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Introduction to the Second Edition

Part of the matenal presented here nas published 1n 1906 under the
ttle “Cardhac Pres.ures and Pulses” A revinon was mpo ed by the
development.of left. heart eathetenzation, due to Byoerk, et and 1 isher,
and Morron As this method has been applied 1n our laboratory since
1946, we are now able to pre ent onginal documents

Tntracardiae phonocardiograms and electrocardiograms, tecorded w
this Iaboratory for over two years, cannot be separated {rom pressure
tracings 1 ther mterpretation Therefore, the scope of this book has
been extended to melude the results obtained through u o of these
methods

Techmeal detatls, ansly«is of Plood gaces and “formulas* have been
meluded sunply in order to help the reader without obliging lum to
consult other works Therefore this monograph <hould not be considered
asa manual’ and does not pretend to be one

The presentation of personal viewpoints will add, we hope, to the value
of this monagraph for those wishing to mnerease therr knowledge 1 the
fascmating field of “Intracardiae Phenomens *

The authors wish to acknonledgt the work of the vanous members
of thewr cardige team, and particularly Drs € Aravams, M R Testelly

J B.atkowshs and J Bendezu as well as that of Mr J Morns and Mrs
8 M

Arvo A Luisspy

Cit hone Ly
Chicagy 1958






Introduction to the First Edition

Catheterization of the night heart was mtited by a German (51““30“
It 18 not surpriang that » surpeon, and not a

(Forsemana) 1 1930 that t hy sicians
physicnan was the first to try this techmgue At that tume, phys .
were far less familar with the we of catheters and mtravenous dop
m‘\\k:ho‘(}: Foresmann s attempta on Jumself were considered at the time
only an unusual technical exereise Cournand and s group perfected
{5 oethod to such  degree that 1t wos graduslly accepted and utthzed
by more and tmore reccarchers Dester, Lendgre, MeMachael, P Wood
and Burchell, together with their teams, furthcr developed the techniques
which are currently used

The method ss ongimally deserbed, was based on the oxygen deter
mimation of blood samples aspirated from the chambers of the right heart
ot pulmonary artery, and on pressure measurements Later cathefenza
tion of the chambers of the left heart through <cptal openings added
interesting data to those already hnown Intracardiac electrocardioy
raphy determmnation of cardiac output by means of the Fich prineiple,
and study of the pulmosary vepous pressure by firmly wedging the
catheter 1 a pulmonary artenole were subsequent additrons

Left heart catheterization 15 a relatively recent development which
wil very Iikely exiend the tenlm of 1hs techmque to include & much
larger group of patints Cases with aortic vabve lesions (wlich are
outside the realm of nght heart catheterization) and eases with nutral
valve Yesions (in which nght heart catheterization gives only indireet
data) may be studied by left heart catheterization

Pressure tracings are usually taken with a consentional film speed
whieh 15 madequate for the study of accurate details of the pul e This
=mall monograph is based on tracings recorded with & <omes it thiferent
techmque amung to study 1n detarf various patterns of the pre sure
pulees of the heart and veseels

Cardinaseular phyewlogy, details of techmque formulas used in
cathetenzation and a studs of artifacts have been mcluded 1n thg
;glume to sunphiy the task of young cardiologsts who may wish te
caa‘;t:::;‘:;i o the fascuating and ever expanding field of cardiac

The authors wish to thank Dr A B Lima, who coll
study of some cages dunng s sojourn 1n Chieago m 19?;’;1;){;! 1 the

Ao A Tuisana






GCHAPTER ONE

The Cardioc Cycle

CONTRACHON OF THE ATRIA

The cardiac cycle starts wath the contraction of the aina, alzo called
wytral systole A wave of contraction follows that of excitation, maving
downward from above thus creatng 2 propul-ne wave toward the
sentricles An appreciable bachfion toward the large \ews 18 preveated
by the mtsal contraction of the mousealature ot the opemng of the veins
and by the gh 1enous pressure sceompanying this phase

Atrzl contraction {shes place dunng that <hort phase siuch immet
ately precedes ventmoulas contraction. the presystole As the A Valies
are open during atnal contraction, anly & roderate Ns¢ 10 pressure takes
place sithi the atna and the contraction 18 mainly revealed by move
ment of bloed (Fig 1)

Atrial contraction 15 not indispensable for tentncular filhng because
most of 1t oecurs during carly diastole Still contraction of the atna
completes ventricular filling and 13 one of the factors upon which the
normal funetion of the A V valves 15 based In rapd heart action and
m mutral steno-ss atrial contraction nequures o much greater importance

CONTRACTION OF THE VENTRICLES

Imtiation of ventneular eontraction creases the pressure i the
ventncles and closes the ufnoventrculor ralies (tncuspd vahve in the
night beart mitral valve m the left heart) Tmmnediately afterwards, the
contraction of the papullary muscles prevents an eversion of the.e salves
and permuts a further rse of pressure to o point equahing and then e
ceeding the pressures existing 1 the sorta and the pulmanary artery
Tn thus short period the ventricular contraction burlds up pressute with
out causing mation of blood This short phase 15 ealled pertod of tension
or pertod of 1sometrac confraction hecause the musele fibers of the ventneles
budd up tension steadsly even though unable to become shorter

At the oncet of ventmeular
contraction the enfire myocardium
been exoited Owing to the latenc H -

5 between excitation and contraction,
'I%l;\\:e“‘-za :‘:x; ;ﬂﬁbm Réuch were excited first start contracting ﬁxst,
more fibers eontract Tor this reason ven
sur: nses <lonly at first, then 1ery rapudly treuler pres
5 S00n 25 the ventricular pr
atery fhe ovaligne apenp essure exceeds that of the respective

and the outflow begina Durning s period
1
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Fig 2—Changes of ventneular pressure and volume and pressurein the ascending aorta
dunpg the cardiae cyele ¢orrelation with heart sounds (phono) and electrocardio
gram (ECG)

merely touch but form a surface contact without folds Closure 15
started by the eddy currents and 1s increased by the ventneular contrace
tion which dately follows E 18 P ted by the chord

tendimese held by the papillary muscles The musculature of the septum
and of the pamilary muscles 13 the first to contract, nsuring a timely
closure of the valves The termwation of atnal contraction contnibutes
to the closure of the A V valves because the leaflets are brought nto
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Fig 1—Changes of atnal pressure (press ) and volume (vol ) dunng the cardiac cycle
and correlation with heart sounds tracing (phono)

of outflow or gjection, the fibrous septum which supports the A V valves:s
lowered by the contraction of the ventricles (papillary muscles, free
ventricular wall, and ntraventricular septum) As a consequence, 2
remarkable 1ncrease 1n size of the atria takes place during sy stole, eaus
mg suction of blood from the veins (Fig 5)

From beginning to end, the ventricular pressure follows a steady course
During the last part of ejection, outflow 1s decreased Therefore ejection
has been divided 1nto two parts mazimum ejection, which meludes about
one half of the time, and during which the ventricle expels about two
thirds of the blood, and reduced ejection during which the ventricle
expels about one third of the blood mn the last half of the time

MOVEMENTS OF THE VALVES

Despite their apparently delicate structure, the flaps of the A V taltes
have considerable strength and resistance When closed, they do not
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(Fig 3 B) Esch pesh of rapd flling follows A V valve opening by 0 080010 sec and
4he closure of the Tespective serilunar valye by 017 to0 18 sec -

Table shows the sequence of events 1n pormal large dogs whoee figures ate practically
dentiesl with those of normal man

CHANGES OF CARDIAC DIAMETERS

Dunng ventneular contraction, oll dwmelers of the hear! deercase
the base 15 pulled dowoward and the large vessels are stretehed while
the apex does not move upward (Fig 5) The spiral arrangement of the
muscular bundles of the ventrcles makes thetr contraction very efficient
s0 that the hlood 1s virtually wrung out 1t also causes the heart ta rotate
to the pght pressing the apex more firmly agamnst the chest wall This,
together with the ncrensed firmuess of the ventricular mass, 15 the cauce
of the so called apex beat In spite of the progressive contraction of the
free ventncular walls and of the septum, & small amount of blood 18
left within the ventncles even in normal condihons {residual blood)

The tntersentricudar septum <eems to have an ymportant dynamie role,
a large part of nght ventncular ejection seems to be due to this structure

VENTRICULAR DIASTOLE

At the end of ventrienlar systole ventnicular pressure drops fo 2ero
Following an extremely brief mterval of latency (e called profodiasiole)
the cemilunar vabves of the sorta and pulmonary artery close A <hort

Tasut I Tume Intestels Between § alvulor Motions (Normat Doga)

et (IR symbet Teant Sosnd
Q wave (ECG)
Closure of mitral valve } b AL
Closure of tren ad valye } w002 T {Fme }mn;or wibrations
Opening of paimonie valve } fooa P Sl 000
Opening of aortie valve k o0 A
Closure of aortie valve A
Clesure of pulmomie valye } o P
Qpemng of trcuspid vaive 1 o008 oT {gﬁmd} ’%”o‘:o“:smms
Opraaeg of motest vaive } foroms oM

Rapid $lling of nght ventnele }} ¢ oo

R
Raped fifing of left vensnele ooeacs }{nﬂd
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position by the eddy currents set up by the flow through the onfices and
by » reversal of the pressure gradient This 1s shown by the temporary
valvular msufficency which frequently develops n cases with mcomplete
A Vblock Intheevent of delayed A-V conduction, there may be a double
closure of the AV valves the first at the end of atrial contraction, the
second at the beginning of ventrieular systole

Since the efflux of blood from the branches of the aorta 1s faster than
ejection from the left veninicle, the pressure graduslly dechnes in the
aorta during the second part of systole This drop of aortie pressure may
g;a responsible for a shght drop of pressure n the ventricular curve (Fig

The semilunar valies of the aoria and pulmonary arlery resemble pochets
attached to the wall of the vessel The blood contamed n the pochets
Leeps the valves away from the wall Both the reversal of the gradient of
pressure created by the sudden cessation of outfiow and the eddy cur
rents cause closure of these valves at the end of ventricular systole
Firm attachment of the valves, muscular support from the ventreular
base, and lateral apposition prevent any posstbility of eversion, m spite
of the lack of chordae tendmeae

Research m normal ammals by means of multiple heart cathetenza
tions has revealed the followng data (Lwsada et al , 1958)

(a) The nterval between beginning of nse of pressure 1n & ventricle and the erossing
of the atrial pressure curve 19 extremely short (in the range of 0 01 sec oricssy (Fig 347
This indicates that closure of the mitral and tricuspid valves occurs practieally at the
onset of ventneular systole

(b) In cortoin of the cycles lefiy lar p nses first and at a faster
rate Right ventricular pressure lags behind by 0 01 to002 sec and nses more slowly (Fig
3 B) It 1s reasonable to suppose that in these cycles mitral closure precedes tricusprd
closure by 00110002 sec This 1s confirmed by external and intracardiac phonocardiog
raphy (sce below) In other cycles the two pi nse Iy the d
often shown by two subsequent cycles (Fig 4 A) It 1s ltkely that in those ¢yeles mutral
and tricuspid closures oceur simultaneously

(c) The nse of pressure in the pulmonary artery always precedes that of the aorta
The 1nterval 1s usually 1o the range of 0 02 see and may become longer or shorter if there
15 8 marked change of pressure 1 one of the ves<els (Fig 3 B)

{d) The relatronship of mitral closure to aortic openmng and of tricuspid closure to
pulmontc opening 13 such that the following 1sometric periods should be accepted

(1) RV—002-0 04 sec
@) LV—005-006 <cc
Thus the folloning sequence of events takes place
(1) Matral elosure
(2) Tncusprd closure
{3) Pulmome apentng
'4) Aortic opening

(e)( The end ct?left ventricular systole always precedes that of the nght (Fig 3 B)

(f) The opening of the sutral valve always follows that of the tncuspid This interval
18 usually between 0 04 and 0 06 sec but may reach even 003 sec (Fig 3 B)

(g) Repid filling of the left ventmcle always follows that of the nght The terval
between the two 1 stmlsr to that occurnng betneen the opening of the AV valves
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Fig 4-~-Simultaneous pressure tracingy
10 dog

(A) Left ventneular and nght ventrieu
lar tracings in two eycles showing A slightly
dilerent time relationsap due to respira

tion
Above = ECG
{B) Pulmonary srtenal (P.A ) and sortic
{Ao) pressure tracings mmultaneously re
corded

Thono = phonocardiogram

ECG = electrocardiogram

T, A refer to opening of semalunsre valves
{From Amer Heart J 1058)
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L

“I Wi

i I
|
Fig  3—Intra
cardiae  pressure
tracings in a dog
(closed chest)

(A) Left «<en
trieular and left
atnal pressures =
multancously re
corded Below =
LcG

(B} Left sen
tnevlar  (Lty)
and night ventne
ular (Rt v } pres
sure tracings
smmultancously re
corded
Ihono = phono
cardtogram re
corded at apex N[
T A P refer to
motions of the foyr
valves
ECG = electro
¢ardiogram
(From Amer Heart
J1958)

!
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pre sure mise takes place 1 the venontmal re et s well as m the
wl(‘c{;‘ic?ate phace of rapud actire filling (presystole) caused by (il\\c n(nai
contraction which completes ventricular filing As soon as the Mn)a
contraction 1 corpleted the <entncles start contracting, beeause the
descendsng stmoulus has already reached the ventricular myocardmm

1t should be hept 1n smnd that, dunng v entncular dustole the atnum
and ventricle of each e of the heart form lde o single chamber

DURATIOM OF CARDIAC PHASES

Certamn time mtervals may be conssdercd typieal of « normal heart
(Table 11}

Becau ¢ of the fhunness of the right atnal wall and its distensibilits,
the fifling +olume of this chatber 15 about twice that of the left atnum

As atral contraction lasts but o small fraction of the total evele (less
than one tenth of a second) the atnal wall 18 rdaved dunng most of
ventricular diastole and dunng aff of sentneular systole Thus the atna
aet a8 tesers ows for the blood comng to the heart

The traction developed by the ventuenlar muscle and septum ot the
atrioventneular jonction dunng systole dilates the atna by cauang 4
phenomenon of suchion Thas s rapidly transmitted o the senous sy <tem
and aceelerates the flow of blood toward the atna {Tig 1) Thiw 1s prosen
not only by physiologie expeniments hut aleo by the fact that n chinical
tracings of normal subjects recorded from the vems or atrin the pres
sure drops durnng ventricular sy tole

The atrial gppendages seem to have little propulsive function and <enve
as complementary spaces which fill the deep miches t the bace of the
beart during ventnicular systole

In sbrormal conditions s 1 caces with rapid heart rote, dstole
shortens tremendously In cuch cases atnal contraction may nclude
most or all of diastole and acquire much greater importance

THE HEART SOUNDS

Austultation of the normal heart, uevall
y renenls two counds {or 1opes)
occasionally three Recording of the normal heart sounds by meaps z)n:
ph’c;’xk\\%:;:d\toirapm may reveal as many as four sounds

® first hearl sound occurs at the begimming of ventn

cular gy stol
:;:Ydmlsst; 1thm“ghdﬂ;18 tension period and the beginning of the exz-cuoxex
1€ second hearl sound s <horter it tales place st
the ¢
:3:;:2&‘ :)\;:u;lgc the pgatesh of imtndmsto]e and 1sometnc rela\ntmnm’lri?é
obe sounds  has been suggested b

these two constantly heard sounds The other ty i e e
heard take place duning

*osounds less frequent);
s ¥
s ace & iastole The nawe ‘iastobie sounds” has been
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c

Fig 5—Schematic changes of cardiac shape during contraction (a) Mid diastole (free
flon from veins to atriz and ventneles) (b) Presystole (atnal contraction com
pleting ventneular fillmg) (c) Ventricular contraction (expulsion of blood 1nto
the arteries Iowenng of A V floor, suction 1n the atna and vetns)

time nterval separates this phase from the subsequent opening of the
A-V valves the 1sometric relazation period Ventricular filling starts after
the end of this penod, e g, following the opeming of the A V valves
g 2)

Filling of the ventricles has the following features

(a) An imtal phase of rapid passuce filling (early diaslole) This 15
caused by the difference 1n pressure between the full atria and the empty
ventricles At this time, the entire venoatrial reseryorr experiences a drop
1 pressure due to acceleration of the stream after the opening of the
atrioventricular valves Elastie recoil of the ventricular wall may a¢
celerate fillng (Brecher)

(b) A phase of slow passue filing (mud diastole or diastasis) 1he
gradual fillng of the ventrcles slows down the mflow and a gradual

Taste II Time Interials Betueen Cardiac Phases (Normal Dogs)
(in seconds)

J Right Heart Left Heart
¥ entricular Sysiole
Tension 002-0 04 0 000 06
Ejection 018028 0179 26
Total Systale 0 200 32 0 220 32
Ventricular Diastole
Protodiastole 002 00
Tsometric relsxation 0 D60 03 0 08-0 12
Raprd filling 0 050 10 0 080 10
Stow filling tanable varsiable
011-0 13 0 11-0 13

Atnal dynamics
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pressute ise tales place m the senoatrial reservoir as well as in the
PSS

\el(‘:)ni tate phase of rapd actee filling (presystolc) caused by t‘hﬂ “t:‘;}
contraction which completes ventneular filing As <oon a3 the a "
contraction 15 tompleted, the ventricles start contracting beewse the
descendmg stumtus has already reached the tentricutar myocardwm

Tt should be hept m Tond that, during ventriculoe dastole the atnum
and 1rentncle of sach side of the heart form like & angle chamber

DURATION OF CARDIAC PHASES

Certamn time 1nteryals may be conaidered typical of 2 normal heart
(Table 10y

Becanse of the thinaess of the right atnal wall and sts distensibalits,
the fillng volume of thts chamber 15 shout twce that of the Ieft atnum

As atrial contraction lasts but o <mall fraction of the total eyele (less
than one tenth of 2 second) the atnal wall 1s relaxed durng most of
sentnendar disstole and dunng all of ventmcular systole Thus the atna
aet a8 ve ervoss for the blood commg to the heart

The traction developed by the 1entnenlar muscles and septum on the
atnoventnenlsr junction durmg systole dilates the atna by covang 2
phenomenon of suction This is rapudly transmatted to the venous sssiem
and accelerates the flon of blood tonard the atna (Tig 1) Thyss proven
not only by physiolome expermments but 8} o by the fact that m chneal
tratmgs of normal subjerts recorded from the vens or atrie, the pres
sure drops durng ventneular systole

The etral appenduges seem to have little propulsive function and <ene
as complementary =paces which fill the deep miches at the base of the
heatt dunpg ventncatsr systole

In ebnommal conditions as m ca es with rapid heart rate, diastole

hortens tremendous)y In such cases atrial contraction mav nchide

most or all of diastale and acquire much greater importance

THE HEART SOUNDS

Auseultation of the normal heart vsually reveals tw
o sounds {or tones
occasionally three Recording of the normal heart sounds b)( means <)Jl,'
ph;?’oc.:érdmg;ayhs may reveal as many as four sounds
e first heart sound accurs at the hey

ginmng of ventrieular systole
and lasts through the tension period and the begnning of the eszch(:m
pertod The second heart sound 1s shorter 1t 1nkes place st the end of
Z)as;zle :u:uig the p:aees of protod asiale and wometric relaxation The

ystolic sounds  has been suggested by one of
the<e two constantly heard sound: o s s uthors for
s The other two sounds, 1

heard take place dunng diastal ho craegruently
ot e g diastele The name “diastole sounds™ has been
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The followmg dynamic phenomena comerde with the heart sounds

