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Summary

Experimental studies using static and dynamic phantoms have shown that nuclear magnetic resonance
cardiac imaging (MRI) can provide accurate measurements of left ventricular wax cast volumes, wax
cavity volumes and pumping volumes.

Ventricular dimensions and functions of 15 normal volunteers were quantitively studied. A multi-
slice spin echo (SE) sequence with ECG-gating identified end-diastole and end-systole. Ventricular
volumes were calculated by summing the areas of the cavities in multiple contiguous transverse sections.
Stroke volume, cardiac output, and ejection fraction were consequently calculated. The right and left
ventricular dimensions and functions were compared using these method.

The stroke volumes of the right (71.3+13.5 m/) and left ventricles (72.5+12.1 ml) were identical.
Accordingly, the cardiac outputs of the right (4.8+£0.9 //min) and left ventricles (4.9+0.8 //min) were
identical.

Right ventricular end-diastolic volumes (133.€+18.6 m/) and end-systolic volumes (62.3+10.0 ml)
were significantly larger than the corresponding left ventricular volumes (120.2+15.9 m/ and 47.7
+9.7 ml, respectively) (p<0.001). Right ventricular ejection fraction (53.1+5.4%,) was significantly
less than left ventricular ejection fraction (60.8+6.29,) (p<0.001).

Using MRI, measurements of right and left ventricular dimensions and functions were simul-
taneously obtained, accurately and non-invasively.
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25353, zo MRI #Hv, o dimension
R OERICHE T > EEEE RN T 52
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BEfL 2.
bl &

London National Heart and Chest Hospital
Magnetic Resonance Unit (Z3%{& &t 7z Picker
International H33 /xR 0.5 Tesla NMR system
% 0.24 Tesla DR Ic TEilig L7z, System D5
fk% Tablel iz5xL7-. FEB I 12id spin echo
20 msec # 7NV ARG L LTHY, EBR IT L
BESEEE » 2 % % 2 spin echo 12 msec %
Wiz B b EOFEX T 5 2 BT, F8H
B L ERERE RO . FBESEEIVE
SNl demension DOEFEEILX, HELEE
DFE—EFIZBIT % % i+ 558 (internal
comparison) (2 X ¥, HEFEAME T Student’s
paired t-test |Z X - 7.

EBI

T HOEELY 1280 wax cast 2{EY, T
¥ AF20FEHE I X % displacement method 2
TEFORBERELZ. DPWTZ D cast ZKH
iztkw, zoffkx 10mm FoERT 581
4y &) @ & {t. + 5 multi-slice program (2T,

Table 1. Details of method

Site National Heart and Chest Hos-
pital London

Machine Picker International
Superconducting 0.5 Tesla
system
Operating field 0.24 Tesla

Pulse sequence Spin echo 20 msec and 12 msec

Image reconstruc- Two-dimensional Fourier trans-
tion method formation

Average 2

View 256

Line 256

Voxel size 1.76 x1.76 x10.0 mm

NMRCT z %y v &fT-o7. ZOE{ED cast
DPfFk %, system (ZfFB+ 5 tracking g2 A
WTHBEBRL, ZomBERD. ETOfEIC slice
DES*FLTEHIEEL L, £2EHE 2H>DLD
¥#EALT, MRIEgICE2EKL L. XU
Fo2fBoREFEC L 2REREZEE L. KIC
wax O Mo pNElE Bz moduling L7z 12 &
o cavity #{ED, Kz HEWT cast & F# K
multi-slice IZE#{LL, ZOEHKEE2 MRI »5
Rw, EBICHEALIKOR L HBL .
EEII

EHZeg #8157 & LT, solenoid valve % #H 7
AATEBNER2 BEL, S/ 15 sys-
tem %{E-7-. i~ # /£ IZ pumping system
ZOBRWEAL—VEBAL, FREOBILTIE
DEEEM L. 2072 EZORRERR, &
INFRRES & EifR{L T % 72 iC, solenoid valve o
switch (z gating LT, W% Bk T v
F LR DEEEEESREE O L TT - etk L 13
F#<d v, MRI Eigr o AZEERD 35K
KR LFEKETHD. BELELANV—VOREE
& NMR Eitgh o HE S W = FEEL & g
L. EBRE 1207 20T k.
BEEEEIZ & %0 dimension OHIE

154 0%EAAAKRA (B4, £64)T, I8
TR (coronal section), SR HEI{%
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Fig. 1. NMR images of the chest of a normal volunteer.

