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Design and Development of a New Pulsating
Cardiac Coronary Phantom for ECG-gated CT
and Its Experimental Characteristics

Yun Shen", Munekuni Sato?, Fumiko Kimura®,
Masahiro Jinzaki*, Jun Horiguchi®,
Katsuhide Ito”, and Sachio Kuribayashi?

The optimal pulsating cardiac phantom is an important tool
for the evaluation of cardiac images and cardiac applications
on ECG-gated MDCT. The purpose of this study was to
demonstrate the design and fabrication of the pulsating cardiac
coronary phantom. The newly developed pulsating cardiac
coronary phantom has the following five key advantages:
1)a driver component that uses only one servomotor to move
the phantom in three dimensions (X, Y, and Z directions
with 16 presets of different heart types (heartbeat: 0-120 bpm;
ejection fraction: 0-90%); 2) versatile pumping and filling
phases to simulate a real heart in a cardiac cycle can be in-
corporated into the driver sequence including shift of patient
heartbeat or irregular pulse (maximum: 200 different heart
waves in one scan); 3)a cardiac coronary component con-
stituted of an acrylic/silicon/rubber tube (2-6 mm inner
diameter) with stent/in-stent restenosis/stenosis/soft plaque/
calcification parts and maximum 16 coronary arteries that
can be attached to the phantom in the same scan; 4)the com-
plete phantom can be submerged in a tank to simulate the
heart and its surrounding tissues; 5)ECG gating can be from
interior trigger and exterior trigger. It has been confirmed
that the developed pulsating cardiac phantom is very useful
to quantitatively assess imaging of the heart and coronary
arteries during phantom experiments.

Research Code No.: 200

Key words: MDCT, ECG gating, Pulsating cardiac
phantom, Coronary

Received Aug. 27, 2004; revision accepted Feb. 23, 2005

1) GE Yokogawa Medical Systerns, Limited

2) FUYO Corporation

3) Department of Radiology, Tokyo Women’s Medical University
Daini Hospital

4) Department of Radiology, Keio University

5) Department of Radiology, Hiroshima University

BlRIFER 5%

T191-8503 WREHAEFMBH Fr4-7-127
C;:Em;-‘ajx F oA HILD AT Lkt

p z

NIPPON ACTA RADIOLOGICA 2005 ; 65 : 224-232

#

PER, CTIZX LB - EBIIR % s, SHl+ 2 2 &3,

IREE R RE O RIREIC X D RS N3 (BT ¥ — ACT) D&
THRETH o7z KGR ER-5#EE, BTk Esst
J A XM (SINKL), RUF% WM 5 ek % &+ % MDCT
(multidetector-row CT) D&EH;-52 X ), MDCTIZ & %[
Wi - SEENARADIE I ZBE: H % 4D TV 56200,

OB - EENIRMDCT D FEAi 1213, BB R4 2.0k
E, LEMEAMEOME, WiGEMRREIAR EETS
B, SO OEEEERNICEHEIT 2 220120k, LS
T7 Y PABATREZEZLNS, LL, HAaTEsh
TWALIEIIEE 7 7 ~ b A 3HIESS Eﬁc?);*- DI SN
RODTHY, ZOMENY - BELEORE LR Y
BARMIZIEZETH Y, 1, BE 0‘wL~?El':““§UJE CITA
IROBHEES HEETH 2. Wiz, HETHIRORE b ARy
KEELTWhWD, SEIlREFM~OEH b HiETd
o) .

AL D B B OB FMCT IS 5 LIMENE 7 7 ~ b
LOREHERABICETALOTHL., 77 FLADOEEE
o, #EIHEIIOVTRY, R#BIZT7 7 v b ADHHER
iE& FOIBH %R,

i

OIREIRET 7 > b LD

. DIEENRE T 7 N LDEREHEAR

’L"éEl.ﬂﬁﬁCTl W AT 7 b ADREEAEL LT,
(1) IEGZHETE Tld Ze v /e 3 OB & (Three Phases: fast and
slow filling, fast pumping) Z B S IZHAETELZ & 5 (2) A
F v A OAZEE) (ABDZEL) B X AR OIRFE (L
MBOENLECEOHEDEL) 2B ICHETES S
&G BIBEZEDLIREL RS ICHETEDLZ L (BRI,
ECGE= ¥ —I2 X 2.0 OEE) UITBEIEIZ L B ELE
DEEDEADT— ¥ E VB2 ET) ; Q) LHo®RE
THBELCEDITZAZ L (5)FBIR (€1 Stent/In-
stent restenosis/Stenosis/Soft plaque/Calcium plaque) D4
THELCERIITAZIE, D5 EPHA

HASEE R 654 345



Fig. 1 Pulsating cardiac phantom.