Systolic Sounds

Furst sound
Imitiation of ventricular systole
Closing of the A-V valves
Openung of the sermlunar valves
Second sound
End of ventricular systole
Closing of the semulunar valves
Opening of the A-V valves

Diastolic Sounds

Third sound Rapid passive filing of the ventricles
Fourth sound Rapd active filing of the ventncles due to atnal
contraction

Since the cardiac chambers are filled with blood, none can vibrate
without producing movements or vibrations in the blood which they
contain Therefore, the cardiac walls, the valves, the artemal walls, and
the blood represent an interdependent system which vibrates as a whole
(Rushmer)

The mechamism producing the complex of the first sound has been
repeatedly nvestigated, but the conclusions of the varous researchers are
by no means m agreement

Several authors suggested a purely muscular ongmn of the first sound
Others, particularly Dock and Kountz and co workers, believe that
the first sound 1s due to the sudden tension of the previously slach
fibers of the AV valves A theory of muxed ongm was advocated by
Wiggers, who demed the possiility of separating m the tracing the
vibrations caused by the various structures He postulated that vibra
tions were set up i the A-V valves, the chordae and the ventricular
walls
The phonocardiographic studies of Oras and Braun Menendez and
Rappaport and Sprague led to the view that the first sound 1s due to
four separate factors (atmal, muscular, valvular and vascular) However,
while two larger vibrations were recogmzed as comciding with the two
maimn valvular events, no separate vibration or group of vibrations was
found to result from muscular contraction

Experimental graphic studies of Lusada, Ahmurung and Lews proved
that (a) the two mamn vibrations of the empty heart are extremely faint
and barely appreciable, and, (b) the firstsound 1sthe result of both muscu-
lar and valvular factors, a sudden change mn musculdr tenston first closing
the A-V valves and then opening the semulunar valves This causes a
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doukle vibration of the cardise wall, mncluding Ingh frequency Iﬁ“g 1‘“!‘1
frequency components, Which are further transmitted to the chest wa
Although sumultaneous with the action of the valves, these vibrations
are hkely to anse m both the valvular and the muscular stmcmr(c;; n:!n
respoose to rapid changes 1n lension and pressure n other vords, the
first sound 15 the sudible expression of that complex oot ement of the
Teart, which 18 aleo revealed by the first part of the apueal thrust
The mechameal events takang place at the begnming of systole were
sesealed 1n the sound tracmgs of the past by two larre vibrations Yow
ever, studres by Lausadactal (1957) m dogs and humans with 2 Tughly
sensituve toicrophone and a cathode ray osailoscope hasve rev ealed four
vibrabons Double catheterization of normal dogs under chloralose
anesthesa have revealed the following facts
{3) There 18 & shght asyncbromsm i the nse of pressure betseen
left and mght ventnicles the left 13 steeper and starts shightly earher
than the nght The left ventncwlar nse {closure of the mitral valve)
comeides with the first vibration of the firet sound, the nght ventneular
nse (closure of the tneuspid yalye) comerdes math the second (Tig 4 A)
{b) There 15 a shght asynchromem 1n the nee of prescure betneen
pulmonary arterv and aorta the PA rice occurs earlier and comerdes
with the flerd vibration of the first sound, the AD nee occurs shghtly
later and comaides with the fourth vibratson of the first <ound {Fig 4 B)
Therefore, the following events can be seen within the first sound eomplex
() Yow imauial vibration = tension
{2) First rapd nibration = closure of mutral valve
(3) Second rstnd mibration = closute of tricuspid valve
) Thrd rapd vibration = opening of pulmame valve
(5} Fourth yapid vibration = opemng of Arone valve
‘6) 8w final vibrations w flow wto the large areney

The explanation of the slow mutral vibration 13 based on the fact that
1 comeides with or follows the pe:

2k R of the ECG and <lightly precedes

the me of pressure m the left ventncle The explanation of the final

slow vibrations 15 based on theys & with the ding branch

of the aortic and pulmome pulses N
Smaller vibrations posstbly of mu eulor natu
e, may be seen in cert

gac\ngs between the two mam groups of nbm;xons of the first :ouaxi:;

am::::; usua“\{ s: sen«;nda:hy unpartance 1 ascular vibrations, already
occur later afier the begmnag of eject

rec;gmze(} beeause they are usually lowir plt)ce}ieltim‘ and can be ey
1 conclumon, 1n spite of the existence of multy

ple fact
;hat vibrations anse m multiple structures, the ﬁrstchors ::m oy fiot
our clearly visible phas : eare sound has

es which e
events tohiag place o sty E}smeamcxde with the two mam valeular
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The following dynamuc phenomena comerde with the heart sounds

Systolic Sounds

Furst sound
Initiation of ventricular systole
Closing of the A V valves
Opemng of the semilunar valves
Second sound
End of ventricular systole
Closing of the semilunar valves
Opening of the A V valves

Drastolic Sounds

Third sound Rapid passive filling of the ventricles
Fourth sound Rapid active fillng of the ventrcles due to atrial
contraction

Smce the cardiac chambers are filled with blood, none can vibrate
without producing movements or vibrations m the blood which they
contamn Therefore, the cardiac walls, the valves, the artertal walls, and
the blood represent an mterdependent system which vibrates as a whole
(Rushmer)

The mechamsm producmg the complex of the first sound has been
repeatedly investigated, but the conclusions of the various researchers are
by no means i agreement

Several authors suggested a purely muscular origin of the first sound
Others, particularly Dock and Kountz and co workers, believe that
the first sound 1s due to the sudden tension of the previously slach
fibers of the A V valves A theory of muived origin was advocated by
Wiggers, who denied the possibility of separating i the tracing the
vibrations caused by the various structures He postulated that vibra
tions were set up mn the A V valves, the chordae and the ventricular
walls
The phonocardiographic studies of Ortas and Braun Menendez and
Rappaport and Sprague led to the view that the first sound 1s due to
four separate factors (atrial, muscular, valvular and vascular) However,
while two larger vibrations were recogmzed as comciding with the two
main valvular events, no separate vtbration or group of vibrations was
found to result from muscular contriction

Expenmental graphuc studies of Lwisada, Alimurung and Lew1s proved
that (a) the two main vibrations of the empty heart are extremely famnt
and barely appreciable, and, (b) the firstsound 1sthe result of both muscu
lar and valvular factors, a sudden change 1n muscular tension first closing
the A-V valves and then opemng the semulunar valves This causes a
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double vibration of the cardiae wall, ncludimg ngh frequency ;"‘;‘S ‘“““
omponents, which are further transmitted to the chest wal
ﬁ&‘?ﬁ:ﬁ fxmu!t:meous with the action of the vahes, these Vibratiens
are hk:l; {0 amse 1n both the selvular and the muscular xstructurzs;cy n:ln
response to rapid changes i tension snd presswre In other words, l‘°
first sound 15 the audible expression of that complex mavement of the
heart which 18 2co revealed by the first part of the apieal thrust
The mechameal events tahing place at the begmmng of systole nere
revealed 1n the sound tracings of the past by lwo large vibrations How
ever studies by Tueadaetal (1057) 1n dogo and tumans with a nghly
censitive mierophone and a cathode rny osailloscope have revealed four
wibrations Double cathetenzation of normsl dogs under chloralose
anesthesia have resealed the following facts
(a) There 15 o shght asynchrom<m in the Tice of pressure beiween
teft and nght ventncles the left 15 steeper and starts ehehtly earlier
than the nght The left ventneular e (closure of the muteal valve)
comerdes with the first ibration of the first sound, the nght seatnenlar
ise {closure of the tneuspid vahve) comedes with the second (g 4 A)
() There 15 a shght asynchromsm m the nse of pressure between
pulmonary artery and sorta the PA mee oceurs earhier and conaides
with the third vibration of the first sound, the AQ nse occurs <hghtly
Jater and romades with the fourth vibration of the first sound (Tig 4 B)
Therefore, the following events can be seen within the first sound complex
{1} slow mtizl ibration = tenston
@) ¥ost rapid mbeation = closure of tmitrad valve
{5} Gecond rapsd vibration = closure of tneuspid valve
4) Third rapid wibration =~ opemisg of pulmonse valve
{8) Fowth rspuf vibratien = opening of srotse valve
®) Slow final vibrationa = Sow 1nto the Jarge artertes

The explanation of the slow wuttal «sbration 1s based on the fact that
1t comerdes with or follows the peak. R of the ECG and shghtly precedes
tne e of pressure mn the left venimele The explanation of the final

slow nhratons 1 based on ther comedence w
1th the ascend:
of the aortic and pulmone pulses s branch

Smaller vibrations, possibly of
)y of muscular nature, may be seen 1n certa;
it
:::x;\;gs between the tao man groups of whra;\nns of the first sound
adm};:;; \:)scréi):yl z: sez;s:\darﬁ inponancc Vascular vibrations, slready
ater, atter the bepnming of ejection and b
recoguzed because they are wsually I €50 be easlly
T conclunan 5 lower mitched
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The second sound, as chnically heard, 1s caused by the closing of
the semlunar valves of the aorta and pulmonary artery However, sub
sequent vibrations comeiding with the opening of the A-V valves may be
seen 1 graplue tracings and may, m certam cases, either prolong the
sound or become audible as a separate sound

Eiperimental studies of Luisada et al (1957) have shown that the
metsura, of the pulmonzc pulse tahes place after that of the aorize pulse
This mdicates that, whenever two large vibrations are visible withm
the second sound, the first 1s aortie, the second pulmomie This con
firms chmcl observations of Leatham (1954)

The openang of the A V valies, according to the same study of Tausada
et al (1957), 1s also nonsimultaneous Opening of the tricuspid valve
precedes that of the mutral valve This expluns occastonal multiple
vibrations which can be observed m early diastole between second
sound and third sound

The third sound 1s a dull sound winch may be heard at the apex of
normal children or adolescents and either at the apey or epgastrium
of cardiac patients

Two alternative theories have been advocated The first, advocated
bv Thayer (1909) and by Dock (1956) attributed ths sound to a vibra
tion of the mitral valve wiule other authors even attrbuted 1t to an
smpact of the apex on the chest wall A second theory explamned 1t as
due to vibrations of the ventricular walls at the time of ripd filling on
account of the onrush of bloed from the atria to the ventricles The
perfect comcerdence between third sound and peakh of the phase of rapid
filling seems to confirm the last theory Revival of the concept of actire
diastole of the ventricles might lead to speculation that the sound takes
place at the mavimum of this phase or at the time of it cessation
Tasada (1952) observed splitting of the third sound n chinieal cases
Expertments 1 dogs reveal that rapd filling tahes place much earlier
1n the right than i the left ventrcle (Fig 3 B) In clinieal cases, a third
sound due to the left ventricle 1s usually heard or recorded at the apes
while a third sound due to the right ventricle 15 heard or recorded it
the epigastrium or at the mdprecordium

The fourth sound takes place mn presystole and 1s due to vibrations of
the ventrneular walls which occur when blood 15 forced nto the ventricles
by atrial contraction Companison of the fourth sound recorded by way
of the esophagus mith that recorded at the ape revealed that while
early vibrations of the ccophageal tracing could be attributed to the
atrinl contraction per se or to valvular vibrations, the v ibrations recorded
at, the apex occurred later and could be evplamed only with ventricular
vibrations {(Oras and Braun Menendesz, 1939)
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feft atnal contrachion, 8
tnal contraction shghtls precedes
doﬁil?tf%\gr:t‘h sound may be recorded 1n chimeal eases (Dweada 1942)

THE ARTERIAL PULSE

The Teft ventricle propels its blood nto the aorta at cach beat This
vessel stores o porton of the blood recened <o that nesther the x\ra:;\‘rc
ot the flow fall too fow before the nest ventrcular contraction “The
aorta affers lttle resntance to the flow of blood Its great distensibnbity,
however, gues o vanable resistance accorthng to the rate at winch the
pre<sure changes eg the Yienrt rate

When the aortic pressure nses suddenty during the eyection phase of
\entrienlar systole because of sudden addition of blood expelled from
the left ventricle the aortic solume ncreases conuderably, ercating o
new <pace {aortic reservorr) When the prescure falls durmng ventnenlar
dia tole the recont of the wall ean be compared to the rengretion of blood
from the reseryoyr mto the aorta <o that the pressure tends to be mam
tamed 1n spite of the Jack of flow from the heart In addition 1o ns
change m the vze of the aorta the ,ystolic discharpe of 1he left ventnele
=ucceeds m causing o fornard movement of blood The progressne ex
pansion ot the artenial wall from the center to the perniphert reveals thus
mo\ ement.

The pressure wate cansed by the contraction of the heart travels nath
aspeed of 3 to4 meters per<ceond in the norta and 7 to 14 meters per <ce
ondm the peripheral arteries Thus speed1sinuch greater than the ay erage
rate at which the blood flows toward the penptery (14 to 18 em per
cecond) The difference disappears w the eapillanes, where the pul at
ing pres ure 15 converted wmto steads pre~sure and flon

Au the clo ure of the <emilunar valves the recatl of the sorta mayntams
the onmard drive of the blood At this time the peripheral arteries are

still undergong distention but they return to a «maller size as the evcess
of biood flows through the capillaries

FUNCTIONS OF THE VEINS
The return of bload through the venous s;
ystem 13 only partly due to
remaming foree after 1t has pacsed ¢ roughs one or
Many different mechamsm o it oy systems

s have been recogmized wiaeh fa
vor the venous
Teturn (1) contractions of the vemns [63] d;cre -



CHAPTER TWO

Technique of Catheterization

THE PATIENT

Preliminary Studies

Whenever a patient 1s referred for cardiac catheterization, one or more
members of the catheterization team should visit and examne the patient
Routine blood and urine exammations, as well as electrocardiograms and
phonocardiograms, should be ordered Fluoroscopy and roentgenogram
of the chest 1n the posterio anterior, nght and left anterior obhques,
and mn a lateral view* with barium swallow, should be done Electroky
mograms or roentgenhymogram of the left atrium (or other regtons)
may be also selectively taken

A chmeal diagnosis, based on the history, physical examination,
and Jaboratory tests, 1s then made This 1s necessary 1 order to decide
whether or not catheterization should be performed and which type
should be preferred (tight, left or both) If no chnical entity 1s recognized,
the referring phy sictan should be informed that the extenstve prelunmary
tests do not justify the undertaking of catheterization The patient
should Iater be informed that, although there 1s o murmur over the heart
simulating that of an organmic heart leston, the laboratory tests suggest
that no heart lesion 1s present

If the chnical dagnosis 15 that of a congemital lesion of the heart,
the procedure should be evplaned in laymans terms to the patient,
the parents or immedhate members of the famly The possible hazards
of cardhac catheterization should not be underemphasized A good

relationship between the patient (or parents) and the members of the
cathet tion team 15 y m order to alleviate unnccessary

anxiety
If the chineal diagnosis 1s that of rheumatie heart disease with either

aortic or mitral valve involvement, the procedure should be explamed
to the patient with o brief but accurate deseription of the test

The team. The procedure of catheterization 1s carrted out by 2 team
which should melude as a mummum the following persons
(a) The chief of the lab ry of eath who prepares the vein {or the chest)
ntroduces the catheter (or the necd]c) and mampulates the catheter under fluoroscopie
control He slso supetvises the work of the team
« This projection should be utilized 1n the case of left beart catbetenzation
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he recording imsiry
mg;zs‘;::Y;;;‘::p(:nr\sﬁ:il‘:;;t? 'E:?;:Ezrg%?;g};i EE::):: patient and 4o the
det:;l 12‘%;:?.‘3’3:’?::?:::;‘1& ::\\ow) ho handles the x tay spparatus fol
‘“ﬁﬁgﬁif;iﬁﬁ:\fﬂiihﬂg callects the blood samples and 15 respensible for bt
Mmf&xﬁﬁ: :::?:l)uh!e another research fellow of renident msy ¢ollaborato
by handling the manometers and taking care of the pbotographuc tracngs

Wheneser o child of § years ar more 1> cathetenzed, a nure can
collaborate by bemng present st the procedure, taling care of the com-
fort, of the httle patient, talking to bum and reassunng hum In the cue
of nfants or younger ciuldren, an anesthetit 18 requured to attend
(the entire procedure 15 undertaben whnle the patient s vunder basal
snesthesia) An assistant may help to prepare one of the branches of
the femoral vemn or the great saphenous vem of the nght side

The catheterization team may consist of from 4 to § persons

The usual precautions against excessne radiation, both to the patient
and the obsener are observed However the operator wears no lead
gores and should averd exposure of the hands to s ray

Radiation hazard Two partitions made of Jead plates can be placed
at the sides of the patient’s arm along, the edge of the < ray table Tlnsg
device will reduce evcessne secondary tadiation from the body of the
patient to the bare hands of the operator While trying to locate the
pomt of introduction for the needle 1 an itercostal space on the back,
n Jeft heart cathetenization, 2 12 inch long metal clamp may be ueed to
reduce excessive radiation A radio <ensutnve film badge for the detection
of accumulated radiation should be worn by every member of the team
Such a badge <hould be attached to the loner part of the nght arm of
the person who guides the catheter In order to avard excessise radiation
to the patient especially 1n 1nfants (who may recetve 80 per cent tatal
body radiation if the fluoroscopic serecn 13 widefy open), the head and
tech of the patient as well as the body below the diaphragm, should be
protecied bv soft lead rubber plates

In our Iaboratory, the total duration of flucroccopy 1w mght heart

cathetenzation 13 about 3 to 5 minutes and <eldom exceeds 8
witha 60 AV 2MA for cluldren and78t080 Fadus

KV, 25103 MA foradults
f‘ur3 left hfuc ca(til\etemahon, the fluoroscopic ;iumtxon vanes from 1
0 3 munutes, and for combined h

P, mm“te,s med heart catheternization 1t Teqmres from
A fuoroscopse imape antensifier has been

used 1 a few medical centers

’:;hc adeantages of thas device are {1) There1s a reduetion of total radia

flrl; uto t!:;a Patient and the team workers ang (2) the procedure can be

gf; th?::n under ordinary dim bght The disadiantages are (1) The mze

age 18 smal), (2) the image 18 reversed, and (3) the device 13



16 INTRACARDIAC PHENOMENY

expenstve This intensifier 1s certainly helpful m Inboratories where more
than 4 weekly procedures are being practiced and radiation hazard N
stull grent, especrally 1f angrocardiographs 1s associated with catheteriza
tion

Preparation of the Patient

In order to obtun a bagal metabolie state during the procedure and
to avord untoward regurgitation from the stomach and other complica
trons, fasting for 4 to 10 hours 1s necessary both mn adults and cluldren,
and no feeding 1s gnv en to mfants for 4 to 6 hours prior to the procedure

Procain G Pemacillin 1s given for prophylactic reasons 600,000 umts
are mjected intramuscularly 12 hours and 1 hour before the procedure,
the same dose 15 also given 24 hours after the procedure In case of Iy
persensitivity to Penicillin, 4 broad spectrum anfibiotic can be gien