Left: coronal section image, right: sagittal section image.

It is easy to define precisely the levels of the pulmonary valve and the diaphragmatic surface of the

heart which are the boundaries of contiguous transverse sections.

(sagittal section) (2 X U fililhIR S M O%CoRERR IS T
DEE EPEL, ORI & JLaER, 1|R%fé’:?§1
» 10 mm & o FEHr i #i{% (transverse section) &
L 7= (Fig. 1).

JraEARM (ED) (20K R jic gating L, 2
fEARW (ES) 303 o QS Wil # R BT
L T gating L 7=. Spin echo 12 msec # v % &
gating 7»0 signal collection {Td)llﬂrﬂ( 24
msec Tdh Y, ED, ES o gating & L (iYL &
Zdz.

—ElD2F v ic kb, ED mifg—ic L,
s 20 mm B roishi oo ES Wifg—Hea 15 % X
IeFm T T ALl ZOHFETE—HORF v

VATH) 4~ 4y, A X v R L TOO4E
RICH - B Wi{ERE 45 DIz 60~90 437 481 L L
7= (Figs. 2, 3).

DX HICLTHES A D i < kS
&, 5%, LA tracking 4+ % 53T
WfEZ ko, 274 2 10mm % U CTEHE

F\\

fiLL, zhaemac, [UEEHLKRkDRL. <
DFEIC LY, =, /r:i'p?(/‘);’cﬁ'b%ﬁl iz 2w
EDV bt ESV 238550, #ofik v —EdaHE
(stroke volume: SV) LERH{SR (ejection frac-
tion: EF) &Fi-Héfo;. SV (T o SEEH
e+ sroLick R (cardiac out-
put : CO) gf;‘-l‘.},ALﬁ: (Fig. 4).

. 1

1. =EB I

7B kS cast ORFERIEIC T, displacement
volume (X) & NMR image volume (Y) offic
Y=X-0.154 o258z L, r=0.95 n=12
p<0.001 oA AHBIBEFR 2345 & hu .

Wax cavity oNIEIC 7z L7z K OBIE T,
measured volume (X) & NMR image volume
(Y) offic Y=1.112X+1.783 o[aljf= 2367 L,
r=0.99, n=12, p<0.001 A5 7 BRI 25 2
57 (Fig. 5).
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Fig. 2. Diagram showing the cadiac scanning method using MRI for the purpose of meas-
urements of ventricular dimensions.

Pulse sequence of spin echo 12 msec is employed.
Data in diastole and systole are obtained in sections 20 mm apart to avoid interference. A zero
delay from the R wave is used for the end-diastolic image and the timing of the S, is used for the

end-systolic image. Repeating this scanning, multiple contiguous sections of the whole heart in end-
systole and end-diastole are imaged for 60-90 min.

