plots of acceleration volume measured
in 3D cine PC MR compared to 2D cine PC MR as the reference
standard.

a, Acceleration time;

b, Acceleration volume;

c, Peak velocity;

2D cine PC, two-dimensional cine phase-contrast; 3D cine PC,
three-dimensional cine phase-contrast

20



200

@)
o
(0]
g 190 O © Mean+1.96SD
()
2 100 o
&
O 50 O
O

% 0 OO ° \ \
S o O 50 ° 1000 12N 450
‘5 -90 O
S
o -100 O
o O
£
0 150

20—+ Mean-1.96SD

Average of 2D cine PC and 3D cine PC (mm/sec)

Figure. 2-3c. Bland-Altman plots of peak velocity measured in 3D
cine PC MR compared to 2D cine PC MR as the reference
standard.

a, Acceleration time;

b, Acceleration volume;

c, Peak velocity;

2D cine PC, two-dimensional cine phase-contrast; 3D cine PC,
three-dimensional cine phase-contrast
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Figure. 2-4. A 88-year-old female with PAH

a. Velocity vectors on a plane placed in the right pulmonary artery.

b. Streamlines through a plane placed in the right pulmonary artery.

c. Velocity vectors map of the pulmonary artery.

d. Temporal changes of spatially-average flow velocity of the right
pulmonary artery.

PAH, pulmonary arterial hypertension
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FIGURE LEGENDS

Figure. 2-1

Double-oblique steady-state free precession cine MR images of right pulmonary artery for setting
the location of 2D cine PC MR. The locations of two cross sections perpendicular to the right
pulmonary artery 20 mm distal from the pulmonary artery bifurcation are represented by the white
line.

a. An axial section parallel to the right pulmonary artery at the level of the pulmonary bifurcation.
b. An oblique coronal section parallel to the right pulmonary artery.

Figure. 2-2a

Correlation coefficients of acceleration time between 2D cine PC MR and 3D cine PC MR.

a, Acceleration time; b, Acceleration volume; c, Peak velocity;

2D cine PC, two-dimensional cine phase-contrast; 3D cine PC, three-dimensional cine phase-
contrast

Figure. 2-2b

Correlation coefficients of acceleration volume between 2D cine PC MR and 3D cine PC MR.
a, Acceleration time; b, Acceleration volume; c, Peak velocity;

2D cine PC, two-dimensional cine phase-contrast; 3D cine PC, three-dimensional cine phase-
contrast

igure. 2-2¢c

Correlation coefficients of peak velocity between 2D cine PC MR and 3D cine PC MR

a, Acceleration time; b, Acceleration volume; ¢, Peak velocity;

2D cine PC, two-dimensional cine phase-contrast; 3D cine PC, three-dimensional cine phase-
contrast

Figure. 2-3a
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Bland-Altman plots of acceleration time measured in 3D cine PC MR compared to 2D cine PC MR
as the reference standard.

a, Acceleration time; b, Acceleration volume; ¢, Peak velocity;

2D cine PC, two-dimensional cine phase-contrast; 3D cine PC, three-dimensional cine phase-
contrast

Figure. 2-3b

Bland-Altman plots of acceleration volume measured in 3D cine PC MR compared to 2D cine PC
MR as the reference standard.

a, Acceleration time; b, Acceleration volume; ¢, Peak velocity;

2D cine PC, two-dimensional cine phase-contrast; 3D cine PC, three-dimensional cine phase-
contrast

Figure. 2-3c

Bland-Altman plots of peak velocity measured in 3D cine PC MR compared to 2D cine PC MR as
the reference standard.

a, Acceleration time; b, Acceleration volume; c, Peak velocity;

2D cine PC, two-dimensional cine phase-contrast; 3D cine PC, three-dimensional cine phase-
contrast

Figure. 2-4

A 88-year-old female with PAH

a. Velocity vectors on a plane placed in the right pulmonary artery.

b. Streamlines through a plane placed in the right pulmonary artery.

c. Velocity vectors map of the pulmonary artery.

d. Temporal changes of spatially-average flow velocity of the right pulmonary artery.
PAH, pulmonary arterial hypertension