Sedation with Pentobarbulal, Scconal or Nembutal (100 mg orally) s
seldom necessary 1n right heut cathetenzation of adults In the left
heart catheterization, moderate sedation and analgesta usually give
better results This can be accomplished by giving 100 mg of Pento
barbital orally, one hour before the procedure, plus 30 to 100 mg of Mepert
dine hydrochloride ( Demerol) intramuscularly , just prior to the procedure
In cinldren from ¢ to 10 years of age, Seconal b0 mg orally, one to two
hours before the procedure and Meperidine hydrochloride 20 to 30 mg,
tramuscularly, one half hour before local anesthesta, are employed
They usually ghve adequate sedation for about two hours In mfants,
basal anesthetics, such as Pentobarbital* (rectal suppository) or Aterlin
are given If the child becomes restless, 2 small amount of Demerol, 10
to 20 mg, myy be given mtrivenously

Intravenous infusion of 1 25 to 2 5 per cent Thiopentone or other short
acting barbiturates can be used The use of mtramusculir Thiopentone,
even though found satisfactory by Fisher et al, may be compheated by
damage to nerives or sloughng off of tissue

The patient hes supine in right heart catheterization and prone (or in
a left latcral postion) m left heart catheterization He 1s on 4 fluoroscopie
table covered by a one mch foam rubber pid Durning the procedure
the patient may be turned shghtly to the left or nght to obtun right
anterior oblique or left antcrior oblique views n right heart catheteriza
tion The patient may be turned from the prone to a lateral or the supine
position . left heart eatheterization after withdranal of the needle
while the eatheter tip 16 left in the destred location within the left ven
triele or atrium The patient should never be put n 2 head up position
for more than a few munutes during or immediately after the procedure

* The dose 1s 4-5mg /Ib  not exceeding 100 mg total
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n

Thus 15 espeaially mportant wm those patients M‘Qt r\cccx; ::\“;eo(i\ahl:r‘\s, 10 ;
ble 1o develop tranment Wy
thus poution thev are hal . e e sonds
spiratory asrest Tortun: B
consclou ne < or 2 transient respiral "
{5 to the supme poation
reversible by returmng the patien
ho&;tr: both nght and left heart catheten?f\tmr:s z;‘rc xzcri«:;m(cgl)lx: (l‘!;!c‘
¢ If night heart eathel

<ame subyect, erther ean be performed firs!
18 perion:xed,ﬁnt affer tecording the pulmonary arters w edpe pm&mrﬁ,
the catheter should be withdrawn mio psther the left or the nght p;l
monary artery The patient ean then be turned to a4 prone po whon fof
left heart eatheterization On the other hand both nght and left heart
catheterzations can be petformed 1 a prone po thon by meerthing tvo
acedles one ke the left atnum one wto the night Thus double puncture

1» not ecommended by the authars beeau e of additional hazards (sce
below)

THE CATHETERS
Right Hears Cathetenzation

Standard radio opaque cardiae catheters No o 6 and 7, <hort (100
em ) and long (125 cm ) should be prepared Larger lumen radio opaque
cardiac catheters Nos 6 7 ar S primanly designed for artertographs,
can 8l ¢ be wed These citheters are <ofter and may fequire a metal
stylet to mereace ther ngmdity for itroduction nto the npht atnum
They are more flevble and 3t 15 pasier to make 4 half Joop with them
and to rotate them The larger lumen facihitates the collection of Llood
<arples and the performance of ~electiv e angiotardiography in the vanous
chamber, Al there 15 less tendency to formation of a fibnn clot
Regular o a catheters are used 1 infants while No 6 artenal catheters
are prepased nhen the size of the <aphenous vem 1s adequate Other
catheters are used 1 adults aecording to body «ze and cakber of the
e & cmall earvature near the bip of the eatheter permits the durcetion
of its progress through rotation of the external end he latter 15 fitted
Wik 0 adapter simiar 1o the hab of & hy podermic needle

The catheter can be stenhzed by attoclaving, or by bong for 39
mwnutes i dishlled nater After stenlization 1t 15 w rapped 1n o stenle

tonel It should be tested for surface mmpesfections or leahs before
troduction  After use w should be nnsed with tap water, filled with

Haemosol  oluhon and alowed to soah 1m the same solution for ane
bour Then 1t should be rnsed for one hour with tap water through o
Pressure connection This procedure serves to prevent depomtion of
partieles of blood Sterization of the catheter wath antiseplica may cause

{ebrile reactions and even pulmonary thrombosis and mfarction (Dester)
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expensive This mtenstfier 1s certamly helpful in Iaboratores where more
than 4 weehly procedures are being practiced and raciation hazard 1
shill great, especially 1f angrocardiography 1s assocrated with eathetenza
tion

Preparation of the Pahent

In order to obtain a basal metabolic state during the procedure and
to avoud untoward regurgitation from the stomach and other compliea
tions, fasting for 4 to 10 hours 1s necessary both 1n adults and children,
and no feeding 1s grven to mnfants for 4 to 6 hours prior to the procedure

Procain G Pemeidlin 1s grven for prophylachic reasons 600,000 umts
are mjected mtramuscularly 12 hours and 1 hour before the procedure,
the same dose 15 also given 24 hours after the procedure In case of hy
persensitrvity to Pemcallin, a broad spectrum antibiotie ean be gnen

Sedalion with Pentobarbital, Seconal or Nembutal (100 mg orally) 1s
seldom necessary mn right heart catheterization of adults In the left
heart eatheterization moderate sedation and analgesia usually gne
better results This can be accomphshed by grving 100 mg of Pento
barbutal orally, one hour before the procedure plus 50 to 100 mg of feper:
dine hydrochloride (Demerol) mtramuseularly, just prior to the procedure
In children from 4 to 10 years of age, Seconal 60 mg orally, one to two
hours before the procedure and Meperidine hydrochloride 20 to 30 mg,
mtramuscularly  one half hour before local anesthesia are employed
They usually give adequate sedation for about two hours In infants,
basal anesthetics, such as Penlobarbilal* (rectal supposttory) or Aterlin
are given If the child becomes restless, a small amount of Demerol, 10
to 20 mg, may be given mtratenously

Intrayenous mfuston of 1 25 to 2 5 per cent Thiopentone or other short
acting barbiturates can be used The use of mntrumuscular Thiopentone,
even though found satisfactory by Fisher et a1, may be complicated by
damage to nerves or sloughing off of tissue

The patient lies supine 1 nght heart catheterizition ind prone (or n
a left lateral postion) mn left heart cathetenization He 1s on a fluoroscopie
table covered by a one inch foam rubber pad During the procedure
the patient may be turned shightly to the left or right to obtmn nght
antertor oblique or left anterior oblique views 1 rght heart catheterza
tion The patient may be turned from the prone to a lateral or the suptne
posttion 1 left heart catheterization after withdrawal of the needle
while the catheter tip 15 left 1n the desired location within the left ven
tricle or atrium The patient should never be put in a head up position
for more than a fen mumutes during or immediately after the procedure

* The dose 1s -5 mg /Ib  not exceeding 100 mg total
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ngiag the position of the arm aad rotating the catheter 4hs tip en usually

;:V:di);:::; lﬁ‘m u‘:xpv»nnr eavs 1f the nght baahe vein 1a used thus difficulty 15
usuly avouded On the contrary when Using the cepbalic yem tbo operatet usesily
fa1)s 10 mangpulate the catheter uta the theracie {nlet because of » tortuous angulated
‘course before the subclavisn vein 1s resched (Fig ) One should not #pend more thsn
one or t¥o minutes of fitoroscopy 10 attempts in advance the same catheter from the
srm 1nto the thorsx Instead the operator should sbandon the eephalie vetn and try the
pasbie veun of eitber the same of the other arm Vision of the feld by the patient ia pre
vented by u.e of & emall screen or 8 pillow

The shan 1s steribzed snd infiltrated with 1 per cent Motocain then a stenle tourmquet
18 apphed sbove the elbow A transverse incison about § em in length is made {aloog
tudinaf et might obwate the need for suture but may be followed by unplessant after
effects and therefore 13 not u.ed) The vein ks 1solated by blust disection and a double
toop of silk 58 pa_sed under 1t The ailk 15 divided and one pece 13 pulled to the distal
end of the expoced part and tied with & single knot to prevent retrograde bleeding

TWhale the wound 13 covered with stenle gauze saturated with ealine the vein 1s ele
vated and » small fish mouth wtiston 19 made with s small  straby mus  seissors The
catheter tip {checked fot slow constant rate of dnpmng and lubneated with normat
£shine solution) 1s Yhen 1nserted into the vew often with the 533 of & five curved dre s
10g fo teps Next 1% 13 pushed reveral centimeters into the lumen of the vein Turther
progress of the catheter 13 carned out under fluoroscopic ¢ontrol If obstruction 1y met
o8 atiempting to enter the chest rotation of the catheter or alight movements of the arm
2ud shoulder usually allow 1t to proceed The catheter is directed first 1nto the supenior
cavs then 1010 the nght ntrum (Fig §) If the t;p enters the 1nfenio? eava 3¢ ahould
e withdrawn to the nght atnum and then shghtly rotated and advaneed

A vein of the lower lbs can also be used and 1s preferred whenever the vemns of the
aTin are thin or thrombosed or the ekin 1t edematous or wnflamed In infants the veins
at the elbor are so thia that A veis of the nght tnguinal Tegian 13 always preterred The
Ereal sapbenous vern s branch of the femors) vein or the mawm femors) veun 25 then
prepated and used for cathetenzstion (Fig 7y

{fuord rtoidentify the great saphenoys ven & point should be found betow the 1nguins}

Ceph v
s Subel v
3
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Fig 6~The eourse of the
Toe © catheter for nght heart cathetenaation Vhrough 5 v of the ¢f
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Left Heart Catheterization

The outer dizmeter of the catheter should be such as to fit without
difficulty m a No 18 thin walled needle There are three hinds of non
radio opaque catheters polyethylene catheters size PE 50, No 442 T
polyvinyl tubes and nylon catheters The length of the catheter for
retrograde arterial catheterization to the ascendmg aorta 15 22 mches
(56 cm }, for left beart cathetenization 1t 1520 0 22 mches (51 to 56 em )
If a longer catheter 1s mtroduced mto the left atrium without entering
the left ventricle, an undesirable Lnot may be formed n the atrium
Thoracotomy may then be necessary for 1ts extraction Nylon and pol
vinyl catheters are stiffer and may be successfully used 1n order to enter
the left ventricle in pure, severe mtral mnsuffictency On the other hand,
when using one of them, part of the catheter may be easily caught or
cut off by the sharp end of the needle The authors recommend the use
of a polyethylene catheter

THE NEEDLES

A regular 20 gauge 114 mch long needle 1s used for collecting one
sample of arterial blood and for a single pressure measurement In a
peripheral artery A Cournand arterial needle 1s preferable for collection
of several samples of arterial blood at long mtervals and for multiple
pressure measurements 1n a peripheral artery An 18 gauge, thin walled,
134 to 2 inch long, needle 15 used for retrograde arterial catheterization
with small polyethylene catheters An 18 gauge, thin walled, 6 mnch long
needle 15 used for transthoracic punciure of the left atroum In some m
stances, the use of a 7 inch long needle may be necessary to reach the
left atrium (thick chest) A 17 gauge, thin walled needle has been used by
others to obtan sumultaneous pressure tracings from the left ventncle
(through a polyethylene catheter) and from the left atnum (through
the space between the small catheter and the needle wall) The authors
hesitate to use such a large needle because of greater danger of hemor
rhage Special care should be tahen to blunt the mner sharp area of the
needle with a sharpemng stone pencil * This blunting wall decrease the
chance that part of the catheter may be erther caught or cut off during
withdrawal

THE SURGICAL PROCEDURE

Right Heart Catheterization
Any vein of swtable smze which runs into the median basihie ven of erther the nght
ot the left arm can be used The left arm 13 preferable because the catheter follows a
natural curve and the tip advances more easly from the night atrium into the right
ventricle and out 1nto the pulmonary artery In children 1t may be difficult at times to
pass the catheter from the left subclavian into the left inneminate vein and the supenior

*HF 863 HARD Arkansas U S A
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Je ser upward turn in order to entet ihe nght ventricle fram the nght stnum Aﬂ{tr
entenng the nght ventncle unless the tip of the eatheter 13 pow turming hesdwards
further advancement 12 Ikely to 10duce ventneular premature contractiony and does
sotbrag into the pulmonsty axtery Therelare a swall ball loop (TiL Fig $hismade
whle the catheter tip 13 stsll in the right atnum However attunes the eatheter Lap may
Tut the septal wall of the nght, ventnicle 3f the sagle of the half loop 1s too large or the
ensta supraventriculana of the angle 13 toa small Ineachinstance {orced advancement
should be ayorded aod on the contrary the catbeter shoutd bs shghtly withdrawn
Shipht rotstion of the catheter usually sllows the eatheter tip to face the pulmome onfice
1ustend of the ventneular wall A gentle push at this moment permits 1t to enter the
Pifmonary srtery The tip 1s then pushed wto one of the maun pulmoensry etemy snd
Turther on 1nto one of the secondary pulmonary branches (Figs 6 and T)

Aq venous spasm ped early in the procedure msy prevent or ;.
pipulation of the eatbeter it 13 adwisable to advance the tip as far as passible 1oto the
padmopsry attery orina wedge position Thus pre sure recordings and blood ssmple
eollectsons should be accomph hied during wtthdrawal In order to prevent venous spam
yelation of {he vein sbould be gentie and ubnication of the surface of the eatheter should
be repeated from ime to time especially before any further ady ancement of the eatheter
Too large & catheter 1o erted 1010 & small vewn or wcomplete gedation espearally in
cluldren way cause difinse venous spasm

The fallowing reconds can e tahen (a) pulmonary artery wedge
tracung (b} maim pulmonary artery traemng (¢) nght ventrcular tracing,
) nght atnad traning wnd () sapener or wnfenor tayal traciogs Of
les use are P 1 the coronary sinus argd
wt the renal and hepatic 1ring Also, one can record n hepatic vemn wedge
pressure {raceng Puliback traciugs from one focation to nnother should
alnays be taben from () to () () 1o {¢) and (o) to @

When the catheter loop torms an arute angle within the lower part of
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) art in adaterad projection showing the course o the catheter 1n
{B) Schems of the Beart 22 2 right o 1que projectior the o t th
bi % shoming the courss of the
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higament and medial to the femoral artery according to the following descniption The
distance from the ligament and the artery varies according to age

Age 1-6 months 11¢ fingers (15-2 cm )

Age 6-18 months 1314 fingers (25 em )

Age 114-5 years 2 fingers 30-35¢m)

A transverse mneision 14 em long 1s then made acro s this point under local anes
thesta The great saphenous vein 15 usually located deeply under a longitudinal hne
passing through this point The catheter 1s ps sed from the femorsl veir nto the idise
veins then inio the inferior cava until 1t reaches the nght atrium Once there a complete
mversion of 1ts course 1s necessary for enterag the tricupsid valve Wheneier the cath
eter tip 18 facing backwards further pushing would make a knot or a loop 1n the nght
atrium

In the supine position the catheter has to turn not only to the left (Fig 6) but alo
upwards (Fag 8 A) m order to enter the nght ventncle from the nght atum One ususlly
asks the patient to turn shightly on his left side thus obtaimng a night anterior oblique
position for fivoroscopy (Fig 8 B) In this position the ob eured shadow of the spme
1s avorded and the exact posttion of the tip of the catheter (pointing forwards up or
down) 1s accurately determined Also 1n this position the nght atrium and the nght
ventriele lie almost on the same horizontal plane In other words the eatheter makes a
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Fig 7—The course of the catheter for nght heart catheterization through a vein of the

lower limbs
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ture The synuge wmith the abote desenibed needle and 0 1l of bepsrin

u::ll;x:ﬁ::t;‘e ol 4% aEgszn Yhenghihand and ibe ekin and subcutancous 1y sue are
entered t the mte of Aorocdain 1nfilteation The need'e 18 pushed Jorward at ths angle
{oward the eourse of the artery whichis \dentified by the middle snd sndes Sagers \rl:!
sl wall penetration is usually felt 48 » sudden decresse 1 testatanee Bright red arten:
hod showld now estes the eyringe with pulsatite flow Once the needle 19 10 the fumen
of thearters s postion should not be sltered uptil the desyred quantity of blood 1a cal
tected by gentle decompreaston of the plunger with the telt hstd Jo msny instances the
needle may penetrate both 1des of the attenst »all In thus case needle and eyninge
Gonid be withdrawn slowly wnul bright red blood sppears in the synnge If only one
tlood eample 13 neceseary the needle 1a quickly withdrswo after ampling snd a fooe
Yarge gaure of sponge 13 quirkly and forcefully spphied over and sLove the site of needle
entrance 2to3em above the skin puncture 1leaty pressure over the artery should be
meantmned for t Teast 5 movutes 1€ blood o o hematoma appesr at ihe puncture Mite
upon retease of the pressure another § Toinutes of pres ure ate 1ndieated 1€ more ume s
pecessary s hrm bandage 15 applied over the gauze or sponge wih the pressure point
aver ot about the puneture Mte (never below) The needle 19 then & connected fror: the
syTinge ané the datter is made st tight by tlosng st wub s metst eap filled with mersun
The blaed tastde the synnge 1s mixed with the hepann solution @ 2mi) by ahaling the
syTinge for one 16 two mates Any mir bublies sppeaning sround the hepann rolution
shayld be removed before conpeetion of the metal cap to the sinnge Sipee the marbubbles
“?:&Xy comact the hepunn solution ooy the prienal Wood bing eollected wall pot be
sfferted

In multiple blcod sarple collection & Cournand artensi needie 18 inserted 1n the rame
mar per exeept that ot o8 usitauy not connected 0 & syringe When binght red blood ap
pearsin the need e bore the rrasiler inmde needie 13 ooy ed and s bluot stylet asnented
intgthe lumen The angle of the needle should be changed tosbout 20 to” degrees belors
the geedle withthe tyletss adyanced along the cousse of the artenal lumes Thestelet i
then removedtod 4 deys sl int) eartery s revealed by a pulsat

g fow of artensd Bood Bivod somplesmay b eallected at varying \ntervals as drsented
for g single blood sample

Whep an 18 gaugr 134 wnch thin wailed needle 13 used and a polyethyle h
822 1E .0 14 tobe introduced and left in srtenial lumen (such as uf!.;l’: hc:uﬁt;‘e't;: ::
tiom; the proximal end of the needle 1 beld by middie and smdex finger and the stylet s
pressed 1n place with the thumb It 19 most wmportant to altee the sngle of the needis to
210 2> degrees when arterial blood appesrs after temparary remaval of the stylet The
seedle with stylet is then advanced approtumately 3¢ ta 2 tach If the needle forms so
etgle of 45 degrees with 1he avtery 1t 13 difficult t0 1ntroduce the catheter and the patient
¢ ually complains of sharp pars A polyethylens catheter v then duced into the boy
af the needle and »dvaneed to the destred psiton &3 catt ux the atylet 19 remared i

