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, P RE ‘ o MR, ~ x "-"'-‘ ‘ : -f‘¢" o L '
o A:’::.f'"l The\currently USed echocardrographi/jrethod for measuring.caraiac

23 - :

sutput'ﬂaa limitacions fn that it relies’ on obtaining satisfactory

r~“:'n-r e e e : »
‘Ln'f,/;j recordings of the minor axis diameter of phe left ventricular‘cavity.
. . -

. It‘is based on assumptions pertaining ‘to the’ shape (prolate ellipse)

» and uniformity of'contraction of the 1eft JEntricle. In patients with
R o ' b
o dvskinesis or cardiac enlargement, these assumptions can lead to errors
' in the measurement of cardiac output by this method. s ,
y PR ’ D ’ R e

e st In this study, therefore, a diffefent approach to measuring

Lo e . R b
.

HIURY of the hydraulic ﬁrinciple pertaining to the flow of fluids.i Cardiac

A ’
« K . .

output = Aortic root cfoss—sectional area X Left ventricular ejectlon'

o

time X Mean aortic flow velacity X Heart Rate. : ‘.L v“u"ﬂn

2
°

in 32 patients

e W Lo

recording of" the aortio root, m1tra1 valve, inter— _'

ot

W :‘-' . echocardiograph

-

.

'— ventricular septvm and posterior 1eft ventricular wall.~ The manually

derived*systollc closure slope of the anterioﬂ'mitral valve leaflet

éd tO'represent the mean aortic flow velocity._ ‘~vf

".’.

ecéogram was ass

' Aortic root area and - left ventricular ejection time Were derived from.‘

‘u; the aortic ﬂbot a.d valve echograms. Heart rate was computed from the .

T -

_ "Idiameters.g', :
’ T o‘n“ . meo ‘7.4 ‘ '

e "."'.; PR ABSTRACT o "‘7>" . o ni'iﬂy'h‘*:iﬂﬁik4 ‘s

S _)"

i_’!rf S .cardiac output by echo has been adopted._ It 1s based on~an adaptation»'

s ‘v? 'F ;‘ Using the Fick method 34 measurements of cardiac output'were made S

;th normal aprtic and mitral valves, with 31mu1taneous tL

Q@
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Lot oo Ty

RN

-murrured fruﬁ'tht aoxna( prossut" lld(hngh, whlch‘vvrv”ohlained '

\ bl . N - .
1uu]tdnuou.lv ln 17 ot,thr subﬁgct‘ (1 = 0 9), p O OOl) ,Aortic

fuoL dim -ﬁ Lr)’ns mea.sprttl by oe ho and dl rccrly at um ;u ry in. 8 ot:‘hc:r,' ’

;"ﬂubjectu, ruua-separatc"Ludy'ﬁalso ﬂorreLatcd uel] (1 qu;‘ ' ﬁwf,
L ¢ 4 . :
*p< O OOl) Cardldc output oy tht Iick mcthod and the pr0p0~ed GLhO .
Y oo , Q o BN ; ‘.' :
ncthOd showed good oyerall LOtrelatizm (n = 34, (ﬂ=ﬁ0 90 p‘CO 001),

and the close correlation held equally well when data from those patients

‘with (r = 0 94 n. 16) and those w1thout (r 0 87,‘n = 18) asynergy was

- . . R . R &

"examined separately — o Ce : .">.., :

.*\» S . , . . .
= - . . . . . .

Cardiac outpdt by the coﬂVentionaL~echo method could be obtained
in only 21 of the 32 patients (66/) Comparison of cardiac output by ‘
. e
chis method w1th that by the Fick method, showed goqd correlation -
R . - :

A( 0 77 n-— 13 p( O 005) 1n those patiengs w1thout asynergy,

%but the correlation 1n those w18h asynergy (r O 44 n-= 8 p<:0 3)
{ - °
\was not significant._ The overall correlation in the whole group was,

h q 1

however, 51gn1ficant(r s‘0;5§, 21 p < 0 01) e T \3'

N - et -
o .

In order to verify the relationship between mitral valve clOSure_
. . '

o

"slope and the mean aortic velocity, a separate study was carried out in

7 open—chest dogs. The close correlatlon obtained between these tyo

‘parameters (r = 0 94 n = 84 p < 0 001) supported the original
- e . o W . R SN L

Further studles wetc carried out 1n 3 other dogs to-explore the

: o - L . ) . froe
relationship between derlvatives of mitral valve closure slope and £~

s
A

aortic veloc1ty 'as measured b a catheﬁer tlp electromaonetic velocity L

3

- B —

4trausducer. Ptak mitral c]oang vcloc1ty, peak mlLla] clo31ng

acceleration andﬁaortic aCCeleratlon weregobtained by the
RN R L ‘ : Tt ey o w
L. S s

a
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-

°

-
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diiferontintion of Lhc mitrdl nnd aorllc SLgnals, ang. compamed w[tb

oﬁrh other. IL Wy found that poak mitral closlnv VL]OLtLy COIveld

: wvl1 wLLhIthe mdnua]]y dcrived closurb blope (r é 0.76, n =_30;;
p < 0 OOl), podk mLer] closlng dcce]eration (r = 64, o= 32, e

\ . L

.
. >, "

' ; v

ll

and corrclatcd modcrateiy wcll with peak aortic vn@ocity (r 0.59;

.
.

b

peak mitrai cloelng accgleratlon and peak ’ aortlc accelelatloﬂ (r =

%30 p<OOOl) S S Do

A.,.)

.

tcd

p.-< 0. 00]), peak aortic agceleragion (r = 0. 7), nf= 31, p <_01001r

‘n 5:32, p < 0. OOl) However, cLosest correlation was found bcheen

0.87,
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A © - INTRODUCTION

i e . "
. . !
a0 : N : \l; S ST

The advent of echacardlograghv has introduccd a useful non- inva31ve
: ‘ i ]

method for the measurement of cardiac output.'
R . J . PR . -

The ech0cardiographicrmet/pd currently in use for this purpose is
3,4 5

based ‘on: the ‘studies of,Feigenbauml, Popp2 and others It relies

3
o ¥ ' ’

. omn measurement of an internal dimen51on of the left ventricular cav1ty
that approximates its minor axis diameter. The reliability of this

method depends on the shape of the left ventricular cavity being a’
prolate‘ellipse and on uniformity of contraction of the left ventricular

.

’ chambers.v Thus, the presence of non—uniform contraction of the left ’ “fyﬁ

ventricle, frequently seen in patients w1th iSChemic heartﬁdisease, or

/

L S
variations in the relationship between the mAJor and minor axls o Q\ o
“,.diameterSZ, can produce significant errors in the measurement of cardiac

ouﬁput u81ng thlS method. '»' L - B S SR R

o

REE Another drawback of the method currently used is that 1t requires CoT

simultaneous recordings from the interventricular septum and the

.posterior 1eft ventrieular wall‘ Whlch is oftcn technlcally diffiCult,
Q’ . w i

if not 1mp0351b1e."

The purpose of this study, therefore, was to adoptva different

approach to measuring cardiac output by M—Mode echocardiography.> The

principle underlying the method proposed in this study utilizes a P

C"{'

AAbasic hydraulic formula pertaining to flow of. fluids through a cylindg;

; ? (Fi l -*The proposed m thod is based on - the measurement of“aortic.
g g
root diameter and left ventriculgr eJectz%n time frOm the echocardio—:

-

& .
. gramfoflthe aortic valve and root. The, principal aSSumption made in

>

- P SRS Sy o
[ . ; 1 » . ] K

4 -
~N ¢



' . . . . B -
» . . . - . . . . )
o . i
i3 - - !

the systolic clqsuré velocity Qf the anterior mitral leafiet..n ’
. E . ' . <. ;““ T \‘ o ) = .
' In addition, furth€r examination of t e_reiatlonship betweéen other
. : g ‘ . o . A
\ a 14 . BN X soe @

. characteristics®of aortic ejection ‘(namely

, aortic acceleration and

A peak'aortic;yeloéity) and of mitral,closuref(peakvmitfél’ciosing -

4

Veloéify'?nd.peak mitral §Iosing_aédelération) was also carried out in

‘this'§tudy; B ' . .g S =

this method is that mean aortic ejection velocity can be estimated from

e



/ L 2 K . R -
# BACKGROUND INTFORMATION AND REVIEW. OF THE LITERATURE

<« . K ) . . .- e

Cardiac. Qutput Measurement by Echbcardiography , ' ' I .
7 B . ) . N . ’ B
‘,/ : . T - o'. : . - e
/ Edler'was'the first to note and recognise-echoes arising from the

)
£

A uinterventrlcular septum and the posterlor 1eft ventrlcular wall8 He

made the observation that tH@lposterlor wall echogram executed movements
Lo

‘ anteriorly with each ventricular systole and remarked that the magnltude

of these excurs1ons 1ncreased 1n those. condltions that would lead to an

increase‘in the cardiac Output,‘such as»aortic incompetence. »However,

.. no further attempts were made to quantltate 1eft Ventricular size or

¥

.output at that:timei.

u
S -

'The f1rst attempt to measure. left ventrlcular size ‘and output was
1 . . R
.made by Feigenbaum . He,found an.lnerease-in the dlstance between‘the

transducer artefact and posterior left ventricular wall echogram in
o - : ‘. . . ; . L : . . L -

‘those patients with cardiomegal& on'theychest,x—ray;r'The vglidity of

. this observatiOn was subsequently verified angiographlcally in. 52

s S .
patlents, particularly in relatlon to the end dlastolic volume.

°

At about the same tlme,,Zaky et’ al.9 were examining the echoes Qn'
. ) . X . - . (
orlginating from the base of the heart, specifically from the m1tral

annulus, with .the purpose of assessing left ventrlcular funetion. %
© . These investigators observed ‘that the'pattern‘of motion executed.by N
the mitral rlng echo resembled an 1nverted ventrlcular volume curve

" On the basls of ‘this observatlon they postulated that the . magnitude of

its motion would bear some’ relatlonshlp ‘to left ventrlcular stroke

o

»yolume. As sUch, antempirical formula was devised,:incorporatingvthe .

o




P

wall as q measure oE ovu all hnart 91&@ and ﬁge magnltude of excnwsloh

_of thc m1Lfal annulus ctho as a mcasurc of thc changc in volume of the

venLLlcle from dlastol; to ,ystole . TThc results obtalned by ths

N - ‘ - N N
Lechniquc rclated crudclv w1th actual strokﬁ volumes. This'was

4 . -

3 .

prlmﬁxily hccauso Lhe method uscd was fraught with Lwo maJor drawbacks.
PLloL]), it st fouqd that i those patlents with rlght vcntLLcular

‘.. / . . .

dlstensiohi or'hypertrpphy,,thEir method gave poor results;f This ls not
surprising because the heasutement oflgvcfall heartVSizehwas ih'rcality‘
a'composltecpf the sizes of both.the.lefttahd the rightivehtrlculaf_t
cavities.. Thus; chahges in oﬁe Qould lead to gross etrots4ia‘the'

.

estimation of ‘the-other. The second defect in this method was one of

S ’ s : . : "
standardization owing to the multiplicity of'echoes‘of-varying’/(i_

" . R ) . . . ) . ‘, ' T . . .
amplitudes arising from the mitral ring,areag,‘ DeSpite these shart-—

. s

Fx y

cominés; however, it was clear that echocardlography could become a

o

'feaslble meLhod for measurlng stroke volume with the dlstlnct advantage’

':of-hging non—invasive.
,A major step fOrwnrd in the,evolution'of this teéhnique CGmeﬁwith
the redlscovery of" echoes arl31ng from the 1nterventr1cu1ar septum.w

|
: Although thlS structure was origlnally 1dentif1ed in 1961 it was noi///

LS

until 1969 that‘Popplo descrlbed the usefulness of echoes from' the

septum in the estlmatlon of 1nternal dlmen51ons of the 1eft and r%gh

Zventrlcular cav1t1cs separately. The borders of each chamber wete ,
© . R - . /. -

subsequently'confirmed_by simultaneous:angiographic<and echocafdio—
Lgraphlc studlesll. S o - ;.‘f’./

o

A somewhat dlfferent approach to the ‘one, adopted by Zaky et al._h

. .
s B

was'taken bvaoppveg al. 1n estlmatlng cardxac output by echocardlo~

FRee P
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graphy . Based on data obtained by angiographic studies, this group

fassumed that the shape of the left ventricular cavitv resembled ag f

'prolate ellipse and that the dimension measured by echocardiography,fg“j
‘(L)
.represented the minor axis diameter of this elllpse They further

“”assumed that the relationship between the minor apd major axes was
i ,

N -
N

fconstant in systole and diastole and that the latter was twice the
:former in magnitude . Based on these assumptions, this group proposed :
. - R -