25



BIFE MBAROF=LFMmMITHFE/S5 A —% (WSS, 0S1) D

3-1. H®Y

&M EAZEME T ER (chronic obstructive pulmonary disease [COPD])-<CHiEM:AfiZE (
interstitial pneumonia [IP]) ~CHREIARE MESE (pulmonary arterial hypertension
[PAH]) "™ 3oV T SEB % %1520 3 kIt (three dimensional [3D]) cine PC MR *7iZ &
D Fr 7= R BFENAIRD AT ) F /8T A — % Th HEER AW 7] (wall shear stress [WSS])
S0 L BEN 2O W T OB D 5 X (oscillatory shear index [0SI]) 2 Z2Fffi L. PAH
Z BRCEHIL C = 2 B ET LT,

3-2. Ak
3-2-1. HHR

AWFEIL, BHTRAR EmmPEES. 4 HERFZRFGE SRR Afnfm
HEEZESTERINTWS KRE S 13-304), £, BHBRENOA LV T4 — L K -
oy NEET,

2011 2 4 H7» 5 2013 4 12 H O WIS ZRRE R T, (D= = — A K 2 HEE fEh ik
£ (pulmonary arterial pressure [PAP])Z# % &1Z. ERIRAYIZ PAH 3 %Ebiv, H.OA T —
7/ (right heat catheterization [RHC]) (Z X % PAPIEZ4T > 7= 17 JEG] CE¥I4HE
75.2 k. Bt 14 1 3) A4S Uiz, RHC & D PAP (2 L 0 2l L7240 MEI%., IEEER
12 51 (CEEJFfm 74. 5 m%, Hckb 110 1), Mi#hRe i EERE 5 61 GRS FE 77 5%, &tk
3:2) Thol-, #EfllZ Table 3-1 1R LT,

3-2-2. (EFAMETE - BIEL—T VR

B IRALZ PAH 23 g AL JEFNIZ % L 3D cine PC MR O#fI%, 3T MR & (Signa
HDxt. General Electric Healthcare, Waukesha, WI) . HD cardiac A /VZfEH L7,
RMARWS (Oblique-Axial) & U CHfidhfRe: & LA MEINRZ S Wi 2 E L, 3D cine
PC MR Z IR D/8T A —H THpf% L7=, repetition time(TR)/echo time(TE)/flip
angle (FA)/ number of excitations(NEX), 5.6ms/2.8ms/9degree/1; field of
view (FOV), 350x260x60mm’; matrix, 256x224x30 (256x224x60 with zero—fill
interpolation [ZIP]); voxel size, 1.3x1.2x2mm* (1.3x1.2x1mm® with ZIP);
bandwidth, 62.5kHz/FOV; 20phase/one cardiac cycle; velocity encoding(VENC) of
three direction, 150cm/s; view per segment (VPS), 4; in plane acceleration
factor, 2; slew rate, 77T/m/s; scan time, 8.2 minutes, F£7-. FER DO E L ZE L
T MEIRARHEYE P 2 LT,

3-2-3. HhBARTEET — 2 R A5E

3D cine PC MR OSSR & 3 g/ OALFAEIR I, 4 A =2 A (digital imaging
and communication in medicine [DICOM]) 7 #—=~ > N CT/XY 2 (A 7 )L Pentium4 CPU,
3. 2GHz, Microsoft Windows 7) gk L. MEfEMNT > 7 ~ (Flow visualization and
analysis [Floval, (8) 7—nA 7 v 7 &R, BA) Z AT, IROERIZEGAEATLER L
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770

3D cine PC MR T D AL7o(E BiREEG & AAREE O G OFE SIS E | ik
M& ONBREER A IT-7- Y, ZHAE V., region growing tECEZ AT —va L, =
—F TR 2 —TETIREE-S T2, MENICE ENT-ER T BIVOBWET — X & (LA HE
%726 1. bmum DI FERE THEAFIA TR, RISy 2 2 T Re Y 3 IROT IR EE A 1572,