Tte position of the palyethylene cotheter can be ideatified by 1njection of tml of 7.
;::l ‘: ::::n:\;;l; :u::‘:y: ‘(l ?\‘m of Neo topaz) wto the catheter The peedle 19 \he;

et s lefyin place Al

pre sure to the eite of entheter entry u‘l}io the}:rsemr; g::ti::d’ ;:c:;:z:s: '::{s‘slbd! by
:“1::‘::‘::‘: : Ad\:‘eswi tape orela L bandsge The catheter 1 pow attached th’rcn\:;{;)i
Tevel kugher t{\’i‘:\c the foean artenal p essur; ‘;‘:?:tvl:]?{ ; e placed ot 5

h(m:e sampling periods Beeau e of loner clatting (on:!:n’:;"::\‘:n:; :: :‘t:mw:hdfp e
Al o be rutintained by aterratt netes 2

On wenphiog. e S v ﬁ?r; so“x;}:;:’oi :;'ebrz :!?;vr 1: r:m\ues with hepatimized sahine
Tected 10 tbe wsu) manner orded that follomng ehauld be col
Techaique of collecting  arterfalize
weapped 1n 8 hot tonel or somersed 1
Tourth Tagerss dned wth gauze and elean ed ik gy
Guget Buselute 150330 by o hacte blade held st gu s,

4 capiliary Bload The

patient a hand is e
wolerat 43 O for 154020 minutes The m\ddl‘f ;
ey eent etby) slochol A 4 mm deep
nRTe of 30 deprees Artoriatisad anot
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the cardiac shadow, the coronary sinus (Read et al ) 15 frequently entered
A blood sample taken from this pomnt* and a pressure tracing taken after
a shight withdrawal of the catheter usually allow the operator to recogmze
this location

It 15 not uncommon for the catheter tip to pass through the foramen
ovale or a small atral septal defect mnto the left atrium, especially if the
catheter 1s introduced from the great saphenous vem 1 mfants Usually,
there 15 no sigmifieant evidence of left to right shunt between the two
atria 1n such cases

In cases with atrial septal defect, the catheter can be passed from the
right to the left atrium A left atrial tracing and a pulmonary vem wedge
tracing may then be recorded The left ventricle may also be entered

In cases with venltricular septal defect and overriding aoria, an aortic
tracing can be recorded by pustung the catheter from the nght ventnele

mto the aorta
In cases with patent ductus arterwosus, the catheter occasionally can

be passed from the pulmonary artery into the aorta

Artenial Puncture

Preparation of Syringe A 5 or 10ml Luer look syringe 1s lubricated hightly and evenly
with petroleum jelly (vaseline) before )t g Excess Iut 1o the barrel or on
the end of the plunger should be avoided because of possible air bubble entrapment which
would prevent airless withdranal of blood A 20 gauge 134 inch needle 19 connected to
the syringe and 1 ml of heparin (1000 umt per m! ) 18 drawn 1nto the barrel The syringe
15 then pomnted upward the plunger s pulled to full capacity and then 1s returned to the
1ml mark The maneuver wets the barrel with heparin and removes any air trapped 10
the space between the barrel and plunger By changing the position of the syninge and
shightly withdrawing and pushing the plunger the remaining air bubbles can be expelled
Only01or02ml of hepsrin s allowed to rematn 1n the syringe while the excess 1s trans
ferred to another syringe and the procedure 18 repeated

Selection of Arteries In adults and children bey ond the age of five the braclual artery
proxumal to the antecubital fossa of either arm 1s preferable because 1t 15 relatively super
ficial palpable and adequate in size The femoral artery just above the inguinal ligament
15 used 10 small children and infants as well as 1n adults 1n whom brachial artersal punc
ture bas failed

Identification of the course of the brachial artery Palpation of the brachial artery by
the left index finger alone at or about the site of needle entry s not sufficient beesuse &
shight deviation of the needle from the course of the artery may lesd to failure to enter
First at approuumately 3to4 em proumal to the proposed needle entry point the pulsa
tion of the artery 1s carefully palpated by the left index finger The left middle finger 13
now used to mark this upper point while the left index finger 1s moved downward shghtly
above the needle entry site

Local anesthesia The skin 1s cleansed with a solution of Zephsran 1n aleohol Infltra
tion of the shin with 35 to 1 per cent Novocazne 13 performed by means of a 24 gauge 3§
inch needle and a 5 cc syrnge The subcutaneous and deeper tissues are also mfiltrated
with 1 per cent Notocaine with the needle at an sngle of 45 degrees toward the course of the
artery This step should not be omitted especially when the needle remains in the artery
for long periods of time

+ The blood sample of the coronary sinus 1s much darker than that of the right atrium

and has & very low oxygen content
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artenal eathetenzatbion, but al\;o thm“%\x L{\{e:‘t;tz;:nclurc of the arch
@ penetrates from the suprasterna
Tb;‘::;:f(tﬂhwﬁl cathelers alion an anamals, the smalss bghtly uncstho(nzc(f
th mtravenous nembutal A laferal position 18 preferable exmnd
mental ammals because 8 supme position 15 Aifficalt to rmamtun, an
hecause 16 gives & better vies for eady \dentification of the location
of {he catheter tp The hnd legs are separated and tied to the table A
lasge branch of one of the femoral arteries, or the artery iteelf, 15 1eolated
woder Tocal anesthessa A No 7 cardiac catheter 1 selected for larper
dogs and a Ne 6 for smatfer dogs A hottle with a pressure of 200 mm
Hg and a <low dnppng method 1s ueed The catheter 15 ntroduced snto
the 1solated artery through an meaon and advanced to the arch of the
aorta A small foop should be made bs pushing the catheter nhile the
tip touches the 1ortic valve The loop will pass as o whole through the
aottic vahe mto the left ventnicle dunny the succeeding ventricular
syetole This manewer decreases the possibihty of damaging the aortic
vatve and reduces the frequency of ventricular premature beats Al o, a
loop 15 easier to mahe m the aorta than in the Jelt ventneular cavaty
As -oon as the catheter enters the left ventnicle no further attempt
should be made to push 1t mto the left atrium, unless the tip of the cath
eter 1s pomnting backwards and upnards, then the attempt toenter theleft
atrm 5 made immediately after the end of ventrieular <ystole
Bronchal puncture The patient 15 gnven muld sedation with atropune
and morphine {or with Demerol) Local anesthesia of the pharvny and
lary px 15 performed by pamnting the throat with Amethocatne hydrochloride
and by mn=plling a few drops of this m the trachea A bronehoscope 13
pa <ed down to the carma which 15 sprayed with the local anesthetic
A 5to 6 em long needle having 3 bore of 3 mm s fused to a metal
tube o0 em. Jong havang 4 2 mm bore This 15 connected with the manom
eter by 40 em of polyviny! tubing baving a bore of 3 mm The needle
(l)fe ‘::n caulm;\g ted with the and filled with saline
ml; d?; solution 1s mtroduced mnto the bronchoscope and with the soly
ppung 1< poseed through the anteromedial wall of the left mam
bronehus at the carina The needle penetrates about 4 em before ent
mg the wall of the left atrmm which ys dhreetly under the bro ‘:er
g‘xg 9 A: tlhefp;unedure takes place upon a fluorescopic table, II\ucor‘::s
opic control of the pos
the taomg This . poation of the needle can be mad

e before recordin
ocedure proved to by g
Bronchaal punctar e devord of danger

e of the
by Tenscoes ot o Y the pulmanary vewns m the dog, has been described

This procedure TequiTes a

special mstryment T
2;1&2«::5‘2; at;xlz loetfiée;tg:;rlxd, pre;:’er retrograde arterial cathetemah:xe\
i punctore as modified and epphied 1 thar
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lary blood will flow spontaneously and rapidly from the puncture The blood 1s callected
ma2ml lubnieated and bepanmzed synnge by means of a small plastic funnel whle an
asmistant withdraws the synnge plunger according to the rate of blood flow According to
Hultgren, the oxygen content of the arterialized capllary blood 15 almost 1dentieal with
that obtuned by artenal p If bieally ar lized capillary blood 13 pre
ferred, the finger should be immersed 1n hquid parafin contained 1n the plastic funnel
In newborn infants, s 4 mm deep puncture along the side of the heel 1s made Ina prevt
ously warmed foot

If the ear 15 used, 1t 1s heated by radiant heat for 10 minutes at an air temperature of
45°C measured next to the car lobe The shin s cleansed with aleohol and punctured The
arterialized eapillary blood 1s caught 1n hepann or ovalate 1n & speetally constructed
funnel from which samples may be drann with a nucropipette

Technique of collecting * arterlalized venous blood The hand 1s 1mmersed i hot
waterat45 C for 15to 20 minutes Artenhized venous blood 1s collected in an arrless way
from any conventent vein on the back of the hand  Artenahized capillary blood 1s pref
erable 1 small emldren

Left Heart Catheterization

Pressure tracings of the left atrum, left ventricle and aorta have
been recorded by means of different techmques based upon puncture of
an artery, the left atrium or the left ventricle During cardiac surgery, &
needle can be introduced 1nto the left atrium (Munnell and Lam, and sev
eral others), the left ventricle (Bjoerh) or the aorta (Radner) With clo ed
chest, a needle can be introduced nto the left atrum through the left
bronchus (Alhson and Linden, Liacquet), from the suprasternal fossa
(Radner), or from the right posterior thoracic uall (Bjoerk, Kent and
Fisher) Then, a fine catheter can be passed mto the needle and pushed
follonmng the direction of the blood stream until a pressure tracing re
veanls that 1ts tip has reached the desired chamber of the left heart or
the aorta

For left heart cathelerization, the techmque consists of 1solation and
puncture of the left brachial artery with a thin walled 18 gauge needle,
fitted with a stylet A very thin polyethylene catheter 15 then mtroduced
nto the artery and gradually passed into the aortic arch * A small loop
15 made while the catheter tip rests agamst the aortie valve after which
1t can be easily pushed through the qortic valve nto the left ventricle
during \ entricular systole The best position for entermg the left ventricle
15 with the patient lymg on lus nght sde The procedure entails some
dangers, including rupture of the aorta occlusion of a coronary artery,
rupture of an aortic leaflet and episodes of ventricular tachycardia or
flutter However, with the foregomg detals of techmque a gentle hand
m pushing the catheter, and good trunmng with evperimental animals
(se¢ below), the hazards are greatly reduced Plam catheterization of
the brachial artery or the aorta does not entail any serious dangers

A pressure tracing of the aortic arch can be obtaned not only through

* In order to visualize the transparent polyvinyl catheter one can inject 1 cc of a 70
percent radio opaque matenal into 1t
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sagital plave The direchion of the veedle should be cheeked frequentlv The left atrum
s usyalfy entered at 10 ta 19 em from the shin and brght ved blood flows from the needle
when the stylet 13 removed A polyethylene eatheter s then inttoduced 1nto the desired
Iocation

Prior exammation of the chest films (right Jatecat and P A views) 13 exsentisl for an
etact determination of the position of the left atrium A banum swallow may be helpful
Measurements jnelude the distance from tbe skin of the back to the postenar horder of
the vertebral body and from the skin to the mo.t promient point of the eardiac sthoy
ette (postenor walf of the feft atrium) ‘This measurement gives 8 gross idea of the depth
of the needle under the shin 1 regard to possnible puncture of the sntertostal 1o ols snd
to reachung the left sirium The cenfer of the left atrum 1 estimated Ly the cros wng of

Frg 10-Left heart eathetenzation throu; h
the post,
(Courtesy of Byosk et al Am Hs:nt J pl‘;):)nw chest vl
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Fig 9—Transbronchial puncture of the left atrium Drawing of the viesw down the broncho
scope showing the carina and the needle prercing the antromed:al nall of the nght
main bronchus {Courtesy of Allscon and Linden )

Chest Wall Puncture

The patient hies on kis left side <o that a right lateral fluoroscopie postion 18 obtained
After identifieation and localization of the left atrium a shin wheal 13 made with 1 per
cent Novocaine over the ninth nb, about 5 cm to the right of the spmous process An
18 gauge, thin walled 6 inch long styletted needle 19 mntroduced slong the upper border
of the nght mpth nb at the side of the vertebral bods (Fig 10) The needle 1s then pulled
back and remserted along the vertebra until 1t enters the left atnum Bright red blood
flows from the needle while the stylet 1s removed or can be asprrated with the synnge
Fluoroscopie examination and a typical pressure tracing confirm the correct position
of the needle A fine polyethylene (PE 50} or polyvintl (No 442 T) catheter 13 then
ntroduced through the needie into the left atrjum It can be so mampulated that 1t
enters first the left ventricle through the mutral valve then the asecnding norta through
the nortic valve (Fig 11 A) Typical changes of pressure reseal the passing through
each valve Upon completion of the procedure the needle should be removed first then
the catheter 1n order to avord the possibihty of cutting the latter In the right laleral
fluoroscopic position the authors found 1t dufficult to :dentify the location of the center
of the left atrtum They al<o occasionally Rad difficulty in finding the intercostal <pace
for msertion of the needle The authors found that the prone posilion advocated by Fisher
18 far preferable to a lateral In the former the intercostal space selected for the msertion
of the needle varies from the seventh to the minth intercostal spice according to body
build and cardiac s1ze Puncture of the vertebral body may ¢ause tmmediate discomfort
and residual pain for several days and may be avorded through careful 1nsertion of the
needle

Puncture of the left atrium tn the dog 1n the right lateral fluoroscopic view has been
successfully earried out in our laboratory An intercostal space corresponding hori
zontally to a point 3todem sbove the lowest postersor esrdiac border about 35 em to
the right of the spinous process 19 then used Anl8gauge thin walled 6inchlong stylet
ted needle 1sipserted 1nto this point making an anyle of about 10 degrees nith the median
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Aly felt m ¢a ¢s with pure or predominant 1n
sa}re o:uk:)g“es ?:i?:t:l‘::’:\?:;’l 12?3323\?&1‘! A‘ polyethylene eatheter 13 thenntro
;1:‘;:::‘:30' the ne dle bore and advanced into the left atnum “epanmw;\! sshine }mlk\:u:‘;
13 agamn splashed betseen the catbeter and the bare i order to avord the pow "dl ‘,

2 Blood elot around the entrance of the catheter ‘The soft eatheter 13 then advance ro‘x;\
the left atriuen 1nto the left ventncle At times thelelt ventncles entered dunng s pul
back of the tored tatheter 1n the left strum therefate the operator should continu
ously wateh the pressure tracng dunng mampulations 1f one fails to enter the ventricle
10 & fow sttempts the natural direction of the ratheter ‘hould be shghtly altered of the
peedle should be pusted ote of tao em. deeper 1t the atnum Gf thisas {arge on roent
genologie exsminstion) ‘The e nlternative maneuvers u ualls give a satisfactory reanlt
Tn patients with predomunant matral insufficiency the 16t ventnicle may be entered
for unty & few secondd us noted from the osulioscopc montor When the catheter 1s
sutomatieally and repeatedly thrawn back from the left sentrcle amto the left atrum
1t indieates @ mgnificant mutral tnsufiiciency A stiffer polyvinyl or nylon catheter u ually
suceeeds to pass theough the tuteal arfice even when the poljethylene catheter had
faled A further advance of the polvethylene eatheter from the ventricla to tho sortars
stiempted only 1n patients suspected of haviog sortic valvular Qi ea ¢ beeau ¢ premoture
certnecdar contractiong ot short runs of rentricular lachyeardua frequently oteur dunng
these attempts One should neser employ stiff catheters for aortie catheterszation fram
the left ventsitfe becau. e of the severe sk ynvolved Sometunes when the eatheter makes
 loop 1o the left ateiam it suddenly enters the feft ventuiele for oue beat then spon
taneously advances 1nta the sorta {Fig 12) Thia can be evplained by the fact that the
catheter making ahalf loop passed the mitral orifice with the tip facing the nortie vahe
Dunng the subsequent ventricular contraction it floned across the sartie valve

Hazards of Cordiac Cothetenzahion

We have had no fatalities m mither nght or Yeft Yeart cathetenization
However both procedures are by o means mnocuous Senous and some
times fatal compheations have been reported wn the literature (Goodwin,
Nightingale Stern Cournand) The nish of fatal complications 15 about
1 per 1000 1 nght heart eathetenzation and 5 per 1 000 1n angioeardiog
raphy  angiopneumography or thoracie aortography comned with
catheterzation wiich require genera) apesthesta Catheterszation of
the srch of the aoria u wally eauwses no semous comphieations but one
fatal outcome has been veported (Bagger et al) The nsk of fatal com
plications due to left heart cathetenzation <eems abaut twice to three
tumes as hugh as that of right heart cathetenzation (ths, haweser, 1n
cludes the early stage of ¢ p tion ! which ded standard
tion of the method) ’

a“'g::&;‘ z::‘\:(els cti ;atu\ ciomphca}imus 10 nght heart cathetenization, brsides
eath n infant< and children, are enrtuae standst]
fiordlation  barterial endo muoc : th et mirendar
ardibs vuplure of the sentrn
cula
Z;r ez:r;l;olzsm fp;tlmunury embolism rupture of o pulmonary nrtm;tclvl\‘sllzl:
1 o of the caronary sinus and keart foiure T
" R night heart cathy
z:;:;obr: and selertive avgiocardiography, one should ajso tmefudy el:“
cbral reral and myseordial damage ° corebrat,
Although the cause

s of fatal comply
cathetenzation have not been o

. transthoracie Jeft he,
ly studied B o

oper diem
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two lines in the postero antenior view One hine bisects the angle of the apex and is pro
longed toward the right the other bisects the angle made b3 the nght atrium with the
diaphragm and 19 prolonged toward the left (Fig 11 B) Since the teleroentgenogram of
the chest 15 usually taken in deep while cath 18 d with
normal respiration a shght difference may be noted After 1dentification of the center
or the left atrium, the corresponding tntercostal epace which 1 usually 13y spaces above
the highest pomnt reached by the shadow of the right diaphragm 18 visualized and1s
matked by a long hemostat about 4 to4 5em to the right of the spinous process A small
wheal1s made 1n this point The needle with sty let 15 inserted mto the shin After remosal
of the stylet the needle 1s conpected to a Luer loch vasehmzed syringe contaimng £ to
5ce of I percent Nosocarne The vaseline in the syringe does not allow the plunger to
move spontaneously so that madvertent injection of Notoeaine into undestrable ponts
15 avarded The needle and sy ringe are directed along an oblique line making an angle of
20to 28 degrees with the median sagittal plane The needle 1s porntingmedially and <hould
reach the left atrium st the center of 1ts fluoroscopie projection During the in ertion of
the needle, small amounts of Morocaine (02 ml every em of penetration) are injected
after attempted aspirations Since the first part of msertion 1s performed without the aid
of fluoroscopy the direction of the needle and stylet should be cheched before entering
the pleurnl cavity (about 6 to 8 em from the shin) If the needle 13 pointing beadwsrd or
too lugh puncture of the root of the ascending aorta might occur wath further advance

It 1s the authors oprnion that a through and through puncture of an 1ntercostal artery
may cause munor ntrapleural hemorrhages Therefore the needle should be withdrans
and remserted a few millimeters below the previous site If the direction 1s correct the
needle syringe umt 1s then continuously advanced into the paravertebral and the poste
rior retrosternal spaces Occasionally a few tiny air bubbles may be aspirsted due to
puncture of part of the lung tissue A feeling of resistance 19 felt at the level of the posterior
atrial wall (measured from the skin to the bartum filled curvature of the esophagus) At
this moment the patient may expertence a feeling of dull pamn Two further quick ad
vances of the necdle (5mm at o time) usually zllow 1t to enter the left atrium If 1t does
not enter this chamber the speed of the last attempt of penetration may be too slos,
thercfore one should withdraw the needle by about 1 em and try again Homever
one <hould mahe certan that the needle 1s still n contact with the atnal sall Tius
maneuver will decrease the undue 1nvagination of the atrial wall and thus will avoud the
possibility of puncture of the right atrium through the left atrrum and the septum In ove
case right heart cath was perf d d 13 before left atrinl catheteriza
tion Rotation of the needle against the atrial wall 1s used to penetrate the latter without
excesstve mvagination but 1t may damage the atral wall and cause some pertcardial
hemorrhage

Bright red blood 1s aspirated and the needle may be unloched after a safety stopper 13
tightened to the needle Just sbove the skin of the back If the mean left atrial pressure 18
much higher thau that of the hy drostatie pressure of the needle (about 12 mm Hg) bright
red blood flows freely from the needle

If mean left atrial pressure 1s normal bright red blood wall soon disappear from the
needle bore because normal left atrial pressure ts lower than the hy drostatie pressure of
the needle It 1s not yustified to advance further the needle without obvious reason be
cause 1t may puncture the atnal septum the anterior mitral leaflet or the root of the
gorta (when the left atrium 13 not too large) Accidental penetration of air into the left
atrsum 1 possible if the patient takes an unexpected deep inspiration while the stylet 13
rewmoved (Bork) It might cause air embolssm into the svstemie cireulation This can be
avorded by dripping heparimzed saline into the space between the stvlet and the ncedle
bore before the stylet 1s completely nithdrawn If the saline solution lowers 1ts level
rapidly the stylet 19 immediately reinserted Usually there1s ample time for the opera
tor to mtroduce the catheter into the needle bore before the <aline level becomes tnvisy
ble or to connect the pressure gauge to the needle bore

Direct pressure measurement of the left atrium can be made by connecting the strain
gauge to the needle bore after withdrawing blood and fushing the needle w1th hepartmzed
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wuth cardige tamponade, due to puncture of the ortic root, xnddt:;
death and heart farlure have been reported gther possible causes &
" thorax, cercbral embolism,
tarious cardiac arry masnite ¥ s 1
mediastntes and bacteremia No fatal complication was encounterce
with the transbronchial approach by Morrow et al .