~.1that the cube of the left ventriculan internal dimen81on measured by

'echo, at end—diastqle and end-systole, approximated the end—diastolicv‘

S

f'and end systoljc volumes. The d1fference between the two cubed E
Hvalues would therefore yield the stroke volume. Stroke volume

obtained by this echocardiographﬂ:method bore close correlation to
N , o
o volume measurements made by angiography or by the standard ‘Fick -
- method. This observation was subsequently coﬁfirmed by severﬁl groupsf'
. I \ :

of//jvestigators3 4 5 12.f Currently therefore, thiS\has become the ©

—accepted eehographic method for estlmating cardiac output 3*} ‘
\. \\gu -
R B 4 must be pointed Out however, that ‘even in these early } Tf\m

-studies, Several points were raised, which in the course of time have

_h‘emerged as. possible limiting factors to this method and its applicatlon.
Fortuln3 and Pombo4 had both remarked that the echogardiographlcally

lderived cardiac output of some of the patients in thelr groups deviated

-widely from the data obtalned angiogrﬁphically. These patients had
. previously sustained myocardial infarctions and had areas of akinesis

. or compensatory hyperkinesis present. Since echographic measurements
of internal’dimensions were made from very 11mited areas of the ventricle,

S

- these investigators aSSUmed, quite correctiy, that segmental



tl‘shown to be’ true

o . . . . '
-‘irregularities“of contraction probably wcre responsible forvthe

step further and . utilised ‘the calci‘

o

Rty
- .‘ VY

\

{erroneous results obtained.. This observation has 5ubeequent1y been B

1516‘ v
In fact, one recent study has taken bhis one

@

ted discrepancy in cardide output :

-

iestimations by the echo and Eick met hods in patients with dyskinesis,

-

to eatimate the size of the abnormally contracting segment17

"ﬁ‘l' e N
Another llmiting factor that was: noted in the earlier studies

e i

‘was the: variable degree of Success in obtaining satisfactory echograms

in the patients studied This was £Ound to vary between 60/ ‘to 807

The major drawback appeared to be a technical one, of obtaining

satisfactory recordings simultaneously from the endocardial surface of‘,g

: the posterior left ventricular wall and the interventricular septumlB, :

The relatiOnship between the maJor and minor axes of the 1eft'”'

.

-ventricle has recently been re- examlned by Teichholz -and his associate516.

In 100 left ventricular angiograms examined retrospectively, they’ found

'considerable scatter 1n the major minor ratlo throughout the patlent

1'populati0n studied.' Thls scatter also occurred through the various-“
ystages of the cardiac cycle@ The ratios obtained lay between |
xrapproximately 3. 5 and 1 1. They went on to confirm that these

‘variations in the ratio led to falsely hlgh or low results for ‘the

4 L : . . o &
- . . o B . .,

_cardiac output values obtained

Y

Therefore, it appears that the presently accepted echocardiographic S

IR method for measuring left ventricular volumes and output, has three '

. major limitations. These are:

(1) its inappliclbility with any degree of . accuracy, in” patients

-
with non—unlform 1eft ventricular contraction,



Jo . '6“7
enlurgcmcnt“’

&

g and (liL) the" varteb{lity of thL degre of guccess in ohﬁgdninr S
iatisfact01y recordlnr

A completely,differtnt echographlc dpproach)\whlch involved ' .
T a )
_ examinatlon of thn mltLal valve cchogrqm for- the measuremcnt of

| . .
-

cardiac output, was proposed by bischer et al in P972 ? The premise

fon WhLCh theil method vas basgd was thaL the 1eafltts of the mltral

?

' vnlve responded passively to transmitral blood flow 1n a- manner such

v
that the degree and duration of separation of the anterior and

. a,
.

posterior mitral leaflets w0uld pr ide an index of diastolic inflow

‘.and hence-of the stroke volume. The only pre—requisite for this U! .

’method was the acquisition of an adequate echographic recording of

e both leafléts of the mitral va]ve, Initial results derived by this'

' method showed>excellent correlation between stroke volume obtained by N .
the Flck method and the - above—mentioned index. Aside from the primary

> RS 1

SRt aSSumpt1on mentionep the other assumptions 1nherent in thlS method

° ‘were that the veloc1ty of transmitral flowvas eonstanﬁ throughout _ o

i

r"" ..

diaﬂtolic filling, that “the mitral valve was normal and that thev

] v h,\f..'
RN - "‘)

“Qb egho@a;dihgraphically measured leaflet %eparation represented the. true

o »,«"06» Cgel N .,. uc‘

P L 4
,ameasure' £ this dimension. Many of these aSSumptions are, in fact
.f .

A.’ ,.u\~ .

ndt entirely consistent w1th anatomic and phys1ologic realities and : :
i e

: ~hence constitute theoretlc barriers to the generallaed utilization of

o

' Ano&her mode of utillzlng the mitral valve echogram for meaquring

stroke volume was - proposed by two gr0ups of 1nvest1gato%s 20, 21. It was-

4



vthem to assess the volume‘of blood entering the»aorta during the._ e

:this.method did.not.asseaa'aortic flowvvelocity.f

R . .
0y I

/

/

‘sugéested‘by these workera that the OpEniné'vclocity of the anterior:

leaflet of the mitral valve might be an indicator of the velocity of

flow of blood from the left atrium into the left ventriclc, during

'diastole Hence, using a hydraulic formula, total flow through the
‘mitral orifice could be estimated by the product of mitral valve area

‘(aSSumed in each case to be 5, cm.z); diastolic filling period (taken

a

'from thgﬁechocardiogram as the period between mitral yalve opening ati

the commencement of diastole and mitral valvﬂbclosure at the atart of-

‘:ventricular systole) and mean transmitral flow velocity (derived from

‘ the DE qlope of the anterior mitrai valve leaflet echogram)

Theodisou21 compared cardiac Output obtained by ‘this method with that

obtalned by the Fick method at cardiac catheterisation In the 20
@

subjects they examined they obtained good correlation by this method

¥ S e

(r = 0.79,' p < 0.001).

b

winsberg and‘hié groung have examined the aortic valve echogram

.to.eétimate cardiaC'output; The-theoretic‘basislfor their method was.
_that examination of the extent and duration of separation of the

'leaflets of the aortic valve recorded by echocardiography, would enable o

- e

]

period of left ventricular ejection i e.'the stroke volume. Close

. ‘.

v

.'correlation betWeen measured stroke volume and the index derived from

t4
aortic leaflet separation was indeed found to exist.~ Unfortunately,

however, absolute;values for stroke volume_tould,not.be eétimated aa',.

QﬁCurrently;.therefore, the standard echdgraphicdmethod.fOr measuring

'cardiacfoutputlia the:one(involving measurement of cyclical changes of

o



L .very much a secondary one of chpleting the process of valve closure,

internal dimenaions of the left vcntriculAr cayity, at end—eystole

G

and end—dlaetole. Thie method is based .on sound physical principlcs l#
but -has deflnite limitations, partiéularlx in the presencp“of‘ . \

irresg!Zritles ‘of ventricular contraction or, cardiac cnlargcment The

*

alternative methods available involve examination of the mitral or

'aortic.valve echograms and deriging indices of stroke volume from the .

o

'«degreehahd duration of tbe\sebaration of - their leaflets.‘ o T

Factors Affecting Mitral Valve Closure - The Role of Ventricular

‘Contraction-

Therhemodynanlc events that bringfabout mitral valve closyre'in
late diastole- early systole are still under investigation "In
_particular, disagreement still exists over the relative roles; if
-any, played by atrial and ventricular contraction

.\‘i R
The classical experiments performed in 1912 by Henderson and

. S8 Ll A

JOhnSOan'On exclsed animal,heérts, led to the elucidation of two
,-possible‘mecbanisms.leading to mitral valve closure. \The'first’
necbanstWEéhmedrated by the c0ntraction~oflthe atria{ _These uorkers
postulated that uith.tbe forward.acceleration ot_blood brought about‘
by atrlal systole, the mitral leaflets tended to be'drawn intonpartial
or complete appositioﬁ by tbevnegative pressuré created on-the atrialy

) side, 1 ‘€. by the BernOuilli effect. "The role‘played.by‘the seconf

'mechanlsm, ventricular contraction, according to these authors, was

by the retrograde surge of b100d flow produced by the action of- the

s, \
LN . N v - v
~ - . . . .

' ventricle. e v \

o
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o . . ; ‘
2
' Four years later, Dean 4 Lﬂltled out elcgant experimqnts in the .

isolated, perfused cat heart and succecded in recording the motion of

thé mi;ral valve using a delicate lever system. Essentially, he

Sy

confirmed the enrliet.observations of Henderson and‘Johnson, i.e. that

aems

.atrial systole is responsible for partial'closure of the mltral valve

but that ventricular systole is.necqcsafy for completionrof closure.

In addition; he intn‘humd an-importans nro?(go, namely, that the

P
A

re]ative eontribution of atrial and ventricular COntraétion'to'valve .

closure depended largely on the time interval separating the systolvw

3

é% .
v L

contractio% of the two chambers
‘ 1

The earlier studies of Sarnoff et 81.25 and.the'more fecent“work
‘of Luisedé and “his g:oup26 has tended to fd@qithe atrial ﬁéchaniém-as
probably being the oredoginant factbr.involvediin mitrel valve closure.
"The findingsoof Gordonlet al.-reporied recently'have, on the
docher hand,‘tended to underplay the’ﬁ..priance_ofDatrial’svscole inf
_ this proce5527.' Their cineangiographic studies in_dogs suggest thaé
isolated.atrialAcontractiohé, in the.presenee of'2:l block or'conplete
atrio—ventricular block are ineffectlve in bringing about adequate
‘valve closure, as opposed to those beats foIlowed by normal vencfi—
cular conbractlon. These workers found thaxAisolated a;rial contractions
'resulted in”only neitial vélve closute EAS.cb-QpZ)-and.thai closingr;,
velocity was e0nsiderab1y slower (10 % 4. 5 cm. éeé.‘ as compered-nith
33 13 ‘cm. sec. -1 in sinus rhythm) “and of very short duration (10 to
30 msec o 250 to 430 msec. in- sinus rhythm) This evidence suggests.
that ventiicular systole has a dominant role to play 1n ensuring rapid
and effective valve closure. An additional mechanlsm involved in valve

e . ’ . N g .o o b
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closure has been invoked by Taylorzg and Bcllhouse29§’29b. This 18 the

formation of, voyWtces behind ‘the valve leaflers furthor enhancing valve
closure velocity.
The advent of echodardiography‘has made'it poasible to record

" movements of the mitral valfe leaflets with accuracy. Fohost;

Rubenstein and others30’:‘!1 have confirmed, in both animal and hunan

'studies using echocardiography and hemodynamic parameters. that the

former technique is indeed‘a reliable indicator of valve closure,and"

31 "

"opening. Results of their studies have clearly shown' that the advent

....

"of ventricular systole precedes the completion of mitral valve cloaure‘

'by 18 to 37 msec.?

a

However, to date, the only studies that have attempted to correlate

mitral valve motionswith transmitral flow, have been those of Laniado.

‘and Yelli 32 33.; In essence, these investigators have establisbed the.

'important role of ventricular systole in influencing the characteristics L

o

of mitral valve closure. The basis of their thesis is that the Surge e

of blood flowing into the.left ventricle as a result of atrial Bystole,__;

has momentum and inertia. This causes the ieaflets to be flung open

following atrial contraction and that . these leaflets remain open until
: . ,
: adequate decelerative forces are, generated to halt the flow into the
C
ventrigles (Newton s . Second Law of. Motion) This decelerative force is

provided by ventricular contraction. - The developed ventricular pressure
has, however, to be applied for a finife period of time before reversal

;Aof the pressure gradient across the mitral valve occurs. In addition,

' this reversed gradient also has to exist for a definite duration, before.-



flow is reduced and Finally halted and valve ¢losurd can occur, The

‘Phase 1na.rcnuft1ng from thu'Juurtinnce.proportlcs‘%fvblood ban-boani

. found Lo be of the qrdcr of 20 to 40 weec, “32.‘p . . - ’}.
lhu velative lmportnnvc of vvntriculxl,und nLr1u1 nyatolc wm " i

. influcn(inp the charchurisLtcs of mltra] wvalve- closure (including, | |

A\

i presumably, vv]ocity of cloquro) has become Homewhat clcaror with the

cchogrnphld rtudies Lhat have ‘correlated valve cloqure with" thc lcngrh

of the P-R interva] on the E.C. G. QhahSA and CraigeBs have suggESted

.

that in the presence of P- R ‘"intervals of leas than 200 msec. atrial

. v

o, contxuotion does not rcsulr in a&cquate valvc closure. Ventricular‘r

‘ systole continuea anoﬁcompletés the process of cloaure. Howhver, in (:g
the presence of P—R intervals exceeding 200 maec., aufficient tlme
o exists for ‘the atrial chamber to fully contract’ and relax, bring about

adequate reversal of the preSSure gradient‘- and hence complete valve

_closnre.' In theee cases, ventricular systole nerelyseals an already

" tlosed vnlvej§,1n those cases that the P~R interval exceeds’/pﬂ msec.

l

‘however, the valve. reopcnq following clo%ure brought- ﬂbout “by atv&al

v e .