Table 2. Comparison of ventricular dimensions and functions of the right and left ven-
tricles in 15 normal volunteers measured using MRI

RV (X) LV (Y) Regression equation
EDV (ml) 133.6+18.6** 120.2+15.9 Y=0.682X+29.1 SEE=9 ml r=0.788 p<0.001
ESV (ml) 62.34-10.0** 47.7+9.7 Y=0.665X+6.3 SEE=7ml r=0.686 p<0.01
SV (ml) 71.3+13.5 72.5+12.1 Y=0.712X+21.7 SEE=7 ml r=0.795 p<0.001
Co () 4.8+0.9 4.9+0.8 Y=0.610X+1.9 SEE=0.41 r=0.803 p<0.001
EF (%) 53.1+5.4* 60.8+6.2 Y=0.820X+16.7 SEE=49% r=0.717 p<0.01

** significantly larger than LV (p<0.001), * significantly lower than LV (p<0.001).
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End-diastolic images End-systolic images

Pulmonary
artery
fevel

ventricle

Fig. 3. One series of multiple contiguous section images of a normal volunteer’s heart.
Changing size of the cardiac cavity from end-diastole to end-systole is precisely demonstrated.
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top of ventricle
Volume of ventricle (V) mi= Y v =Yax10mm
bottom of ventricle
=EDV—-ESV
=SV/EDV
=SV Xmean pulse rate

Stroke volume (SV)
Ejection fraction (EF)
Cardiac output (CO)
during study

a: area, v: partial volume
Fig. 4. Method and formula of area sum-
ming up to calculate ventricular dimensions
and functions from MRI.

Tracking of ventricular cavity is performed
employing the function of the system.
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2. ERII

Pumping system (2 X % volume Z{kdl|E
Tlx, actual volume (X) & NMR volume (Y)
Lofic Y=0.937X—-1.374 olalE= s marL,
r=0.99, n=12, p<0.001 & &EEE A= 2 FHEIRS
#RniAa b hie (Fig. 6).

3. BEZEEZE®LOERE dimension ORIFE

2413 Table2 12iE 440 TH 5.

EDV (ml)): FAEEIEECHLERICKTH-
7-. hAE Lm0 EDV iz Y=0.682X+29.1
O R HABIBG £ 272 (Fig. 7).

ESV (ml): RV (X) iz LV (Y) kb LEEIC
KThole. figeEmEn ESV iz Y=0.665X
+6.3 DR AR E &7 (Fig. 7).

SV (ml): FELEED SV ic3fFEER<,
Wi Y=0.712X+21.7 ofFEHE & & -
(Fig. 8).

EF (%): EHFAECHLAEICKTH -
le. AmeksEo EF Bici Y=0.820X+16.7
DA FEFHB 2 5 - 72 (Fig. 9).

CO (): AELEERXZBEHLL, WH
Y=0.610X+1.9 & FHE» 20 v (Fig.

25+

MR image volume (ml)

I
0 5 10 15 20

Displacement volume (ml)

Fig. 5. Comparison of left ventricular cavity sizes.

Left: The volumes of wax cavities determined by summing the areas of the cavities seen in con-
tiguous 10 mm thick NMR sections (MR image volume) correspond closely with the volumes of
water required to fill the same cavities (measured volumes).

Right: MR image volumes of wax casts of the porcine left ventricles correspond closely with the

displacement volumes.
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Fig. 6. Comparison of stroke volumes.

The dynamic phantom consisted of a water-filled
balloon and pulsed by fixed volume in a pig’s heart is
used to confirm the accuracy of measurement of
changing volumes determined from MRI.