& Wi fE (blood vessel section area [BVSA]). IMAT/IZRRG/NT A — X T A NEER
] (acceleration time [AT]) . FxRIEEE (Peak Velocity [PV]) '%. Wi#EifketD /L
£ IGRT Lem OEFALIZIMAE & FE & 72 D Wi 2 5 & LARHIT L7z, IHEI D WSS (systolic
WSS [sWSS]) | #EEHAD WSS (diastolic WSS [dWSS]) X OVFEHID WSS (mean WSS [mWSS])
& OST 1. MhiEhRER O LA /I RT Tem OIS INAE & HE & 72 H0F 3 B2 kv, YA
X 208 &7 &L dMERELEE (region of interest [ROT]) Z %7 LARHT L 7=, AT I,
NEAT P DAL D AE D 7> B UL BT O die RAE~ DA, PV IXUHE I HE D e Rl EE & LT
EF LTz, WSS &, MAEREDOREITIH > TBEIT IR L - THl & 2 Sh-&ry e E
BTy, OSTIXMERER VWIS TI~7 MO HE L LTER LT,

FRLICERE LTeWiim 2 BV o 7 7 7 ETRENIRAE 2> & A5 BRI IRAR 2 fi L 7=,

3-2-4 EEEAE
3-2-4-1 BWEIC K SEBOFEM

sWSS, dWSS, mWSS FB LY 0ST 122\ T 2 NDOFENTE T2 BT 2774 K« 7 &
N TITU, TN, AT E A ORI 21T > 72, Spearman IEAZFHBEFREL 2 FHEI DR
CFEA L. p fiEi0. 05 Z#fE & L7z, F7=. Bland— Altman 5347 % — Bk O AR I fE H
L7,

3-2-4-2 mMITHZERIINT A —3 (2 &k HIEPAHE PAHD LB

MR T15 5 A7 M4T /500,85 A — 2 0 AT, PV, sWSS, miSS, dWSS, 0SI #5 & UX BVSA 125
VIR ERE & WBMIRTE MUESE RO B Gl 3 5 5 e BB T2 b I bl Lo, o
KAy h=—O UREESEBOMFNEEEZLZITMNT 57O fEH L, p fE.05 264
BEL L=,

3-2-4-3 IMfTHFHNF A —45 & PAP & OHEEI D

MAT/IFHI/NT A —2 @ AT, PV, sWSS, mWSS, dWSS, 0SI # KX UVBVSA & RHC IZ K 0 HIE
A7z PAP [FIOAHBAIZ DTl L7z, Spearman AN AHBAFREL A FHB OFEAMIZEEA L. p
fil<0. 05 #HE & LT,

3-2-4-4 MITHEFER/INT A —2 A TOHEBEOEM
MAT S0 8F A — & @ AT, PV, sWSS. mWSS. dWSS 35 L TR 0ST & BVSA RIDAHBI Iz
Thbf U7z, Spearman AN FHBACRE 2 FHBA OFFMIZAE A L, p fE<0.05 #HE & LT,

3-2-4-5 RELTIMITEE/ 53— Ol
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AE 5 A & FiEh IR v o i A oD IR B AR PN oD XA 3] & Bissl A oD i 44 © % 1910 2 fiE L
T, TR ENTE 78 & O R 72 MATENRE R X — L ORI 21T > 72, 3L 2 4 OBIEHE (I
VATV, grade 0: HHEHRER O IS IBTTESCERIETR 23 22 W D56, grade 10 Jili#hfk
HREOWKE 3 43D 1 LA ORI B iy —o 5 5354, grade 2: JREHRER O NEE 3
53D 1 UL EOFEIIC R E 2fiiiuns oL EH %A, O3B TRME Lz, o, BigE
RSN DUNT A 2 SEAT CREM L 7=,

#wER 33
3-3-1 BFEFICKSEEOFM

fiRAT N 240 DFERE & AT B R OARESIZ. 0. 987250. 897 (p<0.001) TH Y . Bhif72 0
Z L7z, F£7z. Bland-Altman/p#T CTIFRRZED ORI L7AMETH D . —BEO B WA R
D& SN (Table 3-2, Fig. 3-1) .