The pulsating cardiac coronary phantom is constructed of the following six key components:
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1)driver component: to move the phantom in three dimensions (X, Y and Z directions)by using B|C|D
only one servomotor; 2)control component: to preset 16 different heartbeat types, and to
incorporate real heart waves with the fast pumping, fast filling, and slow filling phases, and

to design variations in patient heartbeats or irregular pulses by using a driver sequence; 3) support component:
to fix the phantom wave including z-direction motion with stopper and to simulate the clinical state with a tank; 4)
phantom component: to constitute a chamber using rubber material to simulate the LV; 5)coronary artery component:
constituted by rubber/acrylic/silicon tubes (2-6 mm inner diameter)with stent/in-stent restenosis/stenosis/soft plaque/
calcification parts, and a maximum of 16 coronaries that can be attached to the phantom in one scan; 6)display
component: ECG gating signal with internal trigger and exterior trigger, bpm monitor, select part of 16 different

bpm types, and stop/start button.

2. DEEEBRET 7 > b LOWEE

LIEBNEE 7 7 > b &201F, FIZUTO 6 2DEFICEL »
THER S TWA (Fig. 1). (1) —FKE-F%FELL, X-
Y1 & OZH BB 3 5 SKEhES 5 (2) BRHER, J(MAE)
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70T 2T BI-0OOHIEE ; 3)ERSY v 7HTB &
U777 bAOBRERZ B H— MR ; (4).0E 2B+
BLET 7 PLE(F X 2oN=) ) (5)EEEEIARE 0N
E7 7Y bua(Fy =) HEICEREEHIRE BET 57
HOFEERES 5 (6) LERIFEMES S, ikt =%—,
BLUty b LIEN6HEED LAY — 2 RIRTE S
FORARVEEB.

1) BREYER (Fig. 1A, B)

EREhERI, LMEBIE T 7 > P ADRLEELETD 1D
THEN, ZOT772 bLOFEHIZ1I 2D —FE—5D
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tv Drive sequence
V4 =
- i a? A
/ Fast filling 2 >
5 Slow filling 82
P2 PEI
az Fast pumping
< AL 2 . Vs
v Pumping process: p,—ps—p, (ES)
Filling process:  p;—p,—p, (ED)
Fig. 2 Driver sequence.
An actrual heart wave with the fast pumping, fast filling, and slow filling phases can be incorporated
by using two accelerations, four velocities, and four positions of driver sequence, and the variation
of patient heartbeat or irregular pulse can be designed by using different driver sequence cycles.
Phantom volume change
200 - 200 - S ()
3 40 bpm Slow filling 3 60 bpm | 'eg_npmg process (pp
& 150=x _'___5___7-- o 8 150 By Sy .--'\
[} @ & 4
E 1 >\ /. \\_/’ e N \\//T N
3 100 piT 5 ~~ ERDIE e A 7
C o 3 e S
>, | Fastpumping Fast filling = 5 Filling process (FP)
- T T T tal T T T
0 0.8 1.6 2.4(s) 0 0.8 1.6 2.4(s)
200 ; Q25
- 88 bpm ﬁ 2 >
o 150 & 45 '"'“NH......‘
— - " —
s NEANGRgINE 1 ~o
S 100 S 3 05
[#] o b it
> Fast pumping Fast filling £ 0 : ' : ' ' ! :
DO ’ ' ' 3 40 50 60 70 80 90 100
)
g 0.8 g 24(s) Heartbeat (bpm)
Fig. 3 Heart wave with different bpm. A
A: Slow heart beat, 40 bpm. -
B: Middle heartbeat, 60 bpm. R
C: Fast heartbeat, 88 bpm. ¢ | D
D: Rates of filling process (FP)and pumping process (PP).
Three phases of heart wave (fast and slow filling, fast pumping)decrease to two phases (fast filling and fast
pumping)with an increase of bpm.
[ N HERZZLEE D EDTEEIC 25 (BEITELET, K16
2) il (Fig. 2) DIREV LB R400DM AL >~ FPORE D THE). pildE

GEOFRE, (HBIOFIREZEEL, 1 Loop(AF v
V)HOLHDES), FERE EOLAT—5E 70T T A
35, ZoLIH, HHSIC TS -7 > A2 RET
A LICL Y, BEOLHBIOTRSE LT 2 2 L A7
HETH 2.