Major transient comphications m nght heart cathetenization nclude
convertible atral tachycardra, flutter and fibrillation, tentricular tachy
cardia and fibrallation, right bundle branch block, syncope, heart falure,
intracardac or tascular knol, endomyocardial damage severe pyrehiereac
tion curable bacteremia severe thrombophlebilis and pul 3 infarchion

In left heart cathetenzation (Bagger et al \orrow), hemopericardium,
moderate pneumothoraz hemoplysis, amputation or \not of the catheter,
short runs of tentricular tachycardia and hemothoraz represent possible,
non fatal complications

Many of the fatal compheations may be reduced or pres ented by
careful sclection of patients good teehmgque and early Tecogmtion of
<erious complications

The general chnieal condition of the patient should not be overlooked
There 13 no emergeney 1 cardioe cathelenizotion It 35 <afer 1o wait and
{reat patients who are 1 severe heart faslure or poor general condition
than to proeced Two such patients were presented to us The procedure
was pastponed because of the above objections The patients died witlun
36 hours from this decision!

Arneurysmal dlatuan of the qorla should be considered s o contramdien
tion to transthoracic puncture of the left atrum On the other hand,
valuable data may be obtamed 1n such cases by resorting, to retrograde
catheters ation of the hear! Likewt e, myocarditis or acule pulmonary
discase usually represents a defimte contrandication to night heart
cathetemzation If valuable data may be obtained from this procedure,

the jud, ment will depend upon the general condition of the patient and
not upon the clinieal dragnosis

It 15 universally accepted that the most mmporfant guarantee agamst
fatal and senous coraplications s not only an experienced well orgamized
and well equipped team but aleo a deep sense of respect for the patient
Continvous ob ervation of the patient s electroeardiogram and Pressure

pules through ostilloscopie monttorny
g (or saimilar devices) and ther
:ecc:d\:lxg (especially dunng each adsance nto or pullback from the
Te}:] ticle) can mmechately detect an otherwice serous arrhythmyg
! oe one}x:tor who mampulates the catheter should hnow not only the
?ndﬂnd% nlcal ;:aulxmy oih ‘hi\ heart but also the Ppossible anomalies of the

D nght heart catheterzation th
dentafy the tip of the eathet ’ v osor should
er before any further advanee
see ah

Physicians of the team must be alert and Poseess goo(d e‘(pe::xzce
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cowe of the commerctal induetance transducers with httle dnfting of the
tacelime hase become available Sinee some degree of dnftng of the
ba eloe as well as change 10 calibration factor, may occur even an the
bect anailable recardmg system, e authors record the baseline before and
after each pressure lractng The cahbration factor should be ev atuated
dately after each pr ding if the stabulity of the baschne
and the ealibration factor are poor On the other hand, 1n a stable preseure
system, calibration before during and after each cardiac cathetenization
may be satisfactory
The accuracy of the pressure transducers for static and dynamse
pressures are of great importance 1t has been shown (Fry et at) that the
aecuracy of the commoniy u-ed gauges to static pressure 15 usually
eatisfactory with hnear response from O to 300 mm Hg However, the
accuracy of the gauges to dyvanme pressure i influenced by several
factors Among them 1re the charactenshies of the gavge the type of
amplfier and the w1z and length of the needle and the catheter It has
been stated (Flansen) that a satisfactors pressure tracmng may be ob

tamed by using 4 system which has from 70 to SO per cent of entical
damping

Critical damping of an electrieal pressure recording system 1s defined
2s the amount of damping (Inction or resistance) which is just sufficient
to prevent o cillations hhe those ocurring sn a dinphragm displacement
manometer Oterdamping 35 any amount of damping which 18 greater
then entieal damping  The pressure tracing 15 unusually smooth and the
upsirohe of ventrieular or artenal systole 15 delaved It may not reach
the actual sy<tohe pressure level at the end of systole In other words, an
oterdamped \entricular sytolie pressure 15 loser than ats actual le’xel
Likewise the ventncylar diastohic pressure 15 shghtls lugher than the
e‘x‘cma! diastolic level Even when the pressure transducer and amphfier
sé\‘;leu}zeen x;zed 1 2 previous satisfactory procedure overdamping may
o o:u;;] b lthe lilxmen of the needle or catheter 18 reduced to a entical
. pre=suref: euhdt of the needle or catheter 1s greater Tor thus reason,
AP :\2; :;er may be good for nght heart cathetenzation hut not

enzation where the insde diameter of the poly ethyl

ene catheter 1 much smaller tha:
n the No 6 or N
eatheter & more scnafsse stram 0 7 standard cardiae

ot o mor e gauge wmith ugher natural frequency
U
walrlziwtitz:‘p;\]gm:zflrahooung)T;f any amount of damping which 1s
ampsiy
Wt oo o ; ‘g we:;; ascillations appear 1 the pressure

onting results As stat

braemy stated aby

e mt?;:??;(:n damping 1n a pressure recording svstem 13 70 to ;0 ‘;)‘e: cu:;

o be “pms dntg At this Jevel, sbight overshooting of about, 4 per cz 1
or a short duration Lakewise, the early chastole pre:
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m all diegnostic and therapeutic measures aganst possible complica
tions All members, including the technieal personnel, should be trained
to meet emergency situations Necessary drugs, such as a rapidly acting
digitalis preparation, procain, amde, quimding, caffeine, levo arterenol,
epinephnine, Jsuprel and ovygen, and necessary mstruments for opening
the chest 1n case of eardine standstill, should be available An clectrie
pacemaler would be desirable

THE APPARATUS

Intracardizc and vascular pressures can be recorded by several types
of manometers icluding waler and mercury manometers, as well as
daphragm displ nt type lers However, the need for easy
recording of accurate pressure tracings from various chambers and at
different degrees of amphfication, and for higher frequency of response,
led to the development of electric pressure transducers (Noble, Hansen)

The system consists of a recorder, an amplifier and a pressure trans
ducer which 1s connected with a heedle or a cardiac catheter

An electrical pressure transducer 1s 4 displacement gauge which
transforms mechanieal displacements into clectric pulsations Several
t3 pes of electric pressure transducers are commonly available, 1¢ capact
tance, inductance and resistance transducers and differential transformers
Capacitance and nduciance transducers usually ginve greater electric
output or voltage than the resistance transducers or strain gauges There
fore, the reductance and capacitance transducers are more sensitive
‘Lhe electric output of the stram gauges 1s usually smaller because they
are based on the principle that the electric resistance of the metalic
film or wire conductor 1s altered by the appheation of pressure Due to
the advanced development of resistance transducers, highly sensitive
stramn gauges, suitable for left heart catheterzation are currently avail
able

It 1s known that an amplificr for pressure transducers 1s necessar)
order to obtain the various sensttivities which are desirable After amphfi
cation of the electric output of a pressure transducer the basehne may
become unstable due ta change i temperature of the gauge This will
cause dnfting of the bascline from time to time and also a change of the
static calibration factor These changes would mfluence the accuracy of
pressure measurements of a diagnostic entheterization Considerable
dufting of the basehine oceurs when direct coupled amplificrs for strain
gauge output are used On the other hand such a drifting of the baseline
becomes negligible when amphtude modulated carrier amplhfiers for
stramn gauge are used For capacitance and reductance transducers,
phased or frequency modulated amplifiers are used They often give some
dnifting of the bascline and change of the calibration factor Iowesver,
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ome of the commereial inductance transducers with httle dnfting nff ::lc
bacelme have become avaitable Since some degree of dnfting of the
bacelme, a5 well as change m cahibration factor, may acout c‘bi“ in “‘;
best available recording svstem, the authors record the bascline before and
.—,;m cach pressure fracing The calibration factor <hould be evoluated
mmediately sfter each pressure recording 1 the stabality of the bafline
and the calibration factor are poor On the other hand, m a stable pressure
svstem calibration before, dunng and after each eardac cathetenzation
ma be satifactort

The aceuracy of the prescure transducers for stalie and dymame
pressures ase of great importance 1t has been shown (Frv et al) that the
aceuracy of the commonly wed gauges to state pressure 15 usually
cahistactory, with lear response, from 0 to 300 mm Hg Honever the
accuracy of the gauges to dyname pressure 18 mfluenced by <everal
factors Among them are the charactenstics of the gauge, the type of
amplifier and the s1ze and length of the needle and the eatheter It has
been stated (Hansen) that a sabidfactory pressure tracing may be ob
tamed by using 8 svstem which has from 70 to 80 per ceat of entical
damping,

Cratical damping of an electrical pressure recordmg svstem 15 defined
as the amount of dampmg (fnction or resistance) which s yust sufficient
to prevent osallations, ltke those occurnng i & diaphragm displacement
manometer Crerdamping 15 any amount of dampmg whieh 18 grenter
than ertical damping  The preesuze tracing 18 unusually <mooth and the
upstrabe of ventricular or artenal systole 1 delayed It may not reach
the actunl systohe pressure level st the end of systole In other words, an
orerdamped ventneular systolic pressure 1s lower than 1ts actuai level
Tihewise the ventrieular diastolie pressure 15 shghtly hugher than the
actual diastolic lesel Then when the p transd and W
have been uwed m a previovs satisfactory procedire ovordumpmé may
still oecur of the tumen of the needle or catheter 15 reduced to a entieal
level o5 the length of the needle or catheter is greater or this Teason
o pressure transducer mav be good for right heart cathetenzation but m,é
for left heart eatheterization where the mside diameter of the polyethyl
en:.hcathe\er ¥ much smatler than the No & or No 7 standard cardiac
::.o :‘:;-:h; 1\10:; ;ns\me stramn gauge with lugher natural frequency

Underdamping {o2ershaotin,
g) 1 any smount of damping whiel
iﬁffﬁ; :‘\‘T cr;:.\;nl (;lampmg Thus, oseilations appear m t!};m pre:slu;:
ER
Wy gt degree of overshooting results As stated above, the

pIng in a recordin, t
A thus Jevel sl feyatom 1570080 per ceut

of entieal damping

ght overshooting of abaut 4
may be expected for a short duration Likewase, the early —dxastoll):::r::e!:
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sure 13 shightly lower than 1ts actual level However, msufficient damping
15 undesirable because, 1n the ventricular or arterial pressure tracings,
overshooting may be from 10 to 20 per cent of the actual systolic level
For this reason, a cardiac catheter of large lumen 15 undesirable for
pressure recording systems if undue underdamping occurs A more ngd
and sensitive pressure transducer 1s good for small lumen polyethy lene
catheters (as in left heart cathetertzation), but the pressure tracing be
comes unduly underdamped when larger lumen catheters are used (as for
right heart citheterization) However, by adjusting the three way stop
cock 1 order to obtam a proper small opening or by mserting a 20 gauge
needle of varnable length between the larger lumen catheter and the
pressure transducer, a desirable, shight underdamping pressure tracing
may be recorded (Fig 13 A) The maneuver may reduce the frequency
response of the system Electric damping can also be used by the use of
a speeral “filter” (Fig 13 B) A “damping” needle parallel to the manom
eter and run out nto free space was advocated by Vandertweel who
claimed that the higher frequencies were preserved Since imsertion of
various size Jumen needles 1s tedious, the procedure 15 not recommended
by the authors

The Recorders

The tracings of pressure pulses can be recorded by erther photographie
or direct writing apparatus The authors have been using both t3 pes of
recorders and found that a cathode ray oscillograph with a DC amplifier
and a photographic transeription 1s the most sensitnve, accurate and flext
ble recording device The flat frequency response of a cathode ray oscilio
graph usually runs from zero to several thousand cj cles per second The
electric calibration of such a channel 1s very conventent but should be
pertodically cheched with a mercury manometer Mean pressure of
arteries, atria or other chambers can be easily obtamed by an electrical
tegration cirewt A siv channel cathode ray oscillograph* has been
used 1n our laboratory It records accurate pressure tracings together with
other simultaneous tracings used for timing purposes, such as the phono
cardiogram and the electrocardiogram It also records other tracings
which are of interest 1n study ing the case such as the intracardiac phono
cardiogram, the intracardiac electrocardiogram, the dye dilution curve
or the oumetry curve This recorder hastwo multirace * momtoring osal
Jloscopes The pressure pulse can be selectively placed on an oscilloscope
for 1nspection and preliminary study at different speeds of 23, 50 or 100
mm per second The amplification can be in the range of 6 em of vertical
deflection for pressures of 10 20, 40, 80 160 or 320 mm Hg or any
fraction thereof All interesting waves are shown on the other oseillo

* Built by Electromes for Medicine White Plains N ¥
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«eope while the operstor tahes 3 tracing by “b‘:“‘“eg‘ 2“1"'::‘1?(;;3
woving film camera A defectise tracing can be obserted and nhi
thus rendering unnecessary & repeat of duagnostic or esperime
n

cat;if;;ear l:l?::,nel dlectromc photographie recorder® with a DC smphfier and
an deciromanometer, conpected to a separate oeilloseope, also gives
accn ate and Beuble pre-sure pules In ths system, the baseine may
deft and cahbration factors may change due to changes of temper
ature The greatest disadvantage 13 that 1t atlows to record oniv one
other <imultaneous tracmg m addition to that of pressure

A mults channel clectronae direct writer} with a DC amphfier and one
o more electromapometers or strmn gauges can aleo be used This
apparatus 1s currently employed . our laboratory for animal expen
ments of long, duratron requinng extremely <low tracings (0 1 to 10 mm /
cee) On the other hand 1t 15 defimtely fenor to others because the
maumal <peed of the film 15 only o0 mm /<ec and because of vanous
inaceuracies which are inherent 1 the direct wnting systems The direct
arm recorder has  frequency response of not more than 60 eveles per
second and 15 not adequate for recording heart sounds A direct wntimg
recorder with hugher frequency response (switable for the study of heart
spunds)i 1s alyo gt astable but the reproduction of the records 1 thificult

A photograplueally recording gabvanometer xs the most «ummple and
perfect type The most <ensitine system conmisting of a gahvanometer
caugled to & teustened P dueer yeq no wmphfier o
2 low gan carmer type of electrome amphfier The flat {requenty
response of these censitine galvanometers 1, usually from 0 to over
100 eveles per second The disadvantage of this system 18 an unvosd
able delay betneen the exposure of the film and the cheetvation of
the record If the record r defectve 1t 13 often necessary to repeat the
procedure However, the repetition 15 unnecessary if o cathode tay
oseiflograph with photographie recording or a direct writing apparatus
are w ed One of the common objections to photographue recorders 1s the
photographic processing On the other hand the excellent
heart sounds pressure pulees ot recarding of
procesans rend];r T pulses etc aud the «imple technique of film

8 pparatus defintely <upenor to the others

RECORDING PRESSURE TRACINGS

The Conventional Method and Uts Disadvontages
The conventional method 1
5 based on smultaneous ree
or
electrocardiogram and a pressure traemg at 4 film epeed of 2'(31‘:\8“:; .
S
Sunborn Co  Waltham Mass *
1 Poli nisg San

bora Co T
1 Sehuarger G‘m‘“f“)ﬂ aitham Magg
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The amplification allowed 15 usually hmited, resulting 1n waves between
5 and 15 mm Mhigh The tracmg 1s usually taken on direct-writing
apparatus

Several objections ean be rased agamst this type of recording

(a) A wise balance between ordinate and abscissal +alues 1s necessary
for accurate observation of the details of the curie and of the levels of
bressure Actually, this film speed 1s too rapid for a quick grasp of the
pressure level, 1t 15 too slow for o study of the patterns

(b) A direct writer has several disadvantages meluding possible dis
tortion of the tracing (modifications due to incorrect temperature, 1m
proper balaneng, improper damping, or improper pressure of the stilus)
and great vertical distance between the pressure tracing and that of
other cardiac tracings used for “timing” the wates

(c) The electrocardiogram, though useful for supervision of the pa
tient, 1s tnadequate as a fimer on account of a different “lag” between
clectric and mechamecal phenomena,* possible lach of defimtion of the
end of the T wave, lach of diastolic waves (except P), and possible
distorted complexes (bundle branch block, premature contractions, etc)

Therefore, our experience led us to use a somewhat different techmeue
which 1s deseribed below

Suggested Method of Recording

Film speed Three speeds should be used according to the mum of the
research Whenever one 1> Interested m the lercl of pressure and m the
wdentification of the chamber 1 which the catheter 1s placed, a slow film
speed should be used 1 Speeds of 10 mm /sec or 25 mm /sec are usually
the best They reveal clearly the typical changes i pressure during
puliback maneuvers

(a) For nght heart catheterization pull back from P4 to RV and from RY to RA

(b) Forleft heart cathetenization pull back from AO to LV and from LV to LA

(c) For left heart eathetenzation through brachial artery pull back from LA to LY
and from LV to AO

Direct wrnters are adequate for this hmted purpose

On the other hand, if one 1s mterested 1 the study of the patlerns of the
pressure pulses photograplue recording and more rapid film speed are
necessary The photographie recording msures greater fidelity and amph
fication m the reproduction of the details High speeds (50, 75 or 100
mm /sec ) cause a spreadmg of the waves with better observation and
timing of the various accidents of the tracing Morcoyer, since the vanous
sumultaneous photographic tracings are not widely separated, like those