3-3-2 MATHEK/INT A —42 (& % IEPAHEPAHD LB
BB R i i RS RE O sWSSIE, 1EH ERE X 0 ARME A 7~ L7z (sWSS: HlEh IR 5 1 = SEAE,
0.594+0. 067N/m*; 1EFJERE, 0.961+0.590N/m*; p=0.001), F7=. mWSSH [AIARIZIRAE %
R L7z (mWSS: FliEhR & f)ESERE, 0.365+0. 035N/m?; 1E%JERE, 0.489+0. 132N/m?;
p=0. 027), FfiERE MJEAEREOOSTIX, EFIEREL Y miEZ R~ L7 (0ST: sk i) +iiE
B, 0.214710.026; IEHFERE, 0.130%0.046; p=0.001), FE7=. BVSAHFEREICEEZ R L
72 (BVSA: FEhRE MJESERE, 1104. 5+62. Imm®; 1EH ERE, 684. 1+129. Imm?; p=0. 009)
(Table 3-3),

3-3-3 MmATHZEH/NS A—4 & PAP & D1EEI D FE{i

mean PAP & PV, sWSS, mWSS 35 J OV dWSS 1B DAHRS A 7~ L, OSI, BVSA [F1EDFHBE %7
L7- (mean PAP & ®FHEH: PV, -0.498 [p=0.044]; sWSS, -0.638 [p=0.005]; mWSS, -
0.643 [p=0.005]; dWSS, -0.485 [p=0.049]; O0SI, 0.625 [p=0.007]; BVSA, 0.523
[p=0.031]), F7z, systolic PAP & [AIER7ZR2FHREZ 7R L7z (systolic PAP & OFHES: PV, -
0.482 [p=0.049]; sWSS, -0.622 [p=0.008]; mWSS, -0.629 [p=0.007]; dWSS, -0.484
[p=0.049]; 0SI, 0.594 [p=0.012]; BVSA, 0.515 [p=0.034]) (Table 3-4),

3-3-4 MmMITHEF/NS A —42 ATOFEED
BVSA & sWSS IZEDOAEEZ R L. OSI IZIEDOFEEEZ L7~ (BVSA & OFHRI: sWSS,
—0. 488 [p=0.049]; 0SI, 0.574 [p=0.016]) (Table 3-5),

3-3-5 RELMITEIR/ 2 —> Dl

EARER OFEATIE, IEHEREIOIIT £ 72 X8 SE i S IE I C 12 4R 2 &L, ik
R 12 4H 9 AICEIR Sz oloxt L, MiEReE M EGERE CTIEEH 2 B iR il £ 72
(FHRFETR S IHE AT b A 4 41T, YRR Th A4 5 4B STz (Table 3-6, Fig.
3-2. Fig. 3-3),
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24 DBIEE I O—FE L. I v 7 MREDY 0.545 725 0. 75 DE]TdH W BiF72—FFEN
B BL7= (Table 3-7),

EE 34

AWFFETIX, PAH OBZW 21T 5 72 DI STV B ERIGERIEIC L > TH LD
MAT /I FHINT A—5 AT, PVIZINZ T, MATENAEZ LM 3 572 3D cine PC MR T/ H 4L
72 WSS & OSI Z# 7= Lz i il B0 E Bg > T 5,

Sanz & ORI 'Y X 0 WS X4 PAH OFHI 24T - 7206k D MAT MR T A — X T, 18
P AR SE AR MR IR R 0D FEE B CRTEhIR O e JOH B & SRR S 1L mPAP & i ~@ DA DR %
b . PAH O ROHEE & HENIRITE & O RNCHEVVE OFF B2 R S v, i i & 55T (pulmonary
vascular resistance [PVR]) OFEANC X 0 | il IR 218 5 Mk OIFER S EARICEELS 720 |
BFHnTndZ EaHmE LTS, Fx ORROTENE TR REmnH Y, —HL
770

Bogren B Dam3C "W ik, MBIRO M EIEA BN M EERE B D CTHREIERNZ & %
WMELTWD, ZoZ & X0 RIEMEIIROM RO TIZ X 0 Mi#k2 5450312 PVR
R PAP O¥EINA R Z 92 & THEWAIA b L AL T, A0 OA R MEN IR O [ E L5E
NelEEZINT=EBEZLLNT,