: systole. Here, once again, ventrlCular systole plays a major role in .

- i,initiating and completing valve c105ure. -

L & e RS
© -

‘-;Z'- Therefore, from the evidence availabh!so far, it appearq that”h.thv~
atrial systole and ventricular contraction haVe a . role ‘to play in mitral

'valve c103ure and that the importance of each depends dm ‘the P R 'ij' e

' interval.‘ The more recent studies have, however, placed increaslng
emphas 'vqn the role of’ ventricular coﬁtraction 1n determlnlng mitral

\ -
5 - . . . . .

\valve c1051ng VelOCle and. duratlon. ‘ﬂ



_sex on the movements of 'the mitral Valve in normal subjects.. They

‘ effect on mitral ralve closure slope.A

Ce - -
Emerson et_al.38. The systEm they uded alloweé thLm to track echoes

13

‘.V.'elq.s‘.}.';}'. af, t..l.‘}:&r,ﬂ.-'!,..‘/.{&.k\{(i ( 7~'.,‘?,’1.“.‘,'.‘? . o ' .
. : ' . o o yyﬁ\nm,_ }/ N

rhv mbauurummnt of mlL:uL vl ve clnulnb vtlorLty. by vurlouu

i . Ix]

“ . A Y
meLhodH hun ylolded fﬂlrly conﬁlntuut results. Yoshitoshi et nl.Jﬁ .
mansnrod thin paramcter uslnp a percutanenus ultraaonic‘ﬁopplcr . ‘

rechniquc and found thnt ln the normal subjecrn they studied Lho venk
'/
Dopplox athL fﬁequoncics thuy oblnlned torrtnponded to clqaing

-

velocltlcq of betwecn 20 aud 40~cm. sec. l. with a ann 27 cm. sec. 1.

A dif[erent approach was adopted in anesthet lze d#gs by Gordun
27

et al . These 1nvestigators sutured small radio—dpaque markers to

the mitral' valve cuaps and followed their motion u-ihs cinean!&ography.

,They found the peak closing velocfty oQ the anterior mitral leaflet,

N
1n sinus rhythm, to be 33 cm. sec. 1 * 13 cm. - sec.ﬁ};'

e

Buynkozturk et al 37 studied the influence of heart rate, age and.

a

.

‘ )
computcd the closing Jelocity of cha ‘anterior leaflet of mitral valve

from the mannally—drawn slope correcpondlng to the AC or BC portion of -/_

'the M-mode mitﬂhl‘echogram.' The range of values they obtained in thelr

" normal subjects,hlywbetweenv8 end 50.5 cm. sec. -1 with a mean of 22. 1 cm.

‘sec. < (+‘9 13 cm.ASEC;flj{"In additton,‘this group ound that heart retes;

upto lBO//eats per minute and P-R intervals up to: 19 msgc.; had no

. Instantaneoug peak mitral valve closing velocity, delived by

o -

utillzing a d1gita1 tracking system with a’ dynamlc range gate 1oeked to the

. mitral valve echogram,owas recently reported in; normal subjects, by

N

jﬂ*
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T =7

&

‘ of the closute slope and electronic differentiation of the mitrél °

v

P

. from thc mitrul vplve every 8 milliuecondlqnqd honce compute thu w )
¥ e : . ¥

valocity attainﬁd at each ltlgp o! cxpwure. Aﬁ tho-a 1ntqrvall.

i

Althoush hha range ot valuel t ' group raportad (23 tovdﬁ 7 cm. cccg l')
lay at(upproximancly the same 1e~cl as those weportod by utglining tha p :
Dopplet technique or mnnual compufﬁcion from cchocnrdiogramn. the.m.an
value obtained by this technlque €34, 6 7, 3 cm. aec, 1) wnc d.finitely
nZgher tmpn that obtained by “the othar mathods.‘ Thia suggests that

ak’ VQlocity obtainad by the 1nstancqneous analysis ‘of the cloaute .

‘J nlope was someuhat diffarent from tha reaults obtained by manual

-

de:ivation nr-nopplcr exsmipattnn. y7§; o, . o e

The method we utiliaed in thin stud!, included manuaL,measurement
\v\ 4]
ech&gram. This method has not been reported by other investigato:s.

]

Yo . i

‘Factors Affeéting Stroke Volume - fneload,iAfterload and Contractibitz>d

and'the‘Role of~Aort1c Velocity and Atceleration .
— Y ~ : | ,J> °
- é :
"It is generally accepted that the ' primary factors effecting stroke

volume are the. degree of diastolic filling ‘and the completeness of .

.'fu systolic emptying i.e., the ejection fraction. - The former is affected

* -

‘by thé- filling presSure (preload) and compliance while the 1atter by

the impedance encountered during ventricular éjection (afterlo%g) and

e

the contractlfe status of the vengficlw (contracti}ity)4 °

k .
Vanioue studies39 aolé} have éhown that/an increase in. myocardial ’

e _/

’ contractility <can cause a concurrent increase in’ peak aortic velocity

T

and acceleration //As bo whether aortic acceleration ‘is 1ndependent42 or

e °
e - - '

et § N .
. L . . 2 "



T

" is the duration of systole and the proportion of it during which

\

not41 of pieload and afterload is still a matter f%r debate. However,

-

the mechanjsm whereby aortic accelcration prgbably affects stroke

volume, is'somewhat clear

.

H.;hnCreaSing the preload conditions of the

”ventricle results in an increase in the portion of systole that is

active, i.e. during which accelerative forces are- applied to the- o
eJected blood. This, in: turn, produces a. higher peak aortic veloCity

and greater momentum being imparted ‘to the blood leaVing the ventricle

»

These factors, taken in conJunction with the inertial propertics of \Sf’/—‘“'

_blood permit a larger volume to be expelled during the passive phasa of

. e s

systolic flow. Hence, a 1arger volume of blood leaves the ventricle

- both, during the active and passive portions of systole resulting in a .

larger stroke volume42.

Similarly, it has been demonsfrated by Wilcken et’ al 43 that

.openin; *he aorta to the atmosphere and thus reduCing aortic . 1mpedance

(afterload), causes an increase in, maximum aortic acceleration and
therehy, probably affects stroke volume.:
lterations in contractility per se, w111 affect aorqic acceleration ’

N

’and peak aortic velocity in the same- direction, although not to the ‘Same

;degreeéo, The dec1ding factor as to whether changes in aortic

o

acceleration and peak aortic ve10city affect the stroke volume, probably

'.positive acceleration and pressure gradient exist before the’ decelerative

forces can come into full'play, . o ' .

. S Lo , -
L . . :

%4
s
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STATEMENT OF THE. PROBLEM

PrinqipéllProblems )
“~(a) To décertain‘whether the‘ptoposgd echpgraﬁhic mqthod,»béséd

E

‘ L ‘ ) “ v - E A ,&-‘)
on  the hydraulic principles mentioned, could be used to - reliably

I-.
estimate cardiac output. < R ‘
’ ' . . - A‘v\ : .. g, -
‘(b) 1f so, ‘to examine whether the method would' prove to be

equally effective in measuring cardiac ‘dutput: in patients with
segmental irregudarities of ventricular contraction.’ °

Subsidiéry Problems

"'(a) 'To experimentally verify whether there is a constant
relafionship betWeen‘mitraifvalvé closure-slbpe_measured'by echocardio-—-

.,

graphy and mean aortié‘velécity.

. .A. (b) ,To further examine the relatibhship,.if‘any; between'-

: derivatiyes'of_mitral‘closure'énd aortic velocity, mnamely, peak mitral

>

‘]’cldsing‘Velocity.and‘accelerdtion_énd peak- aortic veloc;ty‘and

acceleration. . - . - o s ; - -

.L/ N
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' METHODS AND PROCEDURE .

e
- o

. o 7 I : .
" This study was conducted in two parts:

o . <
(1) Human Study N _—
(II) Animal Study . - -, .
" (1)  Human Study(d',““ - N _ i ,

This cod%rised.two separade inues'igations:

&

‘(a) The first'portion ofhthe‘s’ dy was carried-out in eight

IS

patientSvto compare ﬁhe-mea3urement of aortlc dimen51ons obtalned by -

echocardiograpby w1th those obtained by"irect measurem&nts obtalned

oat surgery. ~The-aim of this prelimlnary study was - to verify the-

accuracy of echocardlography, in’ our hands, to obtain this measurement
(b) The main part of the human.study vas carrled outvln 32

_patlents and 1nvolved determlnation of cardlah output uslng the

! E '
proposed echo method and comparlson of the results obtained w1th those

- |
obtained_by the direct Fiek method.-
;,,'

. (I1) Animal Study

'lhls uortion of-thekstudylwas‘also_earried out.iu tuo'parts;_
(a)lléeuen~dogs‘were studied to exauine_the'relatlonsulpibetweenf,
-echOZraphicalifﬂdeterﬁiued uitral-valVe.elosure Slope aud'meauyaortic
“flow velocity determined by usingvan electromagnetic flow. catheter.-

;(b) 'In addition, three dogs were studled to further elucidate

.tne relatlonship between the dynamics of mitral valve closure and

_aortic flow.,»t R

a7



' HUMAN STUDY '

e
[ . . . .

(a) Measurement of Aortic Diameter by Echo

Eight consecutive patients, admitted to the University of Alberta

4 were StudIEds

,Hospital for open—heart ‘sur
The day prisr to surgery, echocardiographic*recordlngs were
lobtained from each subject, 1n>the~sup1ne position; from the aortic
root using the technique prev1ously described by Felgenbaum44, When.,
‘satisfactory recordings ‘were - completed the external diameter of’ the
aorta’ ‘was measured from the echocardiogram :Jthls’mas taken to be the
hdistance between. the outer surface of. the anterior. aXd’posterior wall
echoes ori aortic root echogram,b
The following day, at surgery,.following sternotomy‘and after l
'adequate exposure of the aortlc,root had been achieved, prior to |
putting the patient onto cardiopulmonary bypass, the surgeon measured
the external circumference of the aortic root. This was done by |
plac1ng a fine sterile silk ribbon snugly around the exposed aortlc
."root, cuttlng aff the appropriate length of’ the ribbon and measuring
Tits length k‘Aortlc Toot diameter was then calculated from the measured
.external:circumference. This -was then compared with the measurement
obtained the prev1ous day, by echocardiography.. '.,1 qﬁi
| Aortic dlameter was: calculated.from the measured c1rcumferencei

-

, (C),using'the formula:'

vcai¢01ét§d=Diameter‘ f~-% ' >
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(b) Cardiac Output. Study by ﬁhho;and.Fick o £

o : . Tt

7’ : o : e T v . v
. _In this portion-of the study,‘32-patiehts.admitted for diagnb%tic

> “ . ‘

- cardiac cathetcrifation and left ventricular and coronary angiography,‘
: ‘ : P - !
were qtudieg Patlcnts w1th aortic or m1tra1 valve: disease, either on
& “ i Yo
clinical examination or found subseqﬂcnt to thc catheter study, weré

excluded from Lhe study S : L » — T e

[

. Latheteriaatlon and echographic studies were carried vut with the‘_

patients in the fastlng state.' One hﬁur prlor to catheterization,'r

o .

\\\Eigh patlent had received an oral premedlcation conalsting of 10 mg. .
; : : o

diazepam and 100 mg. secobarbital. All the studles were carrled out

o
"

--~with the patlent in the supine positlon. For the echographic studies,n
. . 0¢‘ .

patlents were studied either flat in the horizontal position or tilted'

sorie 2o° to 30° 6 the left side. . R R
Following 1nsertion of the right heart catheter into the main f

e

pulmonary artery via the: femoral vein, the arterial catheter was  *.

'1ntroduced similarly, v1a the femora] artery, into the root of the
g'aorta, u31ng ‘the. Seldinger techn1que~:§ each case. At thls stage,_
vcardiac output determination by the dlrect Fick method was commenced.i.