+ A commion error acetrs 1 mitral stenosis 1n which the first sound 15 delayed over the

RS complex as first proven by Cossio
@ A alo‘:v film speed has been employed by Whutaker and by Gibson and YWood
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of the durect wniters, and sinee they can een cros each other, timng of
1 ¢osy and securate
“‘;L‘\ Slvae;ld bcsiept 10 mind that the slope of any arteral Pu‘vbc nmc‘ 18
more ar less steep according to the ratio of abserssa (inerenced by greater
i ) to ordinate ( d by greater fitm speed) Therefore,

ther\)e 4 way to decade upon the rapidity of expansion of the pul & xsl to
measure the ordimate distante between foot and peak and to relate that
t the duration of sy<tale \loreover, 1t 15 important to note the distance
feom the peak of the wave to the second =ound

Simultaneous tracings for tumng e have found that the best aingle
tracing for tumung, purpo.es 18 the phonocardiogram The exact phase of
the mechanteal events of the heart, and chiefly the phases of sentneular
«stole and dastole tan be easdsy 1dentified of one uses as reference the
heavt, sounds smultaneausts reearded by means of a phonocardiogram
Even the <hort phase of ventricular tension can be recogmzed i this
way The use of the phonocardiogram will avesd certmn common mis
takes hhe that of attributing o <hghtly delayed A nave of an atnal pres
sure traciag to ventneular systole or confusing sbnormsl presystohie
phenomena with those which take place dunng the eviremely brief ten
=i0n pened of ventncular systole

If more than two tracings can be recorded the third should be an
electrgcardiogram The phonocardiogram 1s recorded by placing a cloced
chest plece at or <hightly outside the apes Tlus pece 15 connected by a
short length of hard tubing to o mcrophone placed under the pritox
The cable of the mucrophone 1s plugged nto the recording spparatus and
the tracng 1= recorded at high <peed using the ‘stethocopic’ method
(good amphitude of the low pitched sounds)

More recently an evtremely small (3 em ¥ 13 em) flat ervstal
macrophone nas used m our laboratory *

Zero Reference Line or Baseline

An accurate recordmg of the manometric «cra reference ine or base
e s necessary exther hefore or after each recording of pressure tracing
It 1s wnportant to employ a satistactors standard lerel of zero reference
with which the operator becomes acquamted m order to permit compari
<on of values espemially when both sides of cardue cathetenzation are

verformed mn the same ubject but m different
positions As th
e usually 1n the supme or prone e Patients

position dunng the procedure, o pornt

f'hzchh x; half way betueen the outermost anlertor surface of the ‘sterp:um

uscch‘ rd ltersprce and the outermost posteror surface of the chest 35
t prachically corresponds to the lev el at which both venne

enter the nght atrium and to ¢ S the

A he antero postertor central pamt of the
Supplied by Electronies 1n. Medseine of White Plainy Y
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left atrium A line passing through the center of the sternum and the center
of the spine should be used when the patient lies on exther the right lateral
or the left lateral position for left heart catheterization, because the antero
posterior mid chest Iine 1s at about one half of the thoracic lateral diame
ter The authors have studied the left atnal pressure by using fhe mud
chest level as zero reference line compared wath the tip of the needle 1n the
left atrium as zero reference The difference between the two varied from
2 to4 mm Hg Itismmproper and difficult to compare the right and left
atrial pressures by using the tips of the needles as zero refc rences becau.e
they are at different depths from the shin of the back In other words,
there are two different levels of zero reference, 1e, one for the left
atrium and ventricle, another for the right atrum and ventricle In
cases of atril septal defect, the use of the antero posterior mid chest hne
as a single zero hne permts caleulating the difference of pressure between
the two atria without difficulty (Fig 14)

Roy, Gadboys and Dow have confirmed out evperience that the
midchest level 1s the most accurate zero reference level For the zero
level m sem sitting or sitting positions of the patient, the “phlebostatic
ans” and the “phlebostatic lovel” described by Burch are employed
Pressure measurements by uwng all other reference baselines are un
switable for umversal comparison unless the thichness of the chest wall
18 also given

1¢ psm!l sm 2

Phon ¥ ettt formetly Wi

A
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Fig 14—Simultaneous pressure tracings of the two atna obtained with two necdles 1n 8
case nith intact atnal septum (same zero ine same calibration)
The highest tracing 1s an d; h d ded in the lelt at

P
rium Below external ph d and el A presystolre
murmur (I 8,) and a systolic murmur (Sa) were recorded 1n the atnium
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INTRACARDIAC FLECTROCARDIOGRAPHY

Unipolar Trocngs

Tnfracavitary currents are usually obtamed by mtroducing an ‘e\:
plonng electrode within one of the cardine chambers As explonng clec
trode, various device> have been used

te
metal wire 18 wwtroduced 140 & eardiae estheter until appronches ¢
u;:n}nﬁe ;md terposed botween the tig af the wire and the cavity acts ss :: col;\dc\xﬂlﬂ
0 that the results are practically the same as 1f the wire were within the chamber i
{b) Phystologie 2all solulion contmned within the eatheler acfs as s com!\mo‘r mdh
t.ed for the explonng electrode The procedure was first described by R ch et al an };v
Hellerstein ¢t Al The authors have revived this method according 1o the followtng lcc‘
mque mnce the catheteris made of 1n ulating matenal electnc currents can be pauly
conducted from 1ts 1ip Yo 2in epd Sor Letter tonduchion the tathater sud the pressure
transducer ave filled by meaus of a syringe with sfersle § per eent {hyperionic) salt solution
wth 16 per cent Heparsn (far the night heart §ce 18 neceasary fortheleft heart 05ec it
sufficient] The wire of the che ¢ Jead 15 then connecied mith the stoprock of the mrsin
guuge whichactsssan explotng electrode Wil ons central termtnal 18 uied for eloring
the cstemit The x ray and any electre spplhisnce {exeept for the hymograph) should be

disconnected and the operating Bield shouwld be as dry as possible n order 1o avoid
AC interferente

Bipolar Tracings

A different method was u ed by Lisada et a1 {183 ) \ specially modified eatbeter
ended 1o a miver p s amall slver nng was 4 1 e from the tip Both this fip and the
ring were counected by means of 1nsulated wires runoing inside the catheter with two
binding posts at the prowms) end The two posts wete then connected to the I'CG wires
&sinlead I Interesting vraings were recorded with this device

It ghould be kept 15 mind that the movements of the tp of the ratheter may slter the
tracing sud that contart of the tip with the endocardium may ¢au.e an njusy pattern
even though a conventiopal Jead may not show the latter (Fig 39) Slight withdeawal
of the eatbeter 1 fallawed by duwappearance of euch pattern

INTRACARDIAC PHONOCARDIOGRAPHY

Intracardiae phonoeardiography (¢ phono) 15 8 recently de cnbed
techmque Raght heart 1 ¢ phono was ndependently described by Yama
hawa et al Soulé Wallace et al and Vlosconits of af Left beartr ¢
phono vas descbed by Lussads and L by using a different prinuiple
which ean be apphed 1o either side of the h

eart
Yamakswaet sl used a ropdenser meraph

phons placed st one end of
4be blood and body erved as the second efectrode o mter e

Thas resulted 12 emphasts of th
swishng sounds caused by the bload stound the tip of the eatheter Toa ?eq er :xlentu
all sntracardine merophanes bave this game disadvantage

Wallace et &1 used 2 miniature tubular hydrophone of the type employed 1n underses,

80 that blood samples
;}:;v:zdd‘:!n&g :at}az(muuan dThe fesponse of the microphone w:&: \;n :5: Z:::::n
yeies per second st 2 Jevel of ~140 dh re!
ba;h’rhe :;sp:;se cortiues below 150 but 1s Jess nccuxie!reud 9 0ne ol for ne mero
¢ method de eribed by the authors 1s as follows The
catheter plac

<hutsbers or Jurge vessels contains g column of flwd whieh conneﬁs t:isl:lnt?:\;:‘r‘r: :

3
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organ wmith a t d of high fi (Statham P 23 D) As waterisa
good conductor of sound waves (at a speed of about 1500 meters per second}, 1t 13 possible
to pick up vabrat of sonic freq at the p 1 end of the eatheter It would be
possible to record vibrations by a special type of hydrophone 1n this location However
the senmitivity and the fi 'y resp of the p d are such that the
latter may be used for ] 1y ding both the pressure pulses and the sonme
vibrations

The vibrat of sonic are ob d through a triple electne differentiation

Y
and with the use of two vanable band pass filters * A single section of the RC type pro
vides differentiation for signals with frequency be]ow 100 cycles which are fed toa ln
ear” amphfier Fed to an )| with the signals
recerve a second differentiation Further fed to an amplifier with special filters, they
receive a third differentiation Signals having frequencies higher than 100/sec pass
undifferentinted but amphfied The output of the ‘differentiators’ increases linearly
with increasing frequencies up to 100 cycles/sec then gradually flattens off to give
constant output The final output 1s obtained through the use of a Iow pass and a high
pass filter Both cause the signals to decrease at a rate of 12 decibels per octave at fre
quencies respectively below and above those selected by the smtches Bands of 60 to
110 60 to 250 or 60 to 500 were alternatively used

* The cirewt for this setup was specially built by ¢ Electromes for Medicine * of White
Plams, N Y




CHAPTER THREE

Norma!l Patterns of Pressure n the Cardioe
Chambers and Lorge Vessels

The normal levels and patterns of pressure m the nght and Yeit hearh
sented 1 g 15
ari]?nes:ienng that the patterns of the two vepae carae largely }rcﬂsct
{he waves of the nght ainum {(wih come degrec of distortion), the de
senption should start from the latter

1090

4
A RV PA LA Ly Ao

Fig 15—Scheme of normal pressutes in the cardiovasenlss eystem
RIGHT ATRIUM

The nght atnial pattern 15 basweally formed by two positive waves,
oae 16 presystole (precesing ventncular systole) and {he other dunng
early veptneular diastole (Fag 16)

Presystalic Wave

The presystohie nave tobe called A wnave, 18 eauced by the contraction
of the nght atnum 1t starta about 0 14 to 0 15” before the beginning of
the first sound m adolescents and adults and between 0 12% and 014" 1n
children Its peak alnays precedes the onset of the first sound The
peah of A always precedes the peak of the R wave of the electrocardio
gram Io the dog a simuar relationshup can be obsered

The onset of A 1s from 9037 to 0 107 before the first sound, and the
l(aéter :éf;m at about the muddle of the descending braseh of {ins wave

®
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First  Second
Sound Sound

Press.

{O

|
i

Fig 16—Patterns of pressure of nght atrium 1n normal subjects
(A) 5 yearold gl
(B) 22 year old girl

[

If the phonocardiogram of the subject shows a fourth (atral) sound,
1t 1s practically simultaneous with the peak of the A wave

The electrohymogram of the right atrium shows a small negative wave
(decrease of volume) whieh takes place during the posttine A wave of the
pressure tracing (increase of pressure) Both are expressions of the atrial
contraction (Fig 1)

Systolic Events

At the beginning of ventricular systole, a small notch 1n the pressure
tracing reveals the closure of the tricuspid valve Instead of a notch
there may be only a slower drop of the pressure curve or even a second
(smally peak during the first sound We suggest that this notch or peak be
represented by the symbol AV (atrioventricular) since the letter C fre
quently employed by others was origmally used to describe the C wave
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raemg and C stands for carotid aceording to the deserip
:fa;hziv\e;:c‘ﬁ:mze LV fally during the segment RS of the electrocardio
ak of §
gﬂ:\!il‘z)x:::le“gf positine wave may occur later, after the end of ((llw
first sound (or dunng the end of that sound, s s abnormally protonged}
This 5ystohe noteh 15 simultengous with the nise of pressure 1 the sortr
and 15 probably due to shabing of the nght atnal wall by the ascending,
aorta This noteh whuch can be called € 15 far from Leing constant
\lost of the ejection pha e 1> accompanied by a deerease 1 71rcssurt_
which1s due to lowenng of the A V floor and the tncuspid vahe {page &
and Fig 5) as o result of the powerful pull v the yventneular <eplum
and the nght ventreular wall It should be catled systolie coflapse

Diostohe Wave

The accending branch of the systolic collapse nices gently duning the
last part of ejection on account of abundant venous inflow nto the
atrium A new peak 15 reached from 0 04" to 007" after the mawn vibra
tion of the wecond =ound, at the time of the opemng of the tneuspnd valve
{Fig 10} 1t 1s apparent that this opeming eav~es a sudder chanze m
pressute i the atnum by “removing the bottom  of the chamber Thas
peak may be called the V wave The peak of V isusually loner than that
of A but may be equal to 1t and 13 pever hgher 1 normal mdividuals
The peak of the V wave follows the end of the T wane of the TCG

SUPERIOR VENA CAVA

The pressure tracing of the supenor casa 1s amular to that of the nght

atrum (Fig 17 B, () Supenmpa.ed tracings show, however, certan
differences between RA and cavae (g 18)

{8} A hight delay of the A and V wave:

s due to the time recessary for their tranam.
s0n {rum the atnom to the cavs ? fromains
(b} A prominent ¢ wase which 1y probably due to o xyatol;
o o Prominen y yatolic smpact of the sscending

{c) The possible tack of » separate noteh Sor the A} wave

INFERIOR VENA CAVA
The pressure tracing of the fenor cava 1s m
z milar to that of the
Supenor cava However the peah of A 15 frequently more delayed than
o the atter so that 1t may fall at the begmming of the first sound There
r(r;) b;n:; ;v.;;en? of the notches AV and C at the bemnmng of gystole
g e delay between right atmal and wf
greater than for the superior eavy (Fig 18) o estal naves s
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First Second
Sound Sound

pu
!

Fig 17—Patterns of pressure of the venae cavae o normal subjects
(A) 5 yr old child—inferior cava
{B) 14 3r old girl—supenor cava
(C) 22 3r old girl—supernior cava
a = nrax atolie wave v = early diastolic wave
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¥ig 15—Relationship of caval to atnal pressure in sormal subject (from orignal tratings)
(A) Continuous line = RA Stppled lime = SVC
(B) Continuous hine = RA Btippled hine = 1¥C

LEFT ATRIUM

The left atrwura 1s eastly entered by retrograde artenal eathetenzation
n the dog In man direct puncture appears to be a safer procedure
(page 26)

The pressure tracing of the dog (Fig 3 A) shows a rapud often diphasie,
presystolic wave (A wave) starting about 0 06” before the beginmng of
the first sound a tall notch durmg the first cound (1% <hould be ealled AV),
a systolic collapse, and a hugh V wave

Left atnal patterns have been recorded m caces of atnal septal defect
by Cournand and co-workers and by Nahas et al Direct puncture after
thoracotomy allowed Wynn et al to study these pulses in normal sub
lects Later Faequet et a1 Alhson and Linden, and Tpps and Adler
studued the left atnal pulse by transbronchial puncture while Bjoerk and
Tent et at studied 1t by transthoracic puncture

We have recorded left atrial pressure pulses m sereral normal dogs
The usual waves are the followng

{a) The presystolic A wave of the left stwum 13 steep and 1a)l and follows the A wave
of the nght atnum 1t may start with & small dip
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(b) There 1s on extremely small notch during the first sound This notch which 1s
caused by the closure of the mitral valve should not be called C (carotid) but rather
AV (atnioventricular) Iike a2 simular noteh found 1n the pressure tracing of the trigh
atrium However, 1t 15 frequently absent

(c) There 1s a g3 stolic eollapse during sentrcular s3stole

(d) Then one can see a gradual nse and then a tall V wave which coinerdes with the
early diastolic opening of the mitral valve and follows by 0 0o"0 08" the main vibration
of the second heart sound *

We have obtamed pressure tracings from the left atrum m 2 mfanis
with no evidence of left to right or right to left shunt by passing the
catheter through a patent foramen ovale (or small atnal septal defect)
Also, we have recorded pressure tracings from the left atrium in § adulis
having no evidence of mitral lesion or ventricular failure, through per
cutaneous puncture of the left atrium, and found the following pattern
(Fig 19) There1s a peaked A wave followed by an AV nofch, correspond

A
AV \Y

Phon
MWMMW,%\WMMMWWAW
2

Ecg

Fig 19—Pressure tracings of the left atrium (transthoracic approach) i two subjects
where left atnal and left ventricular pressures resulted normal The patterns can
be considered as typreally normal
Phono = external phonocardipgrams
Ecg = electrocardogram

late systole This can be ex
* Strangely enough certain authors place this 1 wave:n
plained orflv’by poor techmque or poor timmg (the ECG 1s 1nadequate for timing this

wave)
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g to the closure of the mtral vabve * There 1s o negatne warve s
{Systolic Coliapse) durmz early ventrcular systole The pressure gradu
ally r.es uplil it rearhes a peak 006 to Q08 seeond after the man w1
bration of the second heart sound end thea begms to drop This peak s
caled the ¥ wanve and 15 deftely w0 early dinstole t Slow dhastole (or
Quastaas) which <hould ocenr later was absent 1n come of these cases on
aeeount of tachyesrdsa

VENTRICLES

Y entricular pressure fractngs have been recorded for over a century in
anwnals The plateau hibe pul.e described by Chawveau and Marey n
the horse was later recorded also in the dog However, the shorter dura
tion of systole 1n the latter ammal frequently caused this puke tohave a
more rounded contour According to a classic deseniption, the typical
tracing bas a mise dunng the tension pertod (first part of first sound)
reaches 1ts maamum level at or soon after the end of the first sound,
remams fevel or gently slopes down dunng systole then starts to drop
rapidly at the beginming of protodiastole {shortly before the <ccond
<ound) The lowest fevel 1s reached some tsme after the second sound and
at the begmmng of opemng of the A V valves After this rapid filling
begus and a short phase of rapid mse oceurs which 15 soon followed
by an esen course (Fig 2) Certam yanations may eccur but arc not
remarhable

I order to exclude the different contours ansing from a method differ
ent from that employed 1 man the authors catheterized dogs usng a
wethod nhuch 15 rdenticat to that currently used for nght heart cathe
tenization in man
M;Y:;“ ;::\gxz;ﬂat traemgs of dogs are reproduced i Fig 20 They

assic tracings recorded with older type manometers

Right Ventricle

“l}igi: ventrcular tracings frow normal percons are presented in Fig 21
2y have a diastohe pressure which 18 ot or near zcro (Table 1) The

;‘::;:‘ttem ]\\hmh corresponds to the theoretieally corrcct profile of nght
bemrmu 2T pressure 13 presented in (B), a descending slope of the plateay
g & common vanation Other tracings may Present munor shnormal

1 Bee footaote page 2
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Fig 20—Ventricular patterns of normal dogs
(A) Electrokymogram and pressure tracing of nght ventrcle
(B) Phonocardiogram and pressure tracing of nght ventnele

ties mcluding slow mse and drop It 15 likely that minor overdampmg
(page 33), not sufficient to alter the levels of pressure, 1s the cause of
these abnormalities It 15 1mportant to note that, while the top of the
plateau hke pulse of the ventricle may have different vanations, 1t
never shows a, progressive rise or a double rise (after the ascending slope),
like some pathological tracings

Left Ventricle

The tracing of the left ventricle 1s simlar to that of the right There 13
a rectangular, plateau lihe wave during the entire systole (Fig 22) Lesser
amplification 1s necessary on account of higher pressure therefore, the
small details of the tracing ongmnating in valvular events are poorly
visible or absent The drop m pressure which takes place shortly before
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Fig 21—Rught ventneular patterns of two ubjects with normal pressures
(A) Boy of 14
{B) Gulots

Upper tracings = phonoeardiograms

the second <ound has a rapid descent the end point of which 1s at or near
zero Early diastole 18 accompanied by 2 rapid rise of short duration
(rapd mflow) nest a slow slope or a steady course 15 vistble 1 diastole

The highest level of diastolie pressure 15 1dentical to the filling pressure
of the left atrium

ARTERIES AND VEINS
Aorta, Brachial and Femoral Arteries

The artenal tractngs recorded 1n apimals for a long time, have been
registered 1n man only 1 the last few years Katz et al first studied the
aortie tracing by retrograde artenal catheterzation The normal aortic
tracing shows the changes of contour which are tvpieal of the central pulse
he anacrolie depression the peak, the merwura and the dicrotic wave
Additional waves preceding the nse of the pulse have been explaned as

the result of presystohe atrial contraction causu
ng 2 vibrat;
aortic valve and by an earl s ohon of the

y systolic bulging of thy
the tension penod ging e sortic leaflets during
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A
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Press.