AWFFECIX, BN E M ERE LR ERE IS e~ Bk BVSA D4 K (Table 3-3) .
FEIAR O O HEL (Table 3-6, Fig. 3-2. 3-3). sWSS, mWSS DAL T & 0SI dESIN (Table
3-3) MBIELE L, mPAP, sPAP & PV, sWSS. dWSS. mWSS (ZIZ & dDFERES. 0SI. BVSA IZIXIE
OFENEEZE SN (Table 3-4), ZHHDZ L%, F#ERE OFLIEICfE S BVSA DI,
AU HE T 72 & o B 2y o B, PVR (2 X 2 MMt E DK R 722 Elc kv | sWSS,
mWSS X FAA U7z LB T& /=, F£7=. 0ST 1E WSS OEFAFOIEIETH 1 | TR NE
PRe 8 22 ATV R MR S % — 12 X U WSS ORI E N U, 0SI o8 mE £ UL
EZ BT, £ B ML ESERED mWSS 1 BIREE L2342 U 5 & &5V WSS (0. 4Pa)
WHTFTH Y, ARIOMFIRIC & 0 Bk CENIREE(L 2 5] & 42 Z 9 aTRENEA U RIR S vz,

A BIOMFETIX, 3D cine PCMR OEEFIZ L V| 3RITT — X BFHTHED AT A A3 fRHE
2 EL, & OICHRBERIONZ TRAREGR S b D 2 & Tl EhiE o a4 k23 7] §E
ol ZAUT XY ENIRE R O FENR LTS % — > 0 3 ot iliAT /1T R 58T
TR MR A AT D AR B U . FIERZ N EE BT,

VL EOHEECFEAE R L 0 . 3D cine PC MR Z{# H L 72 MLFRARHT CTd> 5D mWSS, sWSS 38 &
TN 0SI |Z, PAH T/ U % PVR <° PAP @ 512 X 2 Mi#hREE O YR TENAE D 2 24l
EEBIZ & B 25 H T, FHEIRE fE0E OMEI T & BREICERE U, IR M EiERE & 1
WIEREZ KB D H 72 72 AT )0/ T A — 42 L 70 D Al REME D RIE S Tz,

AWFFEDORIZL, JEGIED DI WETH T,

#Hwm 3-D

3D cine PC MR Z{#ifH L CHIE &i7= sWSS., mWSS 35 L TN 0ST 13, Alidhik s ifnJERERE & 1F
WERE 2 BB X BT B FENIR O 72 72 AT N FHI /R T A= 20 25 Z ENRIE S
i,
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Table 3-1.

Patient demographics of non-PAH subgroups and PAH subgroups

non-PAH PAH
n=12 n=2>5
Sex (M/F) 111 Sex (M/F) 3/2
Age (median, range) 74.5 (57-83) | Age (median, range) 77 (73-88)
Diagnosis | CVD-IP 2 Diagnosis | IIP 1
[P 1 Postoperation of
COPD 4 lung cancer
IP+COPD 3 PAH 1
Sarcoidosis 1 COPD 2
NTM 1
BNP (pg/ml) 78.4 £52.2 * | BNP (pg/ml) 174.7 £ 186
A-aDO2 (mmHg) 46.9 + 20.7 A-aDO2 (mmHg) 35.3+21.6
sPAP (UCG, mmHg) 50.8 £ 19.3 sPAP (UCG, mmHg) 52.6 + 16.6
mPAP (RHC, mmHg) 18.3+3.7 4 |mPAP (RHC, mmHg) 33.6+7.0 %
Data are presented as mean + SD. * : statistically significant (p values < 0.05)

A-aDO2,alveolar-arterial oxygen differences; BNP,brain natriuretic peptide; COPD,chronic
obstructive pulmonary disease; CVD-IP,collagen-vascular disease- interstitial pneumonia;
F.,female; IIP,idiopathic interstitial pneumonia; IP, interstitial pneumonia; M,male;
mPAP,mean pulmonary arterial pressure; NTM,nontuberculous mycobacteriosis;
sPAP,systolic pulmonary arterial pressure; PAH,pulmonary arterial hypertension; RHC,right
heart catheterization; SD,standard deviation; UCG,ultrasound cardiography
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Table 3-2. Intraoperator and interoperator correlation coefficients
for measurements of WSS and OSI