Exhaled gas was, collected from the patient over a period of 3
0

- s

'minutes, into a prev1ously evacuated Douglas bag , During this

‘procedure,.threea5 ml..samples of blood were obtalned two from the

pulmonary artery and -one’ from the aorta via the catheters in 51tu.
";One of the pulmonary.artery samples and ‘the’ aortic sample were.*

'immedlately examined for the oxygen saturation, u51ng an Amerlcan



-

Optlcal Rcflection Ohimeter Ehe third sample was sent off te thc
1abo1dtory for hemoglobin estimntlon The volume of gas (V) collccred

dn thc Douglas bag was determined using a callbrated gaeometer rhe

exered gas waq 1naly7ed for oxygen and carbon lekidL uqing a Beckman

- £2 Qxyoen Analyzer and a Godart Capnograph. rMinute~oxygen consumptionﬁ*'-"
. ‘ .

and respiratory exchange ratlo were calculated using the standard

. méthodAS "v?

The arte1io—vcnous oxygen content difference (A - V O2 difference)

° o

vnas detelmined utiliZing the figures obtained for hemoglobin
“concentration, Hb.gm per 100 ml of blood mixed venous (pulmonary .
'artery)i S;,‘and arterial (aortic),

’”_aseumption that the oxygen carrying capacity of hemoglobin is 1 34 ml
) S | o . ‘
ﬂoxygen’per;gram‘athbodyvtemperature, Hence

A= Vo, pifference = (5, = 8g) XTWe X134 m. E

<

Ar’ saturations and based on the -

: Cardiacvoutput'by the*Fickaethod was:then:givenfby the_Fick;formulaﬁ a0

o
-

Gardiac output

A £ V O2 Difference (ml A)

In each case, calculation of cardiac outpﬁt by the echographic f
o method was completed before calculation of cardiac output by the Fick

method. o

LR

EchOcardiograms wore obtained u51n7:»n SKI Ekoline 20A Ultra— N

T R e

sonoscope and a 2 25 megahertz transducer, half an 1nch in diameter,
v — prefocussed at 10 cm.‘and having ‘a repetitioa rate of 1000 impulses

per second. The ultrasonoscope was. coupled to a, Honeywell 1865

Minuto Oxygen Consumptlon (ml min )X 10 L min _1



f.described bx the aortic leaflets could be recorded

, \ . d .
Stripchart recorder. All the recordings were’ ojtained directly onto

J L ‘\‘wu_ '
‘photosensitive Eédak Linagraph paper at a paper specd of . either 50 mm

or 100 Ym. sec -1 o ’3 3'ﬁ-'r T 7 -'

Recofddng was commenced in each case either during the period of

1,gas collection for the Fick method or. within five minutes of this.,ﬂ
»'Most recordings were completed within a. ten’ minute period., The -

technique used has been ; iously describedfz Briefly, this involved =

'placing the transducer in the 3rd 4th or- Sth left parasternal inter— _i -

P

‘ costal space, The choite of the ideal space was based on the criteria
set-outjby Poppé6. Echograms were’obtained-from the following.

structures I L

-

(a) Anterior mitral valve leaflet, with the transduce1 angulated inA
a manner such*that the posterior mitral leaflet just came into view and

the anterior leaflet could be seen executing maximal amplitude of

i motion,u, ™
+ (b) Aortic root (which sometimes necessitated using a different inter—'

_costal space, usually one or two spaces above ‘the’ previous one) and

-the aortic valve leaflets Here, care was taken to adjust the Gain, )
'_ Damp and Reject modes on the ultrasonoscope sg_that clear echoes from
-the inner aspect of the aortic root walls could be;obtained, Simllarly,

the tilt of the transducer was varied untll the clear box—like pattern .

{
/

(c)‘ Recordings were finally obtained from the endocardia£‘surface of »

g'the posterior left ventricuiar wall and the left ventricular surface -

‘A‘of theninterventriculariseptum,_ o, that the internal dimensions of the

v : . EE \,



‘root\ tracing:

o . . . .

,lgft'vdntriculaf cuvity cou]d be subsequently mdhshrcd.

Jn ]/ anlent ) during the ILCOldLnb of thv cchogram from thq
dorth root and valve leafl ts, simultaneous rt_r‘orcﬁng,c of the aorhic‘
-~ ~ e N "
pressure tracing Weré obtained on an Electronics for Medicine;D.R. 8

'Multl~thanntl'recordtr, using the arterlal catheter and-a SLathdm PZBB

; pres3ure transducer, These tratlugs were substquently used to. ;;&culdte

thL lLfL vuntr1Cular eJGCthﬂ tlme.ﬁ

: L QD
Thc measurements mdde from'the echocardiographlc tratlngq obtalned

are summar%zed in Figure 2. They consisted of the following

J(d) Mitral“Valve Tfading; rhe slope de»LILbEd by points BC on the

S : i N
anterlor leaflet echo ‘was ‘drawn ih manually. In those cases}that~

point B could not c¢learly be identified, the'méximum sioﬁe'desoribed

by the'AC boftion of the‘eéhogram was drawn in.. The steepneés of the

*slope was computed using the time and dlsrance markers on the trac1ng

. ,YM.‘/M =1 . i
‘and measured 1n cm. seo. . Thls slope qu des1gnated thevSystollcr

ral Vabve Closure Slope.‘.In most cases, flve clearly recorded

<

consetut1venbeats were examlned and thelr mean obtalntd._

A

: , . | ' o
(b)‘ﬁAortic Tracingi, Two-measurements were obtaiped from the aortic

.- . 4.
. N N N B o
. .

-
oy N

(i)"Ihe’intofnaIMQ}émeter of tﬁe’éOrtic root'(D).mas-méasured_
mas:sﬁown'io Figure 2.v ThlS measurement was taken appromimately

' Fhalf;may through systole, during the anterior dlsplacement of

'fthotaoft;c,root. o ' :

. ‘téi) .The‘time ioteéval betweon'the Separation.apd coaptioofpointsm

| af the aortio.yalve ;eoglets waé'meosoréddto.obtaim;the_]oft

o~

22
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3

ventrlculnr ejection time (LVET).

]

g 4 (é) IL[L VentrLeulnr Lnternn1 Dlmenslous " Meas urcments of thc end-

did‘LUlLL 1nd onde,ysLnll( iutcrnul dLaaners of the left ventricular

cavity were obtuinpd,"us described by oL)ers 4,10
. . . B L] .
\Calculation of cardiéc“output'by thc conventional and proposed .

LChOCdldlog aphlc methods was carried out as fblloWs:

(1) ProLpsod Lcho method USLng the, hydlaulpc prinyiplo 0UL11nLd Ln

g

ngurL 1. cardlae outpuL was derived by the foxmula.-
X .

Cardlac Output = Aorth Area (cm - X LVLT (sec ) X Heart Ratev

- . o (beabs min. l) X bystollc MiLLdl ClOHurL Slnpe

S (em. sec. ™) x To 3'L..,m1n..—l | : )
Aortlc area was couputed from the measufe& interual.diameﬁer; coe

Heart rate. was calculat:d from the,% CiG traCLngL °]. g

(b) Conventlonal Fcho method - The w1dely used formula for derlving

) . . 2,4
left ventricular ‘volumes from thé in;ernal dlmen81ons was used and
cardiac output'derived as shown below:

Lnd diastolic volumu (LDV)

‘H’

(Lud uLdSLOlLC dekaLl)

-l

End—systollc volume' (ESV) {(End—systolic diameter)ﬁ‘

Cardiac’ Ougput = (h V - ESV) X Heart Rate. N ‘
RN S
‘ Cér@iﬁc eu;ﬁug obtained in_ each subJect by the proposed and
Aquuentienai uetdesvwereAthen csm;ared w1th the results obtalned by .
sthe direCt‘Fickfmethqd. o - ey >¢A S )

o . . T © . B P

23

In addltlon, comparlson was also made between LVhT measured from ’

i [y

’ the aortlc pressure trac1ng and that obtained from\the echo trac1ng,

"in thefl7*patients in whom simultaneous recordlngs were avallable.

_0



S

* soaked in warm saline.

ANTHMAL

4 v : :
(3) ~€ompatison of Mitral Valve

Experimental Procedure

Seven mongrel dogs ﬁere étudibd under general anesthesia whioh
1nc]uded an initial intravenou° anéCtion of 5%. tthantOHB SOdLum
(20 mg. kg ) followed by muscle relaxatlon induced By 5 to 10 mg

intravenous §ucclnylchollue. The dogs were meedlately intubatcd with

o

mixture of nitrous oxide and Qxygen and in certain cases, with the

=)

i addition of 1 to 2% halothane.

.animal's chest wall and a single lead was constantly monitored

- .. A left paramedian abdominalvinC1s1on was made and aqfunctlonal

splenectomy berﬁormed by tying off- the efferent'and afferent vascular

rthe>level of the xiphisternum and the cliest cavity was"opened.

doption of . this app%oach minlmized the problem of blood loss that is

) usually encountered with a. mldline exposure through a sternotomy._y'

o

Self—retainlng retractors ‘were used to obtain and maintain adequate
,exposure of the heart whlle bleedlng vessels were tied off to obtain

hemostasis.' Blunt dissectiog_was carried,out‘at;the base of the heart’

'and the aortic rpot was exposed.

.and the exposed structures were constantly kept moist with sponges-

©

t

STUDY

$laced on a mechainical ventilator.

E.C.G.

Y

-

‘The pericardial sac was left intdct

1

Glosure Slope and Mean Aortig )

a cduffed endotracheal tube, tHe cuff inflated and the dogs were'then

Anesthesia was maintained with a.

of

'electrodes were attachedfto the ,

bundles of that organ; A transverse thoracotomylwas-then‘performed-at.

24
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9 s
° ¢

Fluid loss 'was replaced with an sinlravenous 1nlu fon of }Ln tmann

solut Lon.
A qkin incisidon ‘was mudc’to okpose thc riyht carotid nrtery and

o

4a stlif BLotnpncx‘LabordLOIy BL 9070 cathcter tlp VLlOCJLy transduccr

was Lntroduccd Qnto the’ artory The tip of the catheter waq
. R .
posltloned approximately 4 cm; above the,aortic valves. The positidh

of the tip was’ confirmed by manual palpation of the aortic root thloubh

the thoracic 1ncision. In addltjon, care was taken 8Q ascertain as’
f

_ far as p0331ble, that the catheter lay centrally withln the Jumen of

the aorta,.along its longitudlnal axis. It was found that whenever
‘the catheter tlp‘approached the aortlc 1eaf1ets or drifted sideways
towards waldls oﬂ the vessel, the waveform produced by ‘the flow signal‘
tended to change.' The proximal ‘end of the cathéter at the carotid

artery, was ~ anchored by silk sutures and the dlstal end of this artery
. . o , »‘01

'was tied off foxr- the rest of the'experiment; 'The velocity'catheter,'

o

which had been calibrated and checked before- hand to give a l1near'

output to velocltles up to 300 cm. sec.-l,~was then . connected to a -
Biotronex Laboratory BL 610 pulsed loglc flowmeter and the Balance,v
Gain and Frequency Response modes were adJusted to give a signal of
ptimal amplitude.“ V 7

Arterial pressure was, monitored thorughout the experiment.‘ A
fluiﬂhfllled teflon catheter was placed 35 the femoral artery and
connected to a pregiously/calibrated Statham P23Db pressure transdpcer.

This was then connected te an osc1lloscope wrth a calibrated sareen'

Echocardiographlc record1ngs of the anterior leaflet of the

25



mitral valve were”obtained‘using the ultrasonoscopc and transducer used’

in the human studfes. The %ﬁ 'sducér was held in direct contact with

the epicardium ‘of the anLerioerardial wall to the left of the anterior -

descendidg coronary artery.  An adequate amount of coupling gel

™
(Aquasonic) was used to 6vetcome the" problem of intermittentloss of

.

“direct contact between the tip of the transducer and the anterior
surface heart wall. The tilt of the transduoer was variedﬁ:jigﬂ ‘the

excursion of: the anterior mitral leaflet echo ‘was found to t its

o

maximum. The signal from this structure was found, in each case, to
‘1lie at a depth of 3 to'6 cm. frop the anteribr cardiac wall. In most

- cases, the "M"—shaped configuration characteristic of the mitral echo—

_gram was not observe¢d. owing to the rapid heart ratesibncountered

However,.it did occur in those experiments,where the heart rate was
' &

,observed to’ be less than approximately 100 beats per, minute. This
\'
phenomenon was not entirely surprising, in view of the observation

»'made by Taylox g; in his animal experiments, that at fast heart rates

< -

the outlet area of the mitral valve remained unchanged throughout the

N

‘ diastollc filling perioa. : f.3 L Ce : BN

The echo signal arising from the anterior mitral leaflet was

»isolated using a time analog pre—amplifier module with a variable gate.