RtV 1 \ \

PhonoJ(w

Fig 20—Ventrnicular patterns of normal dogs
(A) Electrokymogram and pressure tracing of nght ventricle
{B) Phonocardiogram and pressure tracing of nght veatnele

ties mcluding slow rise and drop It 1s likely that mmor overdamping
(page 33), not sufficient to alter the levels of pressure 1s the cause of
these abnormalittes It 15 important to note that, wlule the top of the
plateau hke pulse of the ventricle may have different varations 1t
never shows a progressn e rise or 2 double rise (after the ascending slope),
Iike some pathologrcal tracings

Left Ventricle

The tracing of the left ventricle 15 stmular to that of the right There 1»
a rectangular, plateau hike wave during the entire systole (g 22) Lesser
amplfication 1s necessary on account of higher pressure, therefore, the
small details of the tracing originating i valvular events are poorly
visible or absent The drop 1n pressure which takes place shortly before
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e

Fig 23~(A) The brachal pulse recorded by artenal cathetenzation 1 man Upper trac
g phonocardiogram

(B) Pattern of the pulmonary artery Typeal normal tracing 1o a gird of 5

distensibility of the pulmonary arters The anaerotic notch 15 usually
not visible, the peak 15 rounded and falls at about 24 of the ejection
peniod the maisura 15 deep and rounded and 15 folloned by a ligh di
crotic wave

In some tracings a high equansh wave or several slow vibrations can
be ob erved 1n drastole These should be considered as artifacts, due to
flopping of the catheter after the <econd sound and the effect of atnal
and ventncular movements upon 1t Careful withdraval and remnsertion
of the catheter may cause the di appearance of these spurious naves
Pulmonary Stems

The pattern of the pressure pulses in the stems of the pulmonary ar
tery 15 <imular to that of the main artery and may be identical to it
The peak of the man wave falls shghtly later than m the pulmonary
artery but still precedes the second sound by about one third of systole
Pulmonary Artery Wedge Tracng

(Sc called pulmonary “venous” tracing or pulmonary “c

tracing ) Thus trac { ble th: g
10 18 far more vanable than any oth
followmng techmeal difficulties ¥ ofher beenuse of the
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Phono. -ﬂméﬁ{ ot Wrmb-

L V.

Phono

Fig 22~—Intracardiac phonoeardiograms (I C Phono) and pre ure tracings of the left
atrium and ventricle of a subjeet with normal atnal and ventnicular pre sures and

patterns

1 2 3 4 = heart sounds

Phono = external phonoc irdiograms

The lowest tracing s an electrocardiogram (In order to save space the ECC and
external phono of the left atnal tracing have been cut out and the atnal tracing
has been exactly superimposed on the ventnicular)

The brachial and femoral pulses, on the other hand, have the smoother
contour of the perzpheral pulse and show no evidence of an anacrotie

depression (Fig 23 A)
Pulmonary Artery

This tracing s typieal of an arterzal pulse with a pattern resembling
that of a peripheral pulse (Fig 23 B) The reason lies in the marked
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Fig 24~ Pulmonary srtery  welged tracings 1n two normal subjects

(A) direct wniting apparatus fower tracing = efectrocatdiogram

{B) photographic recording upper tracing « phonocardiogram
the time of the first sound there 1s & diphasic ozoillation usually of the
posttive negatnve type (T 24 A) which may be replaced by a mono
phasie acute peak Thus notch 1s caused by a shalang of the catheter
because of the double valvular movement which takes place at that
time 1n the nght heart Therefore 1t 15 the equinalent of the first sound
Following this vibration there 1s a glow and smaller wave which tahes
place m early systole We have marked this as A (Tig 24 B), because 1t
1s probably caused by n delayed transmission of the left atnal A wave
Thus seems proven by the fact that the wave takes place eathier
eases with a prolonged conduction time and 15 sbsent 1n eases with atnal
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(a) Posmible transmussion of pulmonary arterial pulses around the 41p of the wedged
catheter
P (b) Possible rapid transmussion of left atrial pulses through open artertotenaus thorough
ares
. {c) Slow fransmission of left atnal pulses through the mmnute caprllary vessels of the
ungs
(d) Skakeng of the catheter due to movements of the heart (through which 1t passes)
and of the lung {to which 1t 15 fixed)

This explams the varability of pattern, not only from case to case,
but even n the same subject if the catheter 1s shightly withdrawn and
then wedged agam

The recording of ‘““wedge” pressure was deserthed by Hellem, Dexter et
al 1 1948 They correctly attributed the mean pressure recorded by
this techmque to transmussion of left atrial pressure However, they
recogmzed that multiple artifacts frequently render the readings mcor
reet The pressure pulses recorded by firmly wedzing the catheter intoa
small pulmonary arterial branch until 1t occludes the lumen were later
studied and described as bemg similar to those of the left atrium (Hellem
et al , Lagerloef and Werhoe, Soulié et al )

It has been stated that b of slow tr: n of the waves from
the left atrium to the pulmonary arterioles, the waves of the “wedge”
arter1nl tracing are stmlar to those of the left atrium but delay ed i time
If this were so, a delay of not less than 0 057 sec should be observed
There should be a fived shifting of both the A and the V wave The former
would fall during or after the first sound (early systole) and the latter
after about one third of diastole or even at mid duastole Actually, as will
be shown later, only the A wave has a major shift, when present Later,
3t was suggested that a rapid transmission of pulse could occur through
arteriovenous anastomoses * If this 1s true, 1t 15 understandable why the
t3 preal waves are not alway s present Closing the arteriovenous thorough
fares would prevent the rapid transmssion of waves and cause a general
damping by the capillary bed Only “mean’ pressure would then be
reliably recorded

YWe have recorded pulmonary arters “wedge’ tracings i 4 normal
dogs, 1 8 normal subjects and in seiveral chncal cases m which the
pulses should not have been affected by the disease (small atrial septal
defect, artenal hypertension, moderate pulmonary fibrosis) We have
been impressed by the following facts

(a) The pattern s extremely variable and frequently consists of several small waves

10 systole and diastole
{b) There may be only mimmal oseillations of pressure
{¢) Occasional eases present a pattern resembling that described by Soulil et al

When the tracmg 1s tvpical, the following details can be obeery ed At

* This concept was advorated by Sitber
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Fig 24—Pulmonary artery wedged tracingsin two normal subjects

(A} direct wnting apparatus lower tracing w electrocardiogram

(B) photographic recording upper tracing = phonocardiogram
the time of the first sound there 15 a diphasie oseillation, usually of the
positive negatve type (Tig 24 A), which may be replaced by & mono
phasic acute peak This notch 15 caused by a shahing of the catheter
because of the double valvular movement whieh takes place at that
time m the right heart Therefore 1t 15 the equivalent of the Jirst sound
Tollowing this vibration, there 1s a slow and smailer waxe which takes
place 1n early systole We have marked this as A (Tig 24 B), because 1t
15 probably caused by a delayed transmission of the left atn’al A nave
This scems proven by the fact that the wave takes place earlier 1n
cases with a prolonged conduction time and 15 absent 1n cases with atrial
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fibrillation During the rest of systole, one can observe etther a syslohic
collapse or a flat hne With the second sound, there 15 a vibration which
15 usually of the negative positive type (Fig 24 B), this 1s immediately
followed by a tall, positiie wave comerding with the opening of the
mitral valve and which should be called the V nave (Fig 24 A and B)

It 15 mteresting to note that, while the early systolic wave has a marked
delay 1 comparison to the atrial contraction, the early diastohe wave
has only a mmmal delvy over the openimg of the valve This can be
explaned by the fact that atnal contraction 1s weak and causes a uave
which moves backwards toward the capillary vessels of the lungs, while
the opeming of the A-V valve causes = sudden foruard movement of a
long column of blead, from the capillarics to the left atrium

Whenever a recognizable pattern 1s recorded, this may be studied and
mterpreted, otherwise, no such study can be made The most undesirable
posstbility 15 that of recording a pulse transmitted from the pulmonary
artery, whenever this happens, 1t might be confused with a retrograde
systolic wave due to mitral regurgitation However, such a wave 1» late
systohic while that of the pulmonary artery 1s early systolic

Pulmonary Venous Wedge Tracing

(So called pulmonary artertal “capillary” tracing ) This tracing can be
recorded by left atrial catheterization via erther the bronchus or the
chest wall, and by firmly wedging the eatheter mnto 4 pulmonary vein
A simular tracing can be obtuned by right heart catheterization if the
catheter passes mto the left atnum through an atral septal defect
The observed pattern 1s that of an arterial pulsation (Gensim et al )

CORONARY SINUS TRACING

The techmque of catheterization of the coronary smus was dev eloped
by Banfield et al and was studied by Bing et al The patterns of the

ot

\

Fig 20—Tracing obtamed by wedging the catheter in the coronary sinus Normal 5 yr
old gir! Upper tracing phonocardiogram
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pressure pulses recorded by wedging the catheter m the coronary swmus,
or by having 1t 1 the same vescel without obstructing the flow were
studied by Read et al They deseribe a venous type of tracing if the tip
15 not obstructing the flow, with no evident C nave and a higher pressure
than that of the nght strium They also desenibe a “ventricular” pattern
if the catheter 1s obstructing the flow by occluding the operang

In one ca ¢, a cinld of 5 subsequently proved normal, we recorded
the coronary sinus patiern with the catheter wedged in the vessel {Fig
20) The tracing bad the following charactenstics a drop 1o pressure 1n
Iate pre systole and early systole, a sharp nse in pressure dunng early
systole and a plateau which continues through the rest of systole plus
most of danstole

No other known tracing has a smlar pattern The form of thus tramng
may be explaned by the systolic squeezing of the capillancs of the ven
tricular wall plus the well known diastolic flow through the capillary bed



CHAPTER FOUR

Normal Pressures of the Cardiac Chambers
and Large Vessels

All pressure measurements should be based on the use of the antero
posterior mid chest level as a zero reference hne (Chapter two, zero refer
ence hine) Any pressure higher than this zero reference lie 1s posilue,
any pressure lower than this line 1s negatie

The normal pressures 1 the nght and left heart are presented i
Fig 15 and Tables III, IV and V

ATRIAL PRESSURE MEASUREMENTS

The mean pressure of the left atrium 1s shightly ugher than that of the
right atrium We have recorded left atrial pressures m 5 subjects with no
evidence of mutral lesion or left ventricular farlure and no enlargement
of the left atrium noted by  ray The left atrial mean pressure varied
from 6 to 95 mm Hg with an average of 77 mm Hg The average
atrial diastolic pressure, just prior to atnial contraction, was 7 1 mm Hg,
the average A wave was 121 mm Hg, and the aierage mean atral
pressure during ventricular systole was 6 6 mm Hg It should be empha
sized that, mn subjects with no evidence of mtral lesion or left ventricu
lar failure, the mean atral pressure during ventricular systole 1s either
1dentical to or shightly lower than atrial diastolic pressure This presents
2 special 1nterest when discussing pressure measurements in cases with
mutral lesions (Chapter five)

The A wave 15 the pownt of highest pressure durng atrial contrac
tion The systolic collapse (8 C, X or systolie descent) 1s the lowest
pressure level and occurs during ventricular systole The V wave 1s the
pomt of lughest pressure during early diastole The diastohc drop or
Y descent normally corresponds to the lowest pressure during early
diastole Then the pressure gradually mncreases until the folloning atrial
contraction begms (phase of so called diastasis or passive chastole)

By convention, the so called atrial diastolic pressure 15 the pressure yust
before atrial contraction or at the end of diastasis, about 0 15 sec pnor to
the Q wave of the ECG In rapid ventncular rate with short dastoles,
atrial diastohic pressure 1s difficult to determine because there 15 no diasta
si15 and there 15 only one wave culminating with the peak of A A level of
pressure which 1s half way between the lowest pont Y and the highest
point A may be arbitranly considered as “atrial diastolic pressure * with a
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KORVAL PRESSURES OF CARDIAC CHAMBERS AND LARGE VESS

ts Atrial mean pressurc 18
2 mm Hgm normal subjec

phss“\?;gr;? ;\ammetﬂc or clectne mtegration methods Amnlrn:!e:n
meiure during tentricular sysiole 13 the mean pressure level, \xn‘sasu] ‘ee) ti)
1;)»rl:nunemc integration, from the pom{o A)V {closure of the A Vral

f the A V valve
&hsl'?ea;gi\:{ ;:eﬁ?r?c‘; the r1ght atnum 13 Jugher than mirathoratic
pressure but very close to atmosphene pressure In an 18(11\ gilﬁzli::‘g
between O on
at rest, nght atnal mean pressure yanes

(;(owRespuafxon and cough affect atral pressures Tught atnal pressure
m§ drop to ~7 mm Hg dunng mspiration and nse to +8 1 expirationt
1t 3113) nse to 460 mm Hg dunng cougling Mean right atrial pressure
15 from 25 to 4 5 mm Hg (Tables 111 and IV)

Right Ventncle

14 to
The normal nght \entnele has o systohie pressure of from +

430 and & diastohe pressure of from 0 to +5mm Mg (Tables { and 11}
The average 1s +22 systohc over +4 diastolie Inspiration may lower the
pressures ta 4+15/~6 expiration may rase them to +36/+7 Cough

may tause & tremendoms nse o that igures of +80 have been recorded
1n systole

left Ventricle

The normasl left wentncle has & systolic pressure dentical to that of
the aorta The late dastolie pressure vared from 6 10 9 mm Hgm 5 sub
Jects mith an average of 7 em Hg It was mentioned previously (Chap
ter twol that, ;m s hughly underdamped pressure tracing, sounds and
murmurs engating n the venteicle produce agh frequency wbrations
which sre superimposed on the pressure tracing Thus, overshooting of
systolic pressure {upweard) and duastohe pressure (downward) occurs
The lughest pont of the vibration may be even 10 to 20 per cent ngher
than 1ts actual pressure leve! On the other hand, the pressure mensure
ments of an overdamped pressure tracing give lower systohe and tgher
diastalie pressures than the correct readings therefore, relisble pressure
measurements of the ventricles ean be obtamed only with a proper re
cording pressure device If one 1s using an usderdamped transducer,
able to record hugh frequency vibrations (for example, a P 23 D Stat
bam able to record heart sounds) 4 Line should be drawn about rmd way
between vibrations as shown in Fig 13 Ths Lime will probably ap
proumate the actual pressure level The systolic pressure of the ventncle
18 the hughest pressure level dunng ventneular systole (with the sbove
Teservations) The ventricular early diastolic pressure 18 the lowest RS
s\:’e level durg eacly diastole and corresponds to the pomt of ope):ung
the AV vale Late diastolsr pressure 13 the pressure just beofre atnal
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contraction (or soon after atrial contraction if there 1s a prolonged PR
mterval) The term “ventricular end diastolic pressure” should be
omutted because 1t may correspond to the rise 1n pressure due to atrial
contraction, therefore giving an erroneously igh reading

Arterial Pressure Medasurements

Reliable systohe and distolic pressure measureraents of the pul
monary and systemue arteries should also be based on properly recorded
pressure tracings Great care should be used in reading the pressure
tracings of the pulmonary artery Numerous high frequency vibrations
are created by the sounds or murmurs ongmating 1n the heart and pul
monary artery, while artifacts may be due to movements of the catheter
Not ifrequently, the catheter tip 1s obstructed during the greater part
of ventricular systole Then, the highest pressure corresponds to the
dicrotic notch and not to the real systolic pressure In this mnstance, a
correct measurement of systolic pressure of the pulmonary artery canwol
be done * Such an obstructive phenomenon was not observed during
recording of the systemic arterial pressure, probably because the catheter
often reached the artery 1n a retrograde way and not through the ven
tricle Even when the catheter was passed through the left atrum and
ventricle mto the aorta, 1t was 2 softer catheter with different physical
properties from those of the catheter used 1n right heart catheterization
In regard to the lugh frequency vibrations, which may be superimposed
on the pressure tracings, & hne drawn about midway between therr
extremes should give the correct pressure level

Systalic pressurc 15 the Inghest pressure level of the artery dumng
systole, dastolic pressure 1s the lowest diastolie pressure level Mean
arterial pressure, used for the ealculation of pulmonary and systemic
reststances, should be measured 1n & routme fashion by plammetne or
electric integration methods

Pulmonary Artery

The mawn pulmonary artery has « systolic pressure which should be vers
sumular to, though possibly shghtly lower than, that of the nght ventricle
More marked differences may be due to techmical reasons (different
intrathoracic pressure at different times of recording) A shght difference
1n pressure, not exceeding 5 mm Hg, 1s to be expected between the two
chambers because part of the hinetic energy of the mght sentnele 18
absorbed by the distensible wall of the artery n systole, and returned
m diastole A somewnhat larger drop mn systolic pressure (up to 20 mm
Hg) was smd to oceur 1 cases with mereased flow and dilatation of

* Acceptance of this erroneous systohic  pressure would cause the finding of & nen
existant pressure gradient between the right ventncle and pulmonary artery
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20
nary artery ¥ A systolie pressure between +14 and +
:‘l‘szuﬁl\ﬂ\?;qcogldered normal sn apnes while +10 and 430 s\mu;d d\;\e
the extremes of norm dunng re-piration Drastolc pressure 1s mar ccm\
tugher than that found 1n the nght ventnele, due to the clu‘stxc e !
of the artenal wall, and may vary betneen +5 a:\d +13 ‘Icanbpu
monary atterial pressure 1s between +11 and +17, the average beng
14 (Tables III and A

Pulmenary Stems

The pressures are smilar to tho-e of the mam artery However, bere
e have encountered more marked respiratory varations

Pulmopary artery wedge pressure (S0 ealled pulmonary copllary

venous pressure or indirect lef! alrial pressure)