Parameter intraoperator1 intraoperator2 interopetator

sWSS  0.973 ( p<0.001) 0.951 ( p<0.001) 0.980 ( p<0.001)

dWSS  0.953 ( p<0.001) 0.897 ( p<0.001) 0.939 ( p<0.001)

mWSS  0.951 ( p<0.001) 0.931 (p<0.001) 0.958 ( p<0.001)

oSl 0.941 ( p<0.001) 0.924 (p<0.001) 0.939 ( p<0.001)

sWSS: systolic wall shear stress, dWSS: diastolic wall shear stress, mWSS: mean
wall shear stress, OSl:oscillatory shear index
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Table 3-3. Differences of pulmonary arterial hemodynamic parameters

between patients with and without pulmonary hypertension
based on 3D cine phase contrast MR imaging data

Total P_atients _Patients o value
with PAH without PAH
No of patients 17 5 12 -

AT(msec) 0.189+0.026 0.185+0.020 0.192+0.027 0.855

PV(cm/sec) 53.02+£10.34 47.82+8.33 55.19+10.63 0.328

sWSS (N/m?) 0.853+0.257 0.594+0.067 0.961+0.590 0.001

Parameter dWSS (N/m?) 0.257+0.068 0.216+0.072 0.275+0.062 0.130
mWSS (N/m?)  0.453+0.125 0.365+0.035 0.489+0.132 0.027

(O] 0.155+0.056 0.214+0.026 0.130+0.046 0.001

BVSA (mm?) 807.7+226.8 1104.5+62.1 684.1£129.1 0.009

PAH: pulmonary arterial hypertension, AT: acceleration time, PV: peak velocity,

sWSS: systolic wall shear stress, dWSS: diastolic wall shear stress,
mWSS: mean wall shear stress, OSI: oscillatory shear index, BVSA: blood vessel section area
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Table 3-4. Correlation coefficients between pulmonary artery hemodynamic
parameters based on 3D cine phase contrast MR and
pulmonary pressures based on right heart catheterization

Parameter

mPAP

sPAP

dPAP

AT

PV

sWSS

dWSS

mWSS

oSl

BVSA

-0.170 (p=0.514)
-0.498 (p=0.044)
-0.638 (p=0.005)
-0.485 (p=0.049)
-0.643 (p=0.005)
0.625 (p=0.007)

0.523 (p=0.031)

-0.115 (p=0.661)
-0.482 (p=0.049)
-0.622 (p=0.008)
-0.484 (p=0.049)
-0.629 (p=0.007)
0.594 (p=0.012)

0.515 (p=0.034)

-0.246 (p=0.342)
-0.274 (p=0.287)
-0.426 (p=0.088)
-0.108 (p=0.681)
-0.408 (p=0.104)
0.647 (p=0.005)

0.659 (p=0.004)

PAH: pulmonary arterial hypertension, AT: acceleration time, PV: peak velocity,
sWSS: systolic wall shear stress, dWSS: diastolic wall shear stress,

mWSS: mean wall shear stress, OSl.oscillatory shear index,
BVSA: blood vessel section area
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Table 3-5. Correlation coefficients between pulmonary artery
hemodynamic parameters and pulmonary trunk
blood vessel section area based on 3D cine phase
contrast MR

Parameter BVSA
AT -0.174 (p=0.567)
PV -0.192 (p=0.525)
sWSS -0.488 (p=0.049)
dWSS -0.105 (p=0.687)
mWSS -0.306 (p=0.232)
oSl 0.574 (p=0.016)

BVSA: blood vessel section area, AT: acceleration time, PV: peak velocity,
sWSS: systolic wall shear stress, dWSS: diastolic wall shear stress,
mWSS: mean wall shear stress, OSI: oscillatory shear index

34



Table 3-6. The variations between two observers concerning the
appearances of the abnormal flow patterns on pulmonary
artery streamlines images

cardiac phase systole diastole
flow pattern grade 0 grade 1 grade 2 grade O grade 1 grade 2

observer 1 1 2 2 0 4 1

PAH
observer 2 1 3 1 0 3 2
observer 1 10 2 0 3 9 0

non-

PAH
observer 2 10 2 0 2 10 0

Figures indicate the number of the patients.