Estimated volumes by MRI and actual volumes of
phantoms correlated closely.
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», EREAIERBHERFEICI SR LOPBR
{, TOREINEEhT WD, FEE, ZOfFEEI
BT 3 0EETEES RI ZEE0#ERICIZE &
FLVWLORHB. Ll, EERKOWEICE
EERESLEPEZ LD L OO0, AEBRRICHT S
BFgEiE, B3 Lb+0ThD L3V iindy,
R BEYEGZHE & LT o MRI ofF+3%
Bk, ThbbERAIACTIChE 2T 5
z LSk ARSI, DIRBRBRFE O, R
Riz Kahghez BoTbnLEL6N 39 R
iz MRI 2IEREARNIE & BEBE D fFR 2 148
5L0THY?, ZoFEEHWTLIED dimen-
sion DORIE % EEED N[BT IT - 72D 2 FKHFFE T
5.
ETEELMEOAENERICHIERES = &
¥EBR ] TR, SO BT > AW L ERICH
ERRETHHZ L3R 1] TR L. Ricl
REEREE 0EALERHE, MHE Y LER gating
#Hwvwic MRI 2 HTRIE L, BRAEQCEES E
OMEY LFBELARAVE VIR LB
BEETO £25, MRI # B v T o0
dimension 0 ERIRIE DIFE DRV, Z0H
fio—oix, MRI ik VEB)IF 3.0 O 72
Bl xB5niciE, »5EMCRELEE
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Fig. 7. Comparison of end-systolic and end-diastolic volumes for the right and left ven-
tricles measured from MRI of normal volunteers.
LV and RV=left and right ventricles; ESV and EDV =end-systolic and end-diastolic volumes.
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Fig. 8. Comparison of stroke volumes and cardiac outputs of the right and left ventricles

measured from MRI of normal volunteers.

20 — r=0,7117
n=15
p<0.01

LV ejection fraction (%)

0 T 1 1 I 1 T 1
10 20 30 40 50 60 70

RV ejection fraction (%)

Fig. 9. Comparison of ejection fractions of the
right and left ventricles measured from MRI
of normal volunteers.

B 5D gating BLETH Y, X MRI system
BZOEEEIHEX 2 X )Tk > 0P HERE
DZETHBRDTHS Y.

BETDR T v 5 KR RLBAEREEC
i, DEEFHEICI VTS Dodge mFkic
RSB X 5T, LEEMLH» OEFAENHE
KHELTRBET 2 b 0B L WO olkr
NMR OEGICERT 5 2 & bRA 70, LEE
BRI OBOREL ORICREFAELHVHA
DL, BaedBALR» oM.

£ [E], Fx H{T - 7= area summing up D FH ik
X, v 5 CT v Miller 2% Lip-

ton 513357 5 - hkiciEv. Lipton i3 cast
KTHELTWSER, EEDOAROLEICERT
B, ERRELEL T 52 LR BRI
BALDOE,IL, LTFLIBRHTEARVWEEXD
N5, BENREBLO e 2B v b F v
CT L[ MRI CT <, &EAIZzHVT
LM L LNIEOSBERTFIRETH Y, ZoFEE
DERBEL LTREERLDOTHS .

T OFEICR T HEBEAE, B RREE L
W45z LR, EHigO D& I B} 5 partial
volume effect DEEBENH Y, h o ORIEIL,
BIFRSCIC Tagak L7210,

A&, LERERKEE T 20N KIBEEF
*E FETREL, AE, EEo 1 EHHE
DENLFHAL LEAEREE, LHT—FT AT
Fick oJf#lic kv #HHEsh - EREL B
L7 (Fig.10). z oF#:ic k 3202 dimension
ORIEFH L, LEFSCBOEES, LESHER
TEOREERIER L, AERFOFHMICH L, FEFE
CHRRFLEERDIEAD LEXLND.

&

ECG gating NMR cardiac imaging = X 3.0
MW HEIR % Fvy, area summing up DFEIC &

-, A%, E£%=» EDV, ESV, SV, EF, CO
EERMICUE L. EBRMCZOFEICI LA

#
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End-systolic image

End-diastolic image

Fig. 10. Transverse sections of a patient with suspected endocardial cushion defect.
The shunt ratio of this patient calculated from MRI is the same as that obtained by the usual method

using Fick’s principle.
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NMR #HwC, LM dimension 27
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Wit &V FE L, JEIE & oo RAF A AH BB AR
PRDIz.
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I/min) 3 EFE L1 7k.

FAEOPIRRN B X O IR AR (133.0+
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FRNENRAEICKTH - 7.
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6.2%) X0 LARBICKIETH - 70 [A—ffkoZk
= L AE oI, FMEMOENE i > n
T, fIEOMHBIBER AR 7.
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