R

: The time delay in the ultrasound system was 1ess than one millisecond

°

- and the inherent frequency response Limitations di not ‘occur below

. 4
500 hertz (information provided by Smith Kline In ruments Corporation).

The E C. G.; time analog mitral signal and the - aomtic velocity

°

signals were: recorded on a four—channel magnetic tape recorder (Hewlett

~ Packard 39&i¢1nstrumentation Recorder) and the signals stored for .

S

e .
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¢

_subsequent replay on a pen rccorder. o 4 cr%-e

Recordinga were obtained in a 1 7 dogs under resting conditions. :

In addltion, one of the dogs hed 3 additional sets of reaordings
» ¢ ' ’ /
These were made following the administration of intravcnous/boluses

of - 5 ug. of isoprenaline, 2 mg. ‘of - propranolol and finall following
the creation of a pulmonary embolus by injection of a’ reformed élot
into the right atrium. In two other dogs, hemodyn ic conditions.

were also changed - in one, by the administrat;On of intravenous‘

propranolol only while in the other, by the administration of

isoprenaline alone, in the doses described above. Thus, in all, 12

. 'sets of recordings were obtained in the 7 dogs. ’

-~

‘ Following completion of experiments on each of the dogs, the

14

animals were,sacr;ficedq“" - 4_ D

Signal Processing and Playback .
' The stdred’signsls from the magnetic tapes‘ﬁere'played beCk onto.'.

-ia four—channel Hewlett Packard Series 7700 heated—stylus recorder, at:

' a paper speed of 100 mm. Sec. 1. The maximal frequency respJnse of

-

the magnetic :and stylus recorders. were well in excess of the maximal

L~

frequencies encountered in these experiments.’

p

.

The aortic and mitral- signals wére processed initlally by passing

‘them through "active" low—pass filters (Krohn—Hite Model 3322, low—
pass, RC figter with a zexo Db gain and an attenuation factor of 12 Db

' per octave) The cut=off frequencies selected for the ‘mitral valve',

- and aortic velocity signals were 30 Hz. and 55 Hz. respectively.. These

e
L,



* . 4 . ' . ) A v [
- o : ' L . . Y

frequencivﬂ were well above the maximil frequencies for the clonure
A " 4

' ufopb of Lhe miLrnL valve angd the uputloku ol tho uuxtl( veluelly

[ 0 .
o() - . . " -

aignul
. . N ,
Mcan uortic voLO(iLyi‘uq tomputqﬂ from thc aovt le vologlty cuive

MV

by using a planimetcr to measure the arta under the volog[ty proflle
curve and dlviding this by the duration of.flow.
- .‘,. 0
’. Mitral va]ve closure slope was obfalned by manually drawing in

the BC (ox AC) alope, as for the human experiment.‘ . o,

© . ‘e . N

Beat-— to—beat analysie of 7 consecutivc beats was® made in each dog,

v » ¥
for' each hemodynamic intervention and the results obtalned for' gnitral

clesure slope and the corf“bponding mean abrtlc veloeity were

o
subsequent}y compared and subjected to statistical analysis.

'(b) Dynamics of Mitral Closuxe.and Aortic Flow

In the seqbnd'part'of'the animal stady, 3 additional dogs wé}e
' : ' St s il

prepared as.degciibed'above and onceﬁagain, aortiC'velocit§ ahd mitral
‘valve analdg signals wereﬁﬁbtained an& stored on magnetiéjtape;‘i‘h‘.’
However, in this case, the acquired signalevhefe';focessed somehhat
differently _ i' o N h- v,- ' ‘ - B L _,v«h
S ,'A The mitral analog signﬁi was filtered, as described before. it
v “ .

‘was then passed through an active" differentiatcr made by our
Electronlcs department for this purpose. The differentiator had a -

linear frequencyvoutput response up to 40 hertz. Eﬁrst passage

o \
-

. through the diffegentiator produced a’ waveform sigﬁal correspondlng
o -
to. the flrst derivatives of each pprtf%n of the orlg}nal mitral valve
A=T'>anaiog signal on a beat to—beat basis. The maximal &eflection >
] S f,‘ A ‘) ey e D ‘ B . ] B

,'~ q [

K v

v
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5\

_‘designabed_fhe Peak Mitxal ValvehAcceieration.

or 1ntrahenous propranolol or both; sequentially} “In each'case,

corxcepondlng to the BC or AC slop" whlch marked thC‘ClO sure. of the

mltrai valvc, ‘was. deqlgndted thc Pcdk M]trdl Valve C]OSLng Velo 1L§
} - -

£

Re- paos1ge of the wave[olm corxcbpondlnv ro the first. dcrlvatLve of
/' .

O

the orlglna] m]tral 51ﬁual throu&h the dt)‘ffere“lr1ALoru rosulted in

‘yet anethcr 51gnal belnc produced correspondlng to Lhe>qecoud
<]

_‘durlvathL of the mltral valve echogram. The pcak o[ this 51gndl

correspgnding to the peak mitral valve closing velocity; was ° -

..
~

The ao;tlc veloc1ay 51gnal was processed by fllterlng and: then

N

'paselng it through a dlfferentlator, as in the case of the mltral

B

51gndlo.; The flrst derlvatlve of the veloc1ty signal correspondlng .

to the ejection phase of the ventrlcle was de51gnated the Peak

Aortic‘AcceleratiOn.'

Comparison, in these.dogs, was madeﬁbetween-the.following
» . : S . :
parameters:

(1) Pehk mitral closing,velocﬁcy and systolic mitral closure
slppe, = : ' I

”

A

(ii) Peak mitral c1051ng veloc1ty and peak mitral écceleration;_

(iii) P ak m1tra1 c1051ng velocity and‘geek_aortic velocity,

-(iv‘ eak m%tralvclosing velocity,and peak aortic aceeleration,

(v) eak mitral acceleratlon ‘and peak aortlc acceleration.

Five consecutlve beats were analyzed ih each case, wherever

possible% in the resting state,_following~intraVenous~isoprenalinc
/ , v . N S

PP §

5 : a

;tHe mlffal and ‘aortic beats analyzed correaponded to each other so .

oo . e
foi e e

/

,}”

- 2'9.

=l



- that a beat-to-beat comparison of these parameters was obtaiuned. - ' g /

"Where this was hogfféasible, the mean of five good beats was obtained

and the means .for each paramgfér‘wére compared. . - ' [ -
. ‘Ali‘the resultsAobﬁainédkfroﬁ the above prefimentsfwéré '

SUbjectca to staﬁié;icalfanaiysis.ﬁsing‘a Family‘Regression Analysis:

Progrém;on a'Hewiétt Packard 9810A Caléula;of. | B '
T AR a



. RESULTS

>

V (l)' Human Study. e

Y

Representative examples of echocardiographic recordings obtained |

“from the dortic root, mitral‘valve, ‘the posterior wall of the left L

ventricle and interventricular” septum &re shown in Figures'3 and 4

Ky

\respectivelyd

Patlents studied ranged in ages from 14 years to 64 years (Mean _

age 49.2 years) and the group consisted of 10, female and 22 male‘}

_1sub3e§ts.. Left ventricular angiograms-were obtained in all the

ugatients.studied'and°corohary angiography was‘perforned in»all_bdt
vtvo cases.r . . . -
. 'All the patients:studied:vere'in sinus;rhythm andjhad P-R’

intervals on. the,g C. G.-of less than 0.2 secoﬁds.

.(;X,,‘ _ v

Eighteen of’ the 32 patients had: 51gn1f1cant coronary artery
.disease (i. e. more than 50/ obstruction in one d; more of the - Left

A,Main, Anterior Descending,‘CircumfleX'or nght Coronary arteries)
. bt . 4“
B Fourteen of .these patients had sustained a prev1ous myocardial

/

14 )

: infarc_ion and ll of them exhibited one, or more areas of- hypokinesis‘

. or dyski e51s on’ 1eft ventricular anOiography 'Two other-patients5-b

) who,had signlficant céronaryuartery'disease on the arteriogram buf‘_

i'had no E C. G evidence of a prev1ous infarction, alsog!;hibited

segmental 1rregularities of contraction. ‘In addition ‘to these, one_‘

3

of the<pa%1ents (No- 18), whowas'suspected'of‘having cardiomyopathy,

s

was found to have no significant obstructlon of the coronary vessels .

C'

Mbut nevertheless exhibited generalised hypokinesis with a 1ocalised

o.

L@



‘32 .

arehs of‘d&skinesis. ThUs, of the entire gtoup studied l&lparieutS“in

@

“eail ‘had ang1ograph1c cv1dence of aklnt91s, hypok1nes1s or dysklnesls.;‘
& . .

Thlrty four deLClanathnS of cardlac output wexe obtalned from.
the\32:patients., In'one ofrthe patlents (No. 7) two additlonal

drccoxdlngs were obtalned by varyln" the hemodynamlc conditlons by the

;
~

adanLSLratlon of two separa te doses of 1ntravenous 1soprena11ne.

N

s Table Ia summarimos the angiuﬂraphic data‘of the patients“studied.

able Ib Lllustratts the data obtalned on each patLent and .the’ calculated
cardlac output by the Flck method and the proposed (Echo l) and -

vconvcnt1onal (Fcho 2) echocardlobraphlc methods.

o .

Comparison of Aortiec Diameter by Echo and Direct. Measurement

T e

The results obtained on comparison of aortie root diameter measure—

.ments.By'eehocardiogtaphy'and atdsurgery, in the 8-patients so studied,

- are tabulated in Table II. SN s Lo o C ' '
. Flgure 5: illustrates the comparlson between thesenﬁmo sets of o i

=
#

'maasutencuts, fhese are suﬁmar "od below S ,sft_ .':ﬁﬁf“:'
Echo DV(Y)_ . : '. - 'o' D‘at Surgery (x)
;E Meauha i 3;64'cm5n.fdt.d;}: ‘f”' ‘ L 3 55 cm.
’ jﬂtb; fbl 16;51 cﬁ, d::T_ - . o iQ}49jcm. :.;>: ‘
_ n .-.—--8” Tr.= 0.,9.7_ ,' pf<"o_.o:ov1 :
0.06.+ 1.01 X | u

.sThese results verified the-accuracy ofbechocardiography'in_our

: hands for the measurement of aortic root dlameter..[Itdalso;COnfitmed.

the observatlons of other investigatonsa7 48



Methods. -

s A " A.
. et e

gggﬂgzison,of L.V.E:T.vby:ﬁcho and Dirept MeaSutement-(AorticyTragiggli

lqble III eummarl/os Lhe data obralned on the left ventrlcular “'n

o

cjection time (L V. E T ) in 17 patleuLs ComparlsOn of left ventriCularf:"

I
f’\.f"‘ . .

eJectlon lee bytechocardiography and ‘as measured 91multaneously from

‘o

" was’ conflrmed as has been dong,by othets

Kois Wv

Y

- E] Lo

the aortlc pres ire traelngs,‘ls deplcted in Flgure 6 These are

summaleed below. : T

'

L.V.E.T. by Echo’ (Y)

" Mean, . . 304.88 msec.
u»o;n%‘ S
‘S.p. . % 45,11 msec. .
n=17 =0.95 P
= 25. 6 + 0.89 x

, , \ﬁ-
L.V.E.T. Direct (X) '
'~306.531msec;

th46.72 msee;

< 0.001L

%, ) e
Thu%, the accuracy of measurlug L.V. E T using echocardiography

49,50

’;‘Comnalleon of | Cardlae Output by Flck and Proposed Echo Mcthods

(32 patientgl

Dlrect comparlson of the results obtained by these two methods

. ~sets of results as is llsted below,

" Cardiac Output by Eche (¥).

T(Pfopoéed.Method)»
Mean' 4.78 L. min..—l

sp..  #1.73. L. min.

is shown in Flgure 7. Close correlatlon was npted between the two

in the whole group studled
cardiac'0u;pgt‘bygriék1(x)'

5.45 L. min.

£1.91 L. min.~



 output measurements made by the groposed echo and Flck methods, both

“dn the preeence and absence of 1rregu1ar segmental contractlonfof

'Comparison. of Catdiac: Output by Conventiondl Echo and Fick Methods
A — ) T T

-

n= 34y = 0.90"

Yy =.0.31 + 0.82°x -

ab gNO:OOi; ‘

:34a

. Ihc ovgrall résults OotalnLd in. the 32 patlcnts sbudied wete Lhen

SubleLdEd 1nLo those patlents with (n‘e

.fhypok;pesis or dyskinesis.