PAH: pulmonary arterial hypertension

grade 0: no abnormal flow (laminar flow in the systole and turbulent flow in the diastole)
grade 1: mild vortex and/or helical flow

grade 2: severe vortex and/or helical flow
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Table 3-7. Kappa statistics of interobserver variabilities
concerning the abnormal flow patterns between patients with

and without pulmonary hypertension based on 3D cine phase
contrast MR imaging

K value systole diastole
PAH 0.686 0.545
non-PAH 0.625 0.750

PAH: pulmonary arterial hypertension
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Figure. 3-1a. Intraoperator agreement on sWSS for operator 1

Bland-Altman analysis plotted for intraoperator agreement on
sWSS for operator 1. The bias for each measurement was within
the acceptable ranges.

a. Intraoperator agreement on sWSS for operator 1
Intraoperator agreement on mWSS for operator 1
Intraoperator agreement on OSI for operator 1
Intraoperator agreement on sWSS for operator 2
Intraoperator agreement on mWSS for operator 2
Intraoperator agreement on OSI for operator 2
Interoperator agreement on sWSS

Interoperator agreement on mWSS

Interoperator agreement on OSI

TQ@ ™t 0 a0 T

37



Difference

-0.05

0.15

o - o
0.1 Mean+1.965D
0.05 O
O o
. 8 Mean
O T T O—O—O (\) T T O

01 02 030 04 °95 © 06 07 08 09

Mean-1.96SD

-0.1

-0.15

Mean

Figure. 3-1b. Bland-Altman analysis plotted for intraoperator
agreement on mWSS for operator 1. The bias for each
measurement was within the acceptable ranges.
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Figure. 3-1c. Bland-Altman analysis plotted for intraoperator
agreement on OSI for operator 1. The bias for each
measurement was within the acceptable ranges.
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Figure. 3-1d. Bland-Altman analysis plotted for intraoperator
agreement on sWSS for operator 2. The bias for each
measurement was within the acceptable ranges.
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Figure. 3-1e. Bland-Altman analysis plotted for intraoperator
agreement on mWSS for operator 2. The bias for each
measurement was within the acceptable ranges.
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Figure. 3-1f. Bland-Altman analysis plotted for intraoperator
agreement on OSI for operator 2. The bias for each
measurement was within the acceptable ranges.
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Figure. 3-1g. Bland-Altman analysis plotted for interoperator
agreement on sWSS. The bias for each measurement was within
the acceptable ranges.

a. Intraoperator agreement on sWSS for operator 1
Intraoperator agreement on mWSS for operator 1
Intraoperator agreement on OSI for operator 1
Intraoperator agreement on sWSS for operator 2
Intraoperator agreement on mWSS for operator 2
Intraoperator agreement on OSI for operator 2
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Figure. 3-1h. Bland-Altman analysis plotted for interoperator
agreement on mWSS. The bias for each measurement was
within the acceptable ranges.
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Figure. 3-1i. Bland-Altman analysis plotted for interoperator
agreement on OSI. The bias for each measurement was within
the acceptable ranges.
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Figure. 3-2 . Representative streamline analysis (a), WSS map (b), time course changes of the
WSS values of the main pulmonary arterial wall and hemodynamic values (c) acquired in a 77-
year-old male with non-PAH. Systolic streamlines of the pulmonary artery (a) show laminar,
but no vortex flow. WSS in the time-averaged WSS-contour image of the pulmonary artery (b)
is about 3 N/m2 or more. Spatially-averaged temporal WSS change in the pulmonary artery (c)
show its peak at 166 ms from R wave. Patient’s data with non-PAH (d) demonstrates a high
value of BNP, and normal PAP. The error bars represent the SD.

PAH: pulmonary arterial hypertension, WSS: wall shear stress, sPAP: systolic pulmonary
arterial pressure, UCG: ultrasound cardiography, PAP: pulmonary arterial pressure, RHC: right
heart catheterization, s/d/m: systole/diastole/mean, BNP: brain natriuretic peptide, AT:
acceleration time, PV: peak velocity

46



WSS[Pa)

Velocity[mm/sec]
L ] 6.18

750.00

& 37500 S

187.50 155

= |\ A\
I s \ ‘ : ‘ | 454
B AT
’I‘ Uy
\ 7 3 I
_ i

2 sPAP(UCG: systolic, mmHgQ) 43
1
Cos PAP (RHC: s/d/m, mmHgQ) 52/17/31
E f
Z |
<06
0 * BNP (pg/ml) 32.4
gm /]
{ fw AT (msec) 211
02 ] |1
0 T T T T T T T T T T T 1 PV (Cm/s) 40-5
48 114 179 244 309 375 440 505 570 635 700 780
C. time (msec) d .