Fig. 2121, 4 MO THE L TWAEE)> —4 > 2%
R, 2 DODONHEEE, 4 OOV E 4 HFTOMEPE R
ETAHIELIZED, FELZEDE) X (Three Phases: fast and
slow filling, fast pumping) % FF¥i9 % Z & (Fig. 3A) &, R
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Table 1 Four velocities with different bpm.

Motion cycle (bpm) | vq (rpm) | vz (rpm) | va(rpm) | v4 (rpm)
40 4500 1000 4500 4000
56 5750 1450 6000 5500
60 5750 1700 6000 5500
64 5750 2000 6000 5500
75 6000 2750 6500 6000
88 5000 5100 6500 6000

Motion cycle (bpm) Systole (sec) Diastole (sec)
40 0.50 0.97
56 0.39 0.68
60 0.37 0.62
64 0.36 0.56
75 0.34 0.46
88 0.33 0.35

A: Four velocities for different bpm settings. Vy, Vo, Vi, and A
V, are motor cycles (rpm).

B: Time of filling process approaches time of pumping pro- B
cess with an increase of heartbeat.
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2 NG E, OBETE, A F v > oS E O
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RIS D L. (DEA M EZEKET 5 2 L TR TES
HT0EH, EA M DOIMOOMBEPIZH LT, U0
VERETHILIZLD, EZEETERVWELEORE
T A EHTE S (2)—MDLoop (A ¥ ) TR
200D 7 B AHEIEOBRENTEL I L, THUIL-T,
DAD BT AR OBHRIE S 25, EBRZEDL
WRRED B & AT O WTREIC 20 5 5 (3)RT1658 ) OB/
= OB & - T, ABORE IS (ES
WiTA A2k, F7z, IR AF v o ho.0ET)E
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WEZIT>TVBEDT, TOWEREIL0.8msTH S, Fig.
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EEIL TS, F/2, 1200pmETOT7 7~ P ADIEH
BfES fERE S i
2) EBR I
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) ALK BEBIROHHAE XA L7 b D TH B, Fig. 5
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S EIIROMPRIE % /R L TWwh,. $72, CHR, MSR-2
EMSR-4T 3 65 W 7= SE%h s [ 4 i Bk (TR) 12 # & h
250ms, 191ms&84msiZ7% V), TRDLEIZLEY, Banding
Artifact? i 24, FIR Y 7 b 75— 7 R A T >
P A TE D Z LRI,
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FSELRVIal—va yRETEDL LIRS,
Fig. 6i&, A id16: ) OIBBEE Y — > D—BlERL, A
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WA, Bl A 2 v okEk, MEENC I3 O EE R
7. ZZTOE6ODI, E60D2, E60D4, E60D6, E60DS &
AR, FNEIEEOREIL60bpm TH ), FifL4
ZeW)id 1bpm, 2bpm, 4bpm, 6bpm, 8bpm&31bpmTdH 5
LT T IVEIRT, F72, BCGEZ ¥ — ECTOMAIC
BWT, TOMBBFENY — » OEHELBEI R S N
7z,

EEDIEHEMRAEIZBVWT, A& v hoBEOHIZ—
E TRV, bhubhid16 X F £ ADMDCTIC X 5 177HEH]
DUEHFIA F 2 2 (FHY2F v 2B 23.0 £ 4.25) D
BEO LB Z AT L, DT OMEIEBLN. A F v >
O NZE) X142 £ 17.70pmTH Y, 10bpm L ED
DA Z68EH (38.4%) b B o7z, ZHDLEHIIZAF ¥~
ORI, LERIFEHA * v 284 OBanding Arti-
factZ L THMEDLLEELLFRFRO—D L LTE
Zbhb, MEINIZUBEEY 7 2 AR ZDOAF ¥ >
POBED LR T2 EHTE, LHEHIC X
% WE DA RN 2 2 EASTEETH 5 (Fig. 6).
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Fig. 4 Phantom application(l): Image quality
with different bpm.