Pts._w1th Aqynez y

.-Mean X

Mean,X

o'

tahalyZCd,éepatatelyfas shown bélow:

4 5.42. L. mln;—

l 4.56 L. min.”
,H+2 24 L.imiﬂ.f¥
AT, 99 L. ,Qiﬁ;fl‘

AN 3
| 6.94 ¢
' <o0. 001

Y = 0, 63 + ‘0.79 X

)

16) and thoqe without (n = 18)

‘Pts.

4096 Lo

without

5.48 L.

+1.63%L.

+1.49 L.

rhe reSults from these subgroups were

AsYnexgyflﬁr

win. .
mih;
~min. ’

ﬁiq,

BEST-EE

0.87 "

g s

'<0- 001 S e

0. 31 + 0 82’ X

a

0. -

Hence, almost equally good cerrelation was - found.between cardlae  .

portlons of the left ventrlcle

<

e

© (21 patierdts)

5

Satisfactory fecérdinge of the,pdéteridr"leEt:veﬁtrieplar wall .

IR SR N ST SR
“and. the interventriculdr ‘septum. could be obtained by éého,

in 21 Qf'the



32,patients,studied‘(66%).,"The'overall'correlation.between;theses¢WO

methods-frdm patiénts with (n -

'18) and wighqut (n‘=‘l3) dyékinQSis or

'hypokinesis,_treatéd.toggther,‘wﬁé'fairlyfgood;

.

° Cardiac Output by Ecﬁof(Y) A Cérdiac‘ohtpdﬁ by”Fickl(XSi
.‘(ConventionaivMéthod)
S o RS & : . s a1
Mean. - | 5.39 L. min. ’ S 5.39 L. min. 7.
e T | ' b !
.S.Do “+2.61 L." min. * *1.79 L. min.
, nm=21 "r=0.58 - p<0.001
Y = 0.81 + 0.85 X
The:above'§0mparisonfis shown in Figuré-S." . T e

N Data‘frpm'patieﬁps;with aﬁd‘%i

' separately, as shown below:,

.. @, Pts. with Asynergy ;_L

Mean X . . 5.54 L.

‘Mean Y  6.74 L.
o L ' .A[ .
S.Dy o #1.81 L.

_s.n;fil .;2;885L;
a e 8

r h . '0;44

p . <0.30 (N.

min{r

min.

min.

min.

s

f(N;S.'= Not'significant)»

o

!
!

. -

thoutfgyskinesis»wasv;hen anaiyzed '

-~ Pts. without Asynergy

5.29 L. min. Lt ¢
4.56 L. min. 1o
ilu83 L. miﬁ;gl' ‘
© £2.13'L. min. 7t
13

<0.005 - -

'Y = 0.88 X - 0.11
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With the‘limitétion that the'number of'patients in the subgroup§

were maLl it was 1pparent that thc correlatlon bctwcen the two’

\methods, in the two groups, was qulté different.; In thosc pationts_

i with‘dyskinesis or hypoklne&xs, corrclatton botwcen result by the

4

Fick method and the conventlonal method did not reach the ‘level of

fq:gnlflcdnce (r7= 0.44). This was in contrast to the 51gnif1cant
: w .
‘correldtlon (r = 0. 77) obtalned between the two sets of results from

/

' patlenrs Wlthout abnormal left ventricular contraction. These reSults

support the contention that the conventional echo method is not .

appllcable in_the presence of asynergy 7316,

o

Comparision,of'Cardiac;output;by Fick and ?rdposed-Echo Methods

(in the above Zl'patientsl I N ' R

Results obtained by the proposed echo method were. eompared with

those obtained by the Flck method in only those 21. patients in whom

cardiac output could be determined by the conventional echo method

aq well. ThL correlatlon fourd 1n these 21 patlentq was similar-to

that found follow1ng analy31s iof results from the entlre group of 32
q

patients as.is~shown in Figure 9. The overall results were:

N

, Cardiac Output by Echo (l) _ - Cardiac Output by'Eick‘(X)

(Proposed Method)

Mean - 4.77 L. mln..la - ‘ . . i 5.3% L. min.T‘
S.ﬁ:“, ;: , +1 55 L. min.—l. | ¥I> L “ ‘_ *1.79 L-,min;_l
| n - . r=10.90 - pc< 0.001
y = ‘o..59 +'o.-_78 X S

36
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A ) ) . B 4 . .
Results from patients with and those without abnormalities of

._lqif‘ventrtéuinr cohtraction are-once again‘analyzod sgﬁarh%e]y as 5
: L . : : C . : . . <
) “shown below: o B
Pa:icnts“with-Aéynérgy. : ‘Patiehts‘withdut Asynergy
: . . .o=1 ) ;-1
: Mean X - 5.54 L. min. - + % . 5.29 L. min.
Mean: Y o 4.85 L. min.:l ‘ ‘ , 4,72 L., min.dl ,
[ . . . ! o ) - . .' : .
v ) : , : : . -1 . . L =1 T
S‘D'X' . #41.81 L. min. . ) +1.85 L. min. ‘ e
S o -1 . S
S.D.Y o *1.61 L. min. ~ . +¥1.57 L. min.
n .. 8 : S C S S I
.o 0.94 L 0.87
. R ‘ s ° B N i
‘po <0.001 <0.001 .
t Y =0.2 + 0.84 X .Y =0.79 + 0.74 X
- The resﬁlES'théiued suggest that the praposed‘echb'method is
i A , s : - R :
. equally accurate in patients with_and;withsut asynergy.
 (L1)_Animal Study Yool | o IR
S R ‘ S . . 7
(a). Comparison of Mitral Valve Closure Slope and Mean Aortic Flow
Véloéitz :., E ) . o _
‘ Co. . ': : X ' s . ot . ‘ Q. . [ . o
' . 'Figure 10 shows a. representative sample of traces obtained from
. . S o < -, ‘ '
this experiment. ' '

: Eighty—fdur'beat—toFbéat'énalyses'of'mitral yglve closure slbpe\

©
v

and the éofrespon&ing mean aortic véloci@y'were”obtained in the 7 dogs.

s

These resultg are presented in Table IV.‘,Compdrison of these ﬁarametersv



Wty v

' | Lo
t ‘ o ]

is shown, in Figure 11 and the rvesults obtained are summarized below:

C o

Mitral Slope by FEcho (Y) Mean Aorth Velocity (X)
: o ol ‘ ‘ ' -1 ‘
Mean - 19.36 cm. sec. S 18.08 cm. scc.
<y N . ) o -1 N . "'l
. S.D. ii7 53 cm. sec. . ¥ 7.73 cm. sec.
n o= 84 r =-0.94 _ p < 0.001

3

o

Y # 2.87 + 0.9 X
These results provide experimental support for the original

t
e

&

assumptldﬂ'made_in the cardiac output study carried out in patients.

°

(b) Peak Mitnal'Vélve Closing.Velocity and ‘Acceleration and Peak’

Aortlc Velocity and Acceleratlon : , «

Figure 12 illﬂs;rates the tracings oﬂtained for the.finét and
~secomd derlvatlves of the mltLal echoisignal and Figurc 13 shows the

first derlvative of the aortic veloc1ty signal i.e. aortic

e

acceleratlon. In order to match up the approprlate mltral and aortic

o

beats LOLresponﬂlng to each other,_thc undifferentiatcd.mitrai echo

signal and the aortic velacity signal wvere, used as common markers in

both sets of traclngs obtalned

Tables'Va','. and Vc show the detalled results obtalned for

nitral valve closure slope, peak‘mitral valve c1051no veloc1ty, peak
. *

‘mitral dcceleration,; aortic velocity and acceleratlon, in .the 3 dogs

studied.

[

T



(i)  Peak M]le] Clouln" Vo]oc1ty and Systolﬁﬁ&ﬁé&gn] (losuro SlQLP

. ‘ . -

(g5 14) o | .

Jerty boaLs were andly/Ld under deferént hemodynamic conditious

w, . o

in tlw 3 dogs The re,sm, tsare ,as‘ shown  below:
PLdk M. V. Llo,inb Voloc1ty xX) . Systollc M. V. SlopL (Y)
,Megh ) '41.?3 cm.vsec.—;' ‘ ) . 29 29 cm. sec.-l
. ) . N K] R _1 , . . . » " -1
5.D. 111.77 em. sec. : . - % 7.15 cm. sec.
n=30 -r=0.76" - p<o.001 . - o
Y = 9.83 + 0.46 X

N A '
Y |

(ii)  Peak Mitral Closing Velocity and Peak Mitral Acceleration (Fig.ilS) @

»

: : R SO . '
Closer correlation was obtained beltween thesge parameters, as shown
. - . - N . <

below: - e
-Peak M.,V.. C1051ng VelOCLty x) - ~Peak M.V. Acceleration (Y)b
' Mean .40.99 ¢m. sec.— - .. 2387 7 cm. sec.-
CS:DL _'t11,97 em. sce. Tt | £ 838.8 cm. sec.”
. ‘m = 32 r = 0.84 ‘ op < d.OOl S -
Y ='58.§:X - 22,72 | . | | )

(iii) Peak Aortic Velocity and Peak Mitral Closing'Velocity (Fig. 16)

v
L In contrast to the close correlatlon noted between mean aortlc

veloc1ty and mltral closure slope in the flrst part of the anlmal
experlmtnt correlation between peak aortlc veloc1ty and peak mltral '

c1031ng veloc1ty was not as close, albelt 51gn1flcant:



Peak Aortic Velocity (X) . Peak M.V, Closiug Velocity (Y)
Méan 209.8 em. sec.~r E . ~ "40.99 cm. scc._l
$.D.. o .83.97 cm. Sec. " +11.97 cm. sec. T %

n=32  r=0:5  p<o0.0Q

Y = 1373 + 0.13 X

(iv) Peak Aortic Acée]gyation aqg_}eak'Mitﬁal Closing Velocity

(Fig. 17) |
" I

o

The correlation between these measuremgnts‘was better than for
C LG . .

peak aortic velocity and peak mitral closing velocipyi

Peak Aortic-Aécelgration (X) * Peak M.V: Closing Velocity (Y)

J

. Mean 7669.97-cﬁ: sec. 2 ' .41149 cm. secﬂ—l
"S.D. £3473;97 cm. §et.72 +11.83 cm.'séc.—%' ' ,
'm=31  r=0.75  p<0.001 .

Y = 21.8 + 0.003 X

A '

(v)  Peak Aorﬁic Acceleration and Peak Mitral Ciosing Acceleration

o

(Fig. 18) - -

In:analyzing this data,- one. of the points (marked * in Fig. 18)
was - excluded from the data analysis as it was found to deviate
markedly froh the statistical trends shown by the rest of the data.

The closest Corfglation was found to exist between these two .

-parameters:

e



o Pehg‘Aortic Acceleratfon (X) Peak M:QJ‘ALcelcration (
¢ .MQun . 7772:87Lcm. scgd—z | 2359.63'ch. ﬁec.F
‘s.0; %1102.04 em. sec.” '+ 805.03 éml.seg.~

S n=30 o r= 07%7;> p < 0,001 | | '

Y = 802.1 + 0.2:X

- o

~
.

cérgélutign, bétwoén pbese Z‘péramqters; held with corrélafion )
coeflicient ‘values of 0.88,‘0.95 and 0.68 in the 3 dogs.

" Table.VI/ ‘ | ! ‘
cgmparing thé vafiousﬂmitralland aortic param¢tersu

summarizes the correlation coefficients found when

- Al

Y)

ey
D

. When data from cach dog was examined separately, the close

41
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A

”ventricular chamber.' In particular, these assumptions are“: N

bratio of 2: 1 .ﬁ - ¢

. Cycle, . ) B e e, . : g g

| . DISCUSSION. . .. .

4 . u ) i
. p . i . !
“ . . - " 5 B ] :

Echocardiography has 9ow become an. established diaguostic tool - ¢

" 3 L™ ¢

in the fie]d of cardiology v Its uses in ‘the raﬁid and non—invasive' .

° » . ¢

‘ necognition of a. vast range of anatomic cardiac abnormalities _ranging

e v g 2o
from mitral stenosis and pericardial effusion to its applications in

o

pediatric cardiology have, by ndw, become routdne., I ' 45 .

¢ . - : ~

However °the majdr expansion in interes& in this technique sprang ¢
o

ot

in the 1atter part of the Last decade with repomts from various
1234 ‘

» v

centres e tlat this tool" could be°used to estimate left v;ntricular,

volqmes and cardiac output The method proposed b ese inveatlgators

. P
. " .