Figure. 3-3. Representative streamline analysis (a), WSS map (b), time course changes of
the WSS values of the main pulmonary arterial wall and hemodynamic values (c) acquired
in a 75-year-old female with PAH. Streamlines of the pulmonary artery (a) show vortex
flow (arrows) from the trunk to right pulmonary artery. WSS in the time-averaged WSS-
contour image of the pulmonary artery (b) is about 1.5 N/m2 or less. Spatially-averaged
temporal WSS changes in the pulmonary artery (c) show its peak at systole (244 ms from
R wave), which is lower than non-PAH (Fig3-2c). The error bars represent the SD.
Patient’s data with PAH (d) demonstrates that PAP is higher, BNP is lower, AT is higher
and PA is lower as compared with non PAH patients.

PAH: pulmonary arterial hypertension, WSS: wall shear stress, sPAP: systolic pulmonary
arterial pressure, UCG: ultrasound cardiography, PAP: pulmonary arterial pressure, RHC:
right heart catheterization, s/d/m: systole/diastole/mean, BNP: brain natriuretic peptide,
AT: acceleration time, PV: peak velocity
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FIGURE LEGENDS

Figure. 3-1

Bland-Altman analysis plotted for intraoperator and interoperator agreement concerning the
measurements of SWSS, mWSS and OSI. The bias for each measurement was within the acceptable
ranges.

a: Intraoperator agreement on sWSS for operator 1

b: Intraoperator agreement on mWSS for operator 1

c: Intraoperator agreement on OSI for operator 1

d: Intraoperator agreement on sWSS for operator 2

e: Intraoperator agreement on mWSS for operator 2

f: Intraoperator agreement on OSI for operator 2

g: Interoperator agreement on SWSS

h: Interoperator agreement on mWSS

iI: Interoperator agreement on OSI

Figure. 3-2

Representative streamline analysis (a), WSS map (b), time course changes of the WSS values of the
main pulmonary arterial wall and hemodynamic values (c) acquired in a 77-year-old male with non-
PAH.

Systolic streamlines of the pulmonary artery (a) show laminar, but no vortex flow. WSS in the time-
averaged WSS-contour image of the pulmonary artery (b) is about 3 N/m?2 or more. Spatially-averaged
temporal WSS change in the pulmonary artery (c) show its peak at 166 ms from R wave. Patient’s
data with non-PAH (d) demonstrates a high value of BNP, and normal PAP. The error bars represent
the SD.

PAH: pulmonary arterial hypertension, WSS: wall shear stress, sSPAP: systolic pulmonary arterial
pressure, UCG: ultrasound cardiography, PAP: pulmonary arterial pressure, RHC: right heart
catheterization, s/d/m: systole/diastole/mean, BNP: brain natriuretic peptide, AT: acceleration time,
PV: peak velocity
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Figure. 3-3

Representative streamline analysis (a), WSS map (b), time course changes of the WSS values of the
main pulmonary arterial wall and hemodynamic values (c) acquired in a 75-year-old female with PAH.
Streamlines of the pulmonary artery (a) show vortex flow (arrows) from the trunk to right pulmonary
artery. WSS in the time-averaged WSS-contour image of the pulmonary artery (b) is about 1.5 N/m2
or less. Spatially-averaged temporal WSS changes in the pulmonary artery (c) show its peak at systole
(244 ms from R wave), which is lower than non-PAH (Fig3-2c). The error bars represent the SD.
Patient’s data with PAH (d) demonstrates that PAP is higher, BNP is lower, AT is higher and PA is
lower as compared with non PAH patients.

PAH: pulmonary arterial hypertension, WSS: wall shear stress, sSPAP: systolic pulmonary arterial
pressure, UCG: ultrasound cardiography, PAP: pulmonary arterial pressure, RHC: right heart
catheterization, s/d/m: systole/diastole/mean, BNP: brain natriuretic peptide, AT: acceleration time,
PV: peak velocity
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