A: Static State (0 bpm), 0.5 s/r, CHR.

B: 60 bpm, 0.5 s/r, CHR.

C: 85 bpm, 0.6 s/r, MSR-4.

D: 105 bpm, 0.5 s/r, MSR-4.

Giood image quality was obtained at all bpm
regions using optimal scan condition (optimal
rotation speed and reconstruction algorithm).

Fig. 5 Phantom application (I): Image quality
with different cardiac reconstruction algorithms.
A: CHR(TR: 250 ms), static state (0 bpm), 0.5
s/r.

B: CHR(TR: 250 ms), 105 bpm, 0.5 s/r.

C: MSR-2(TR: 191 ms), 105 bpm, 0.5 s/r.

D: MSR-4(TR: 84 ms), 105 bpm, 0.5 s/r.
Cardiac image quality was improved by using
high temporal resolution cardiac reconstruction
algorithms.
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Type of preset 80 Irregular model
Preseti bpm EF (P,) Shift model
_ E60D8
0 45 1500 i -~~~ E6ODI
1 55 1500 70 A ’ 5
—_ \ 2 o
2 60 | 150 | E | sl |
3 65 1500 8 G
4 75 | 1500 | § 60 ——aé__ i S
5 80 1500 8 o N SR
6 85 1500 s e ey N
7 95 1500 T 5 B0IBpM.- S s
8 105 1500 Constant model %~ %
9 115 1500 E60D4
A E60D1 1500 40 ! L . ! !
B E60D2 1500
%) E60D4 | 1500 0 = 8 4 5 & 7
D E60D& 1500 Cycle number
E E60D8 1500
F Irregular 1500
Fig. 6 Sixteen presets of different heart types.
Presets of 16 different heart types are shown to evaluate the effect of bpm shift on cardiac image quality A B
(1Q). On the right, the x-axis shows cycle numbers of heartbeats; y-axis shows bpm.
B
r C
D
Fig. 7 Phantom application (111):
image quality with different heart
rate models.
v A: Constant model (no fluctuation).
B: Shift model (fluctuation of 4
bpm).

C: Shift model(fluctuation of 8
bpm).

D: Irregular model (fluctuation of
31 bpm).

! It was demonstrated that variation
in bpm and irregular heartbeat
during scanning decrease cardiac
image quality.

2) EER ik FilRALScoringDEFAi 12, Agaston-Janowitzi (AJ130 © Bl

FeBildLightSpeed Ultra 16 % i L, 16 x 0.625mm, -~
1) AV E y F1320.275:1, 120kV, Banding Artifact% 3 & %
B DOFHIIZ0.55/300mA, ELETHAL T 7> b AE(F
Y UN-)DRE D225 T 02, 16 OHETEIR (32
BIAEME AT ¥ M) 2 %iET 5. WHIIREK{EScoring®
FHiiz0.5s/120mA & L, ELETHE T 7> bLi(F+ >
=)D IZHR A B RESDRIKILEEHT 5 2 KOS
IR Ak ALS coring D FFilli AR EHE TR % i%iE 9 5. Fig. 6D
CBEEIRE 7 7 & b L DLIBUS Y — v R EHT A, EBhIR
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{&130HU) Zf#F§9°%. ECG Scan ModeldProspective Gating
Mode & Retrospective Gating Mode % £ H1 4% . li{% o> Ffif
BAAR L CIEENEE 7 7~ b L O$EERII (ED) Td 590% & §
5.

EBCTOEEINRAT K bScoring & DL D 7= | ZfFH X
72EBCTD A F v » ZfH1E3mmTH/542mA/130kV/100ms &
T5.

3) FEBRAY
Fig. 7 l& A F v > P .U EE) (2 B § 5 SRS R O —F1

HARBE izl 8 65 % &3 %
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500

=)
400 e
2 E60D2
= Shift model
2 300 - e
g 60 bpm
0 Constant model
§ 200 =
T
<
S 100
o
O
0 —

Irregular model

R4 g

ail

EBCT Prospective gating
scan mode

B A B

Retrospective gating

Fig. 8 Phantom application (IV): Calcification scoring with different gating methods.
It was confirmed that bpm variation and irregular heart raie decrease accuracy of calcification scoring

at prospective gating scan mode.
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