“is based o% the measurement of the distance betWe
%yrface of the_posterior left ventricular wall an

septum.v The cubes of this dimen81on at end diastole and end-systole

- o

are then assumed:to represent end diastolic and end—systolie volumes i

.~ " 8
and stroke volume is then derived by obtaining the difference betweenh
‘ - » . : & N . ) : ; ’ A
these two. volumes. _ ~°,G o o s : ;
. )’A. . @ N i < Loa . : €

r

Tpe assumptions on which ¢hls conyentional echo method is based

3

pertain to the shape, size and unifonmity of contraction of the left

A e

> . )

(a) that the shape of . the Feft ventricular d%vity can be )
I3 v o

represented by a prolateﬂéilipsoid with a: constant ° maJor minor axis

o 5 ¢
a " P © N v,

.S R . ‘ g B
i 4

;’fb)_ that the major minor axis relationship is Ghe same throughouf

o 3 g

the population and within one individual through the entire cardiac

’

< ¢

a

»



"f’

2

~Athe“major:minor axis- ratio may be as. hlgh as 3'i leading to an.

«. o

- : L o

(c) that the left ventricle contracts uniformly,

. ° o

Kd) that a major propontion of“the stroke volume generated by the

Vv

, left ventricle can be accougged ?or by changes in- the dimensions of the

4 =
Qminor axis’ % .
'd . > T ' o Q:,) .
"and '(e). that the internal dimension measured by echocardiography

4

approx1mates the true minor axis of the left ventricular cavity3 52 53

X

Unfortunately,‘ the geometric assumptions made are not strictly or
equally applicable in all clses and thus constitute potential sourqes
of error in the estimation of ventricular volumes and‘cardiac output54
Hence,‘for example, errors can arise from the application of this

method in those patients with cardiac decompensation and cardiomegaly,

P .

. e 3J,

as has been pointed out by Fortuin and his aSSOClateS -These errors

o

v .
have been attributed to alterations in the shape of the ventricular

‘cavity, from the usual ellip501dal to a.more Or less spherical
l . . \ .

o

configuration. ‘This tends to disrupt the major minor axis relationship o

assumed'in theSe calculations and thus 1nvalidates the approximation, .

' o . . . .
Volume = Cube of Minor Axis diameter. o P ."&

:Similarly,'in the small ventnicle with a long and narrow cavity,

‘

=
€

underestimation of the true volume. Telchholz et al have recently

o

oy

shown that in a series of 100 patients, With a variety of cardiac
8

o . A

' lesions (and including 22 normal,subjects), studied by left ventricular

;angiography, the major minor axis ratio betWeen end—systole and end—‘

P

g .
diastole varied very, considerably from the assumed 2:1 figure1§,

,

This study confirmed similar’findings previously reported by others

N

P

51,55

A maJor shortcoming of the conventional method hoWever,‘is 1ts‘”w33f

43



2

ppllcabilrty in the presgnce o[ scgmonta] nbnormalitics of .

contraction, @h is often”encourtered in patreuts w1th ischemic heart
)

T

. : Y]
discasc. In suéh’cayéﬁ, spurluusly hlgh or low readrngs of ‘cardiac
outpuL are thaand probably ‘as a'result of'ulmxasonlc recordlngs

btlng'obtdined from a’ 1ocallscd area of compcnnatpry hyperkinesis or

hypo/alinesistS 10, B T R

- "
a

Uudex thcse c1lcumstances;_therefore,'an cchocardlogrephlc method

: : * | .

that is (a) 1ndtpendcnt of the geometric assumptrons llstcd above: andl
(b) does not need to rely on the assumptlon that the entire ventrlcle

“contracts unlform1y, should offer a uperlor approach to the

‘conventlonal echographlc method The method proposed in this study

'fulfils the above c11terla. ReSults obtalned from the cardlac output'-

°

study show that whlle there was good correlatron—between results ‘v IR

obta;ued>by the Flck method and by the convent10nal echo method~in

‘patiéﬁﬁsﬁwithohr:,"

‘entirc gfbu. taken a

it is, recognlzed that‘};e:

this correlatlon was notvas close in. the

e.&? .

In_additlon, correlatlon 1n'those'

[

pdtanfx u1th Aa)u‘QW) was-nor significant'in this study, although,

."’\

numbers 1nvolved were qulte small.- In -
0 :

contrast, there was llttle dlffereng% in ‘the degree of correlatlon

o

between the results obtalned by the proposed echo method and the Flck ; :

ThlS‘

‘cofrelation was equally good 1n the same 21 patients in whqm cardlac

wowed

Y
O

“outpqt estlmation by the conventlonal echo method was possable. Thus,
: /

these results"indicate that the new echo method proposed is more.

A

-accurate than the conventional method 1n the patients studled and that

e

frthe acchracy of the results obtained is unaffected by ‘the presence of

o/

-
L



Tl _ . .
B N . . ] X . -
o .

asymmetric contraction._- , )
3 . rey oo . - o. ) N : ©
?
In the method proposed in this study, the ma]or assumption made‘
was that the closure slope of theoechogram from the anterior 1eaflet,

o

e of the mitral valve and the mean aortic flow veloc1ty were inter-

related and that the former could be used to assess the latter. This
. o e e R - . () . .
: ssumption is an arbitrary,one.. The exact inter relatlonship between

"

- the two parameters is unknown.‘ In addition, these events take plate in.

’ different phases of the left ventricular Systolic cycle i.e. mitral
closure takes place during the pre—eJection period while aortic flow

occurs during the eJection phase.4 Nevertheless, it is reasonable to .

",assume that the events ‘that- take place during pre ejection period are

probably quantitatively related to those occurring during the eJection B

‘ phase, as the force- of Ventricular contraction will 1ikely determine:

R

«

éﬁ;_both these events. PreVious studies have shown that a parallel

'relationship between parameters measured during isovolumetric
contraction and those measured during the eJection phase of contraction

does exist56i The importance %f the role played by left ventricular :
. . %
systole in determining mitral valve closure has already been discussed

Tn addition, it has already been mentioned ﬁhat the peak velocity and

acceleration imparted to. the blood egtering the'aorta are a functiOn of -

[ 2
v o .

ventricular systole, and that both these parameters of.. eJection have a

N

“;'Vrole to play 1n determining the sﬁroke volume eigc;eﬂy It would

therefore ‘seem’ logical to eite d. Ehe above diSCuSSlOn one stage further
S N 'WVL%
LEE amd suggest th&t, in the continuum of systolio events that commences
\d -

RONE with the build-up of left ventricular wall.tension and pressure and
:tv’ . ) 3 .

,évculminates An- the expulsion of blood into the aorta, quantitative inter—

Ladie
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| ‘3_’-V
relationships probably eklst between each of the events that occurs,
be g - mitral valve closure, aortic valve openlng and aortic eJection;
o: The results from'the animal studies comparing mean aortic PR
veloc1ty and mltral closure slope have prd%ided experimental support
for thlS assumptlon.’ In fact the degree of correlation obtained

>

appears to be Surprisingly close between the parameters compared.

S s (
Examination of the results obtained im' i W*ﬂgter studiesw

™
performed in the 3 dogs shows that the ve"zrv ‘ mitral ¢losure as

determined by the manually drawn slope consistently falls short of

the peak c1051ng velocity estlmated by electronically differentlating -

the slope 51gnal. However, the two values are, in fact, inter— o

related (Figure 14) Similarly, correlation vas noted between peak

-

velocity and peak mitral c1051ng acceleration (r = 0. 84)

" mitral
_on of‘peak mitral.c1031ng'veloc1ty with,aortic flow® .-
: "

'Suggests that betten.correlation exists with peak aortic -

’ on‘(r =-0. 75) rather than with peak aortic velocity (r = 0. 59)

v

Best correlation»was noted betWeendpeak mitral closingacceleration and

peak aortic acceleratioa (r = 0 87)

Aortic acceleration has been proposed as-a spec1fic iudex of

myocardial contractilityho 57.: The close correlation found between‘

{ aortlc acceleration,and peak mitral closing velocity ahd acceleration,~
under different hemodynamlc conditions, therefore, suggests that the }‘

factors that influence changes in aortic acceleration probably also .

affect mitral closure in a similar manner and to. approximately theu

same degree;‘ In the case of peak mitral valve c1051ng velocxty and
A TN
facceleration,‘these factors would specifically be preload and.

CERSC



.

yﬁévtractility Achrload almost ccrtalnly has no rolo to pjav in

. dctermining these parametchs as mLLral valve c105uro is complctod

‘and l(dj: the yield of successfully completed measurements,Ais hi her.,

b

vcloc1ty,

N
bcfoxe aortic eJection takes p_aco : Other investigatozs have shown

o

that aortic acceleration is 1nde_d 1nfluenced by preload and afterload

in addltion to changee in contra tllltyél,-

Thus it scem;%that mltral closure slope can probably be used, in

paLlents ‘with normal mltral valve 'as an 1nd1cat01 of mean aortic
flow veloc1ty but that the peak aCCLleration and veloctty of the
anterior mltral leaflet are more closely related to the :ontractilej
propcrtics of 1he left ventrlcle. ‘l fV» A

The principal advantages of the proposaimethod of estimating
- . *. S

1

cardiac output are.- that.
- (a) it circumvents the assumptlons on»whf%h'the conventional

method religs for its accuracy,'

I

;e (b) the results obtained are: unaffectbd by the presence e -

otherwise, of non—uniform segmental contraction,

-

(c)- 1t is.a tcchnically ea51cr motuod to use,

The method does have limitatlons .and shortcomings, however; an \

these can be summarized -as follows, i . ' B T "I\ .
. (a)i The method may not be accurate in the pie ence'of mitral or’j;'
aortic valve pathologv,. : A ',b ‘. | | -
. ) T : "
‘(b}n-this method is probably 1napplicable in patients With

arrythmias or heart block 51nce, under thcse conditions, the closure

veloc1ty of the mitralkvalve may no longer be related to mean aortic

.



v

‘(c) this method directly estimates stroke volume but cannot

measure ventrlcular volumes at thc dlfferent phasesfbf the cardlac,'

o4
N 3

cycle, nnlike the conventional<method
. andhlkd)' the theoretic grounds for the assumption on which this
'method is based, need further elucidation. |

’ ihe rgsults of the llmited studies- carried out to examine the
relationship betweeq mitral valve velocity and acceleration reveal
-llthat these parameters probably bear some direct relationship to peak
aortic ejection velocity and acceleration. If further studies bear
out thls relationship,'then it seems qulte p0351b1e that the echo—l
i'graphicallv derived parameters of mitral veloc1ty and acceleration‘

' ould be useful for the non—invasive ektimation of aortic acceleration L

,_and 1eft ventricular contrgptility.‘,



CONCLUS LONS

‘ -&

(1), In the absence of aprtic or mitral valve disease, atrial .

arrythmias or‘hearﬁ block, the manually—drawn.cloéurc slnpé of the
anterior,mitrai.ynlvc 1eafiet, appc#;s ﬁ; Eé.relatcd to and estimatqﬁvﬁ
.mean aortic ejection yélocity through the syﬁch;c period;- |

(2) gThezheén velocity-of flo&'de;ived as déscfibed abOQé,‘éﬂen
:t$kgn in conjﬁnétion~with dufdrioﬁ‘éfllcfﬁ Qenﬁricular gjeC;ion time

“and aortic root area, both derived from ech5qardiograms of the aortic

o i

‘valve and root, can be used,to-caléulateﬁétroke volume, ‘

(B)Q‘The above echo method gives réiiébleféétimations of‘qardia@‘

QUtput both ih»the presence and -absence ofkabnormal deft ventficular

contraction, *
(4) :This method, in our hand$, gives more reliable results
: { . o ‘ ‘ ; - R bt
compared -to the gon?entionalvmethod,‘ '

[

|  (5)' Feak:ﬁitral closiﬁg velocity and accelergﬁibn sh;w close
vcorre;atiqn withipeék dortic Qelocify;and éccelération énd é}e.proﬁébly
influénced»similafly;_bf Variqus disease processés Ar'inbe;VenfionS:>
‘Altlis_;dssible; that7ﬁhe'former pérameﬁé;é.éé;ld BesuSed-té e§alugté :

of afterload.

»
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the contractile state’of the-iefﬁ ventfigle,_ihdependenﬁ of the effects .
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+« TABLE Ia

\ ’ . ’ ’ . ) " .9

. .; Anthfopological énd_Angfograﬁhic Qaté on the 32
' . Patients in the. Cardiac Output Study

Patient Aég-

. Ne.  I.D..  (¥rs.) . Sex ~ C.A.D. A.C.S.

v MQ‘ R T 7M 'fvi I
z kM .56 F e S
R -
4o oEM sp . F RN ORI s

6 R . 50 + () o+

= ®
+

7. HS - 45 (*) 4

=,
1
I

8 . DB .57 :
9 "PA 64 COF L () - F

10 Jch 47 | Moo+ T

e}
+ o
{

11 BM 3
vl‘2 | LE 50 . N

13 e 50.