Like ia the pulmonary or ventricular pressure tracings, nUmEIOUs
actifacts and ngh frequency sound vibrations may be supenmposed on
the mam waves of the wedge pressure traong Theee arbiacts and
vibrations can be ehmunated or allevisted by shightly withdrawing the
catheter (without cislodging 1t from the pulmonary artersal branch)
ar through the apphication of proper damping FPressure measurements
of this pressure tracng are sumilar to those of atmal pressure tracings
In a pullbach maneuser from the pulmonary artery wedge poution to the
ramn puimonary artery, & defimie nse of both the systobe and distobe
pressures 1s usually observed (Mg 13 C) According to most authors, this
pressure should be between 7 and 13 mm Hg and should present only
small variations 1n coneidence with the cardize evele We have studied
bulmonary artery wedge pressures and left atmal pressures n several
subjects with an apparently normal left heart The mean pressures were
wdentreal to those of the left atrium and the Jevels of the waves also were
“molar to those of the left atrium the shght differences besng within
the brats of techmesl etrors 1t )5 unkkely that the pulmonary artery
wedge pressure actuatly represents the entieal closing pressure of the
pulmonary sriencles (Burton) and that shenever large systolie waves
are seen the pressure readmgs should be aiways tonsidered unreliable
(too hugh) on secount of leshage around the tip of the eatheter 1 If pure
ou genated blood 15 aspirated when smatler eatheters No 5 or 6 are used
the“ or¢ is‘“e ‘e&dlleg should be considered correct '

e have recorded cardiae and pulme:
tadividuals between the ages of § 313:1 48 :;irsm’;f: Tg;;“ﬂ: r:p(:::’!):(;
w Table I Our readings show the vanous levels of pressure which

Thss was ot true 1n the cas
ourleboratens es with dilated
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NORMAL PrESSURES OF CAPDIAC CHAMBERS AND LARGE VESSELS 63

TuntE V Pressures of the Left Heard yn subjects with normal matral ralre and
no entdence of left ventriculor farlure

Lets Mtrwms w
o Ape " Late
A LA lse | v [ 8| Dun | Man | Snt | g4
1 2 J128)147)37 |10 70 69 83 H3 70
2 ® 8 704 7 58 62 60 tud 62
3 £ (18 {12516 (10 80 %0 98 100 L ad
4 0 11 ~ |4 5 50 60 70 05 8
5 W 68146} 87} 70 74 78 12 74
Average 1211 821451 82| 66 71 i na 70

ean be found at ddferent moments of the cardiac ey cle and with different
respiratary phases

Fig 12 shows the abeence of a systolic gradient i the pullbeel maney
ver from aorta to left ventnicle, and the absence of & drastohic gradient in
the pullback from Teft ventnele to left atrum



CHAPTER FIVE

Intracardiac Phonocardiography

ANIMAL EXPERIMENTS

Records were obtamned m 20 dogs by either right heart catheteriza
tion (via the right jugular vem) or left heart eatheterization (via the
left femoral artery) (Figs 26-29) Catheters No 7, 100 cm long were
employed In order to test its possibility, a thin catheter* was also used
Either the right or the left ventrrcular chamber was penetrated with 2
No 18 thin walled needle (through the chest wall or with open chest)
The thin catheter was then passed through the needle Further open
chest experiments compared right and left atrial and ventricular tracings
with the catheter passing either through one or more of the valves or
directly through perforation of the atral or ventricular wall The purpose
was to test whether the valve leaflets were the source of vibrations by
hitting the catheter

Sources and Relative Value of Sonic Frequencies

Vibrations of sonic frequencies were recorded from all four cardiac
chambers, the superior cava, the pulmonary artery, by wedging the
catheter mn a small pulmonary vessel, and from the ascending and
descending sorta (Figs 26~20)

The mtensity of vibrations vared considerably according to the source
and mereased 1n the following order superior cava, right atnum, rght
ventricle and pulmonary artery, small pulmonary vessel and left atrum,
left ventricle, 1t decreased from the left ventricle to the ascending aorta,
and then sharply to the descending aorta

The vibrations obtamned through the thin polyethylene catheter were
shightly more damped but still clearly observable Chech was made that
no air bubble, blood clot or leakage existed 1n the system

Vibrations were observed 1n the frequency ranges 30 to 110, 60 to 110,
60 to 250 and 60 to 500 Occasionally, the ghest range could not be used
because of high frequency electric noise The vibrations were from 4 to
6 times larger 1n the left ventricle than in the right and from 2 to 3 times
larger 1n the nght ventricle than 1n the rght atrium

Timing of the vibrations The tracings revealed the constant esistence
of two groups of vibrations grossly comeiding with the beginning and

* A polyethylene catheter size PE 50 50 to 60 e long having an inner diameter of

057 mm was used
64
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%—Intracardiae phonocardiograms from the nght atnum of dogs
1C phono = intracardiac phonocardiograms
Press = pressure tracing
Yhono = external phonoeardiogram (at apex)
1C ECG = intracardiac electrocardiogratn
ECG = electrocardiogram sn lead 2

RV

Fig P—Tntracardhae
Phonocardiograms from the nght ve
Inf = ioflow tract ¥ e o dogs
Out = outflow tract
Other symbals as 1n Fig 26
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TanrLe VI Tuming of the Sonte Frequencies an Comparison with the External
Apscal Phonocardiogram

. pomt | Dot o
N Chamber oflsesd | oA | gy | s | somdel | Remsks
phase of ‘bhase of AVvihe
apical 8d apical od
3 |Superior cava 0 05-0 06 002 - — —~  [Vibrations of
ten of low
pitch
4 [Right atrium 00 003 Good 1n [Goodin | —  {Vibrations of
all all ten of low
pitch
§ [Right ventricle | 0 03-0 04 | 0 02-0 04 {Good in [Good 1n —  Vibrattons
3 2 sometimes
of low pitch
4 |Pulmonary 0030 0o | 002-0 03 [Good 1n [Good in - -
artery 1 2
3 |Wedge PA trac 002 0 01-0 02 [Good 1n |Good bt -
ing (LA) all
3 [Left strium 0002 00 —  |Good 1n (Good 1n] -
1 1
7 |Left ventricle 0 01-0 03 0-0 02 )Good in — - -
3
6 |Ascending aorta| 0 01-0 04 0-0 03 - - - -
3 {Descending 0 05-0 06 003 - - - -
aorta

the end of ventricular systole The timing of vibrations n regard to
an external phonocardiogram varied according to the chamber 1n v el
the catheter was placed, as shown by Table VI In regard to the pres
sure tracings, the timing was always accurate

Diastolic extra sounds were also recorded 1n some of the tracings I
comeidence with either the rapid distole fillng phase (third sound)
or the presystolic atrial contraction (fourth sound) (Table VI) Addt
tional vibrations, not comciding with the eardiac sounds, were found
at times during ventricular systole, occastonally also during ventnculir
diastole, but only m the band 60 to 500

The response of the pressure transducer which was used (P 23 D) 18
such that there 1s 2 flat response up to 74 cycles/sec Higher frequency
may still be recorded though attenuated mn amphtude The resonant
frequency of this strain gage 1s 280 eycles/sec Therefore vibrations
1n that range may be exaggerated n amplhitude by tlus inherent property
of the gage This might explan the occasional observation of a series
of regular, high frequency vibrations withmn the ventricles of dogs during
systole It was considered possible that they represented the exaggera

tion of vibrations of the chordae
A theoretical possibility, which was considered, 1s that by usmg 2
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<ystem of tnple diffesentiation, & record of the rate of rapd changes
preccure 1s obtamed and not one of the rapid vibrations of so'mc frequency
Actually, diastobe vibrahons were ded whle o ¢ pres
sure trating <howed only mnor and slow vibrations On the other hand,
whenprer o sudden change u pressure lakes place wn a closed chamber, sonic
vibrations necessanily orise, so that one fracing 18 equualent to the other

Several phy«ologieal tests excluded that the vibrations were due to
ugpact of the valves on the catheter Hithing the tip of the catheter by
the contracting ventrieular walls or by the cardiac valses was usually
Teveated by artifacts, both an the presure {racing and 1n the differentiated
tracing Usually a shght withdrawal of the catheter led to disappearance
of such extraneous vibrations Therefore, these possible mechamiems
were abo excluded

At this stage 1t was hypothetieally accepted that certan vibrations
were caused by and coineided wath the heart sounds As the heart 1s
museular organ 1t notld be posable for sounds ansing i one chamber ot
vessel to be transmutted to the others «o that more or less the same
vibrations would be recorded 1n all chambers This was disproyen b3 the
diffeserce n phase magmtude duration sna frequeney of the vibrations
recorded 1 the vanous chambers and large vessels It was apparent that
the largest vibrations were talung place m the left ventricle and as-
cending aorta smaller vibrations 1n the left atrum and puimonary
veswels and smaller and lower piched vibrations w the nght ventrcle
Those of the nght atrium <uperiar eava snd descending norta were the
“malle t and at times could not be clearly recorded
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Fig 29—Intracardiac phenocardiograms from the pulmonary srtery ‘ wedge position (a
Jefty and the ascending norta (at right) of a dog
(Symbols as ir Fig 26}

The most hhely mnterpretation 1s that the recorded wibrations lake
place wn the blood of the tndetdual chambers or vessels as a result of cardiac
dynamice It 1s obvious that the contraction of each ventncle has the
greatest 1mportance by suddenly rasing the pressure and causng the
closure of the respectinne A V valve, the opemng of the respective semi
lunar valve may also have mportance by suddenly cheching the nse n
pressure

If the recorded vibrations are those of the blood, if they are cauced
wdurectly by the museular eontraction and, more directly, by the motion
of the cardiac valves, they are actually reprodueing that part of the heart
sounds which 1s ansing m a particular chamber This, then, explams why
the vibrations of the various chambers have a shghtly different tmung

The sound tracing recorded from the chest wall m our experiments s
mainly a tracing of the left heart or at least has as a promnent feature
the vibrations of the left heart This 15 evpluned first by the platng
of the microphone on the left side of the sternum, and second by the
preponderant part played by the left ventricle in cardiac dvnames
The near comneidence of the first and sccond left rentricular sound with
those recorded at the apex can be explaned by these facts On the con
trary the first and second right ventricular sounds are somew hat delayed
because the right ventricle of the normal dog contracts shightly later
(0 01-0 02 sec ) thantheleft Thiswasproven by rccording two stmultane
ous ventricular pressure tracings The first sounds of the large arterses
have often a shght delay o3 er those of respective yentrcles (0 01 to 002
sec) This can be expluned by the absence of some of the mitial vibra
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tions of the first sound {mtral or tncuspid component) the artenal
tracmg <o that the begming of the smmdl v:t;mtxdes with ste gecond
g nume of the aortic or pulmonie valve

phgcec:g};;“‘g’ a split second sound was recorded 1n the pulmonary
artery, more seldom 1 the ding norta Tr of the vibra
tion comading with the mewsura of the aortie pulse to the pulmonary
artery and vice versa explam this fact

A fourth {airial) sound was recorded Tnost often 1n the nght atnum,
less often 10 the left at times alo i the nght ventncle and pulmonary
artery A fhird sound was recorded m both ventnicles, espeaally 1 the
outBow tracts and also m the mght atnum

The vibrations of the descending norta were sharply delayed over the
cardiac sounds and were of a Jow pitch It 1 obvious that they represented
vascular vibrations coused by the pul ¢ wave

INTRACARDIAC PHONOCARDIOGRAPHY 1N NORMAL SUBJECTS

Lewss and co worhers found the following data m the mght heart
In all caes the first sound was recorded throughout the lesser
culation, and within the eavae The first and the thurd sounds were
loudest 1n the ventncle, the second sound, in the pulmonary artery,
the fourth sound i the atium The major component of the first sound,
vecorded within the nghy ventricle started 0 06 to 807 see affer Q and
comesded with the early part of pressure nse of the ventncle On the
other hand the major component of the same sound, recorded withn
the pulmonar, artery started 014 sec after the Q wave and was on
the ascending bmb of the pressure tracng of the same vessels A few
small vibrations 1o the artery comerded with the larger vibrations
the ventricle Tt 1s obvious that the first group of vibrations was due to
trieuspid clocure, the seeond to pulmome opening A systolic murmur
was found 1 the pulmonary artery of normal persons It 1s Ukely that,
this was due to the charactenstios of the microphene used by Lewis
I(‘e:trenntel;;J Tmm‘? to lugh pitched vibrations) which recorded the
nor turbulence of normal bloed flow because th
the et up of the authors © this & not occur m
Personol Observanons
‘Two patients precenting no rourmur:
s nere sub
and left catheterization The ‘pressure tracy ) :m “eld {9 both right
lestons The wtracardiac heart <ound tracing reEZrd::lea eg, I;?ﬂvalvular
of subjert 1 reveal o the tontricle
ea} two components wthin the first, heart sound {fig
torrepon
a:be {eft ventrieular pressure :tp coﬁcul‘v;?\\?tl}i
+al
he and follows the Q wave by G035 <op

the closure of the mutr
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60 ~110

Fig 29—Int diac ph i from the pul y artery “wedge ’ position (a
Jeft) and the ascending porta (at nght) of a dog
(Symbols as 1n Fig 26)

The most likely Interpretation 1s that the recorded vibrations take
place wn the blood of the indurdual chambers or tessels as a result of cardiac
dynamics It 1s obvious that the contraction of each ventrcle has the
greatest importance by suddenly raising the pressure and causing the
closure of the respective A V valve, the opening of the respectrie sem
Iunar valve may also have importance by suddenly cheching the rre
pressure

If the recorded vibrations are those of the blood, if they are eaused
mdirectly by the muscular contraction and, more directly, by the motion
of the cardiac valves, they are actually reproducing that part of the heart
sounds which 1s anising m a particular chamber This, then, explans why
the vibrations of the vanous chambers have a shghtly different tuming

The sound tracing recorded from the chest wall our expermments Is
mamly a tracing of the left heart or at least has as 4 prominent feature
the vibrations of the left heart This 1s esplamned first by the placing
of the rucrophoune on the left side of the sternum and second by the
preponderant part plaved by the left ventrcle m cardine dynamies
The near comedence of the first and second left rentricular sound with
those recorded at the apex can be explamed by these facts On the con
trary, the first and second right ventricular sounds are somew hat delayed
because the nght ventncle of the normal dog contracts shghtly later
(0010 02 see ) than theleft Thiswasproven by recording two stmultene
ous ventricular pressure tracings The first sounds of the large arteries
have often a slight delay over those of respective ventricles (0 01 to 002
sec) This can be esplamed by the absence of some of the imtial vibra-



CHAPTER SIX

Intracardiac Electrocardiogram

Right and left intracardiae electrocardiograms n open chest expert
ments were recorded by several authors following the studies of Thomas
Lewss The first intracardiac tracings by means of cathelerization of
the right heart were recorded m dogs by Luisada et al m 1937 Chmical
studies by means of nght heart cathetenzation were made by Lendgre
and Maunce m 1945, Hecht 1n 1946, Battro and Bidoggma, Sods Pal
lares and co workers 1 1947 and by Duchocal and co workers in 1948

Intracardiac electrocardiograms of the left heart were obtmined ac
cdentally during right heart catheterization 1 congenital heart disease
when the catheter passed through a septal defect The first tracings
were described by Sodi Pallares Duchosal and Kert More recently,
Latour and Puech reported several tracings Subsequently, left cardiac
electrocardiograms were studied through retrograde aorite cathelerization
A recent study i our laboratory (Lnsada and L, 1957) was performed
by using 5 per cent saline solution within a polyethylene eatheter as con

ductor for the exploring electrode dunng left heart catheterization (Chap
ter tno)

Analysis of the Waves

The atrial complez recorded near the S A node consists of a semes
of rapid deflections and a final deflection (Ta) The Ta wave represents
the phae of atnal repolarization of the atria and 1s vi.able only 1n ;z\ccs
of AV block The interval from the beminming of P 1n the hmb lcadskt
the end of Ta measures from 034 to 042 sec but may be much lon :

According to the position of the tip of the catheter various com lege
can be recorded within the right atrium (Tig 30) These should bcpc -
pared with epicardial compleres (Fig 81) At the root of the su, e
cava the ECGissunilar tothat of a VR However,ata shightly lowerpl’enolr
Pisrepresented by a deep negative complex whilea QSand anim te‘ 7
represents the processes of depolanzation and repolarizatio f-‘TfEd o
ventricles At a lower level P has a small positive w ave follo:: gbthe
deep negatne wave and if one moves toward the septum the ta
complex has two equal positive negatwe phases P becom’es o
:?:u- the inferior eava and near the tricuspid valve The wn!ncu;:z(:sm‘e
ez 15 Tepresented by a w con
y 2 QS nave mﬂthe outward part of the atrium and
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The second, larger component, having two vibrations, occurs at 24
of the rise of the ventricular pressure and seems to cometde with the
opening of the aortic valve, 1t follows the Q wave by 0105 sec The
second heart sound, presenting a single vibration, comeides with the
large vibration of the second sound recorded over the mudprecordium
(aortic component) It s, therefore, due to the closure of the aortic valve
There 1s no murmur but a fes minimal vibrations can be observed dunng
systole The third heart sound, presenting one or two vibrations, oceurs
013 to 014 sec after the second sound, 1n comcidence with the rapid
fillng of the Jeft ventricle The fourth heart sound, presenting a tn
phasic vibration, comnades with left atrial contraction

The mtracardiac sound tracing recorded ¢ the left airuum of the
same subject (Fig 22) reveals vibrations of the first sound s luch comeide
with the second group of vibrations recorded in the left ventricle (aortic
component of the first sound), transmitted from the aorta, probably
through contact of this vessel with the atrum The second sound, present
ing a triphasic vibration, comeides with the aortic component of the
second sound, recorded 1n the left ventricle The opening sound of the
mutral valve presents a triphasic vibration and follows the first vibra
tion of the sccond sound by 006 sec , 1t comcudes with the V wase of
the left atrial pressure tracing After the mtral opening sound, the re
maining diastole 15 clear except for a few low frequency vibrations,
comeiding with the atrial contraction, these vibrations may be termed
“fourth heart sound” because they comncide with a larger, more rapud,
and more distinet sound oceurring within the ventricular cavity

Heart sounds recorded within the normal mght ventmcle and pul
monary artery are presented 1n Fig 13 The mntimate connection between
ascending aorta and main pulmonary artery makes 1t possible to record
both the aortic and the pulmome components of the second sound from
within the pulmonary artery, as well as the nght ventncle (Fig 13)
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1s usually represented by a diphasic, positive negative, wave The dif
ferent <z of the positne versus the negative phase depends upon the
proumty to the septum The tentricular complez 1s represented by qR at
the Tughest part (Tig 30), rS near the left puimonary vemns, RS 1n the
center and near the septum and QS near the mitral valve

In the left rentricle the tvpical pattern 1s represented by the typieal
complex, postive P QS ventmeular comples, negative T The only
exception 1s an oceasional 18 complex, recorded near the base of the
eptum

Mention chould be made that, whenever the tip of the catheter touches
the ventricular wall, an ‘injury pattern’ 1s tecorded (T 32) Thus
pattern 1 not revealed by a consentional ECG, os previously noted by

g

Fig 31—Patterns of ¢,

picardial eleet
{Cosrteny of Dr B Barsgrry ™ 0058 Compare wath Fig 20
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by gR, and rSr waves near the septum (Fig 30) It 1s only near the
tricuspid valve that a typical rS complex 1s recorded

In the rght veniricle, a well known pattern 1s usually recorded = po1
trne P, 1S comples, negative T The only exception scems to be the oc
castonal recordmg of an rSr complex near the base