2 B M
+
+

14 'ica- 57 + (6. -
.15 JRe 31 * - F .

- (Continued Over)

S



L —
fAﬁLE ;Ia‘(Coqtd;) ’
Patient "T_Age‘ . o ' S . 4 o )
No. ' I.D. ‘(Yrs_.) Sex C.A.D. A.C.S. *
1 w1 Mo - -
\ 20 - WiD 38 u - : -
21 WR 48 ‘ (M B €0 N +
22 . EK 51 M N N
.23 . AT .‘ 37 - ‘» M " | ,+>(*) _5
2 FW 63 M  +'(.*) S
a5 osa T w L we o+
26 ws 52 _-M‘lf . R _
27  e 47'_ CF - -
28 JRa & - 50 R S Y
29 k W 56 [ T
3of./ W 59'_ N L
Y M .+ 59 - F. + =
2. wep | 47 oM .
o

. Abbreviations: I.D. = Identity; C.A;Q; - Coronary Artefy Disease;
: A.C.S. = Abnormally Contracting Segments.

I}

L

. Key: + =" Present; - = Abseht;' (*) = Ptévious Myocardial
g Infarction; ? . Investigation not performed. '

‘51



52

("

(23A0Q penuUIIU0)).

pue u;muno umﬂvumo jo uoTIBTAITED U3 103 wuumamusmmmz ua:amu&oavumoosum mo muanmwm

oosumz NOFd 8yl 4q. ucmﬁmu:mmmz usmuso 2¥IpIB) JO SITNnsS3ay.

—

g

SERCUL- VAR

»

20°¢ %€y 20°S 08°Z 0z'Y 95€" 00°¢ 0°0¢ 4
- 865 £6°S e > Sv'T - 676y i
72°9 . 95 18°S ey 09°§ 313 0T°€ 4'9€ 0T
98°9 0S¢ L9°¢ R AL 00°9 vee sz'€ L0z 6
TTE 8E'S LE'S 07 ses 16 oe 62 8
- oz'6  oz0T. -, - onz- 06°¢ i )
- 0°9  <8'9 - - sl 08°¢€ 947 (Q)
- 05y -86°Y - - 092 gy 6T (@I
- E'E 56 - Co- 962 00°€ 0°1¢ 9
L6°0T  86°S - ¥E°L . ory 09'9 - - O%E. 05°¢ 562 5~
- T T - - See. 09°T 0°9T '
o'c  8g'c  €n°€ 05°2 0¢" 26 oLz Lese )
'80°0T 0L°S 2079 08y | oLy’ 90% 96 ¢ 8¢ 4
s€'9 - LSS (Tl 0% ¢ 0T’ 9T€ 01 €' HE 1
- ) wy ‘mo ~503smW ‘wd *998 'wd ‘ON
Cfoyoz  Togm " wora - asa it LIAT qdov ' Sus JUeTIEY -
- Hl.aﬂz *1 0O mudmawudmmmz oyaq ° - .
AN



53

«  (38Ap panuTIu0)) _ . . | o
20°S 2L neE 00°€ 8% gz o0z g0t 1z
- S¥°9 - 06°9 - - gee ov'e . . TSz 9z,
- 0t 6%t - - e ore L LET 14
.99°T  96'T  6E°€ 0S¢ 0$*y - 0zE - OI'€ - €72 "
L LET 95Ty 6E'Y 09y 06°% 78€ . 08°7 L'sg 34
Cve'S 8z’ €79 0z"Y 07§ . 80E o0t T ? oz
€6°T L€ 68°C 0z°¢ 08¢ - . T0¢ - ov'g 0°0z_ TZ.
- 0€°S  01°9 - - o€ 08¢ 6T . 0z
- 86°¢  99°y - - L9T 00°€ - 0°T 61
- €157 - 112 - - ez 09T €T 8T
IR TAL B+ 25 SR Y« 07°€ S0y ez 0T'E  §'€T LT
- 07 16°S - BEESEEES J S KA A 42 9T
06°6 ST'L  -66°8 08°¢ 09°s - SO 0z'¢  0'9€ . ST
L0y 661 65°Y o€ oLy 0TE 0Z°€  y'EE 9T
0°9 ST°9 ~ $8°L : S6°¢ - ov°s " LSE S0zre - 0twE . €T
" - . . ewd ...av \ ‘gogsm mo - . to®s‘ma - oN '
oog * Towoy w1z asa. aaa- ¢ . IEAT qov: T soms | qwemamg
.H “UTH "1 09 . B wud.wﬁwunmmuz oydy o . -
T : ) 0
, - (*pawod) qr - FTEVI |
<. A ‘ ,




54

. N
- - b - ' d =
mud>mu umasuauucm> uwua onu 30 mnoﬂmcmﬁaw Teuxaiul wcamaaﬂu: poy3Isp oyox-~ am=0ﬁucm>coo = Nosum
T R " tsmeafoyog 213107 pue TBAITH mchAHﬂus POUIR osum vmmomoum = aocom K9y
| - : - , ..vonuwz AT, = AT ¢1930meTp OF1035KS-pud = (ST
.umumam.nv UAHSmm,Elvcm aqd fowty uor3dely um.m:u.huuam\w 3397 =  I3AT t1939WeIq .
21310y = @ OV’ ,ma0ﬂm musmoﬂu ﬁmuuﬂz uHHOum%w SOWS ¢3Ind3InQ OBIPAB) = (0D :SUOTIBFAIQQY
T : = ~ e
669  TetL 9wl 06'€ oe's eleowse o wwE T
9T°€.  S¥°T ,mu.w . .‘..ooym . 0Ty 9.€ 08z . T'WW 1
- 869 W9 - - 96g ‘00" Y RA o€
¢y - £0°9 Hw.m N 01'¢ - . STy .. 06T sSTE '9'6C - 62
.99 68°T 667 , oL's 09°9 79t . 06°¢ 0°%T - - 8T
e, L md wmd -sdesm . WD ’ aw.uom.su 0N
No:uw - Ho:um B CR ¥ . gss . ~aad .H IIAT - Q@ oV - SOHS Juerled -
. SUTH T 0D S o o $IUSWAINSEIR OYIT’ :

(*pawo)) qI T14VL B



55

. ‘;v,)‘
TABLE 1L S .
Aortic Root Diamcter Measurement by Echocardlography and ~¥?
Results derived from Measurcements inade. at Surgery
‘ . Aortic Root Diameter (éd@)
Subject ' : .By Echo ' At Surgery
'. : L, ‘ ' Y.
GR . . } Y 4.00 3.80 '
RW : 4.05 , 4.00 °
. , - . 5 _
MB ) ' AR "3.30 3.20
AS - | 3.00 . 3.10°
KM | . 4.00 . 4.00
EK N N '2.90 . 2.80 T .
ES ' S © 4.20 : "4.10
DE P - 1;. . 3 3.79 | - 3.40
o




L('H. Vt'ntr l( ui

o

IABLE,

0
"

[

I1L

A

0

o

. autd floin Aortic Predsure Tracings.

0 " . © .
s " {,’) bl '
N T
e . 'LVET (msé¢c.)
. o Subject No.' . - - By Echo Ao Pressure
. q
Z ' 1L " 372 390
22H/ 335 ' 348
3, 0 296 . v " 265
i 297 ° 300
;o T :
s ) 224 235
: 6 - 356 352
Lo, 7 e 305 329
R 'lt:; . @ :
8 219 . 217
W 9 267 260 .
:«é%' Sss 10 "330 326 -
% 308 303
© 320 ° 346
" e 312 313
o 328 310
264 . 264 -
16 376 358
17 273 29s

ar ljuc,t lon Time (LVf"l) ‘by Fthocﬁ*diogruphy

s
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Q-.

[

. . TABLE v

E}

]

. Data from experiments on 7. dogs ‘'showing Manually derlved
‘Systolic Mitral Closure Slope. (SMCS) and Planlme&rlcally—
derlved Mean Aortic Velocity (Mean Ao V)

b [

Beat osMGS |

, - SE ‘ l
2o Noe o . cm sec

‘Mean Ao V

Cm.sgp.’l

-

DOG 1

Baseline_Reéo;ding"

o

1 . 210

L © 2003
| 8.9 -
16.7
B 18.4
~ 5193
U s

N W N
[

A

Isoprenaliﬁe éftér:Baseline

e 36.3.
: 34.8.
38.4.
8.4 -+
31.3 .
35.5 .

t
N S W N

33.4°
E 3_3_4“.

Inderal éftef'IS6preﬁéline

T 175 B
L2 27,6
3. . - .. 13000 -

28.5
25.8.
28.6

"(CthinuedJOver)

L

. : S ) )
o HE ool

e
g N

7



'TABLE IV

-,

A (Con‘t'd.l)

- Beat . % - sMes

No. : . cm.sec. |

i
}

Mean Ao V.

cm.sec.

o

29.7
S s 32.6
S zell

N o w

'-Fqlloﬁing Embolism. -

26.1

27.6 -
L 29.7
J 30.5
_/ 24.7
/ ©26.1
26.1

PRI .

N M s W N M

Baseline Recording

' . 19.0.

19.0

Y % &

. 19.0.
17.7

NN D W

., 22.3

DOG" 3
’ Baseliﬁe Recording = - ‘ _
' x0T 13.6
2. ®

. | géhl'-

DOG 2

12,9

1 25.5
 25.2
726.3

29.0

s
s

e

27.5
299
- 30.8
29.1
2605
30.0
27.5

Y

e

~

= N

3(Cohtinded50yet)v ’

. »
|
\

)
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TABLE - IV “(Contd.) ."

a

Beat . - - SMCS
No. : cm.sec.

Mean Ao ¥V
cm.sec. -

13.2
6.7
11.0
11.8
13.6

N ou o w

DOG 4

' Baséline 'Relcoryding
I TR 120
2 138
3 ‘ . 136
. V-
5 oo . 14.9
6 - s 1§.27
7 "12.7 .

&

~ DOG_ 5 -

Baseline Recording. - ' o i
. ; -0 . .
13.9

1
2 . -4 .
30 . g
40 w0 - a
5. 110
.6j: . 110
I/ “ 139

N

¥y

DOG. 6

" Baseline Recording
1 . 19.6

10.4
(8.7
1206
10.9° -
12.2

’M/_, ~© 7 (Continued Over)
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- TABLE IV (Contd.) -,

Beat ' B © SMcS . . ‘Mean Ao V
No. - cm.sec.. Cm.sec;_;

‘ 22;7V ' . 16.8

24,2 : o 16.7

23,9 . 16.6
4.7 ' 15.1 .
15.4 o 1604

NSO U AW

AiInderél'after Baseline .

' - 143 109

. 1s.0 i 10.7 .
- 15.3 17

S12.8 11

| . 126 T s

6® . ©10.6 IR T
7T 109 10.3 -

U & w

DOG 7
9 - L T———

Baseline .Recording . - - . ' ;’$

i 12040 L 11.6 .
2 1.3 T 12,2 o
3 12.8 12,9 o
4 R £ T

5 - 12,60 . ¥1.0

6 12.8 . 11 |
vi 13:0 L. 113 - e

;soprénaline folloﬁiné Baseline . B j . S g

1. L 2002 R .184ﬁ§ »
2 . 18.8 .

 ‘(Cbntinued"6§er) o o o

<k



S AR S - S o
: o . )

VAT . TABLE IV (Contd.)

o oo . :
: ¥ . ¥ . N ,
B i N - . N . r

Beac'-i‘fi}‘_ .. sMcs
" No. ., cm. sec. - - " cm.sec, 1

: Mean Ao V.

22040 ey
o 2 175
o 7 18.2
S23.20 0 g6
po2L2 LT g

]

e

<\J.O’\U1§w

-
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Figure 3

AbbreQiatidns:

"As for Fig. 2. SMCS = Systolic Mitral Closure

Slopey AR = Aortic Root; AML = Anterior Mitral
Leaflet; .PML = Posterior Mitral Leaflét. '
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| - ‘ . o : ! -fl" -0
Figure 10 chfug‘gntativc sample of Recordiugs fram Dogs to show
' Comparison‘of Mitral- Closure Slope with Aortic Velocity
' L ‘ and Eldctrocardiogram. . . . ‘
. » ¢
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] . Figure 12 -
Ropresentative sample of Recordings ébtainéd frow Dogs showing

from to; to bottom, Aortic Velocity, Mitral Valve Echo signal,

and Mitral Valve Clowing Velocity and Accelcration i.c. First
‘ and Second Berlvatives . :

‘ f 0
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a-. : ‘78
: ) l‘i&ur(‘ 13 a ‘
"’R(' H(‘qon;n\tivo sample of Recording from bogs &xlmwin‘u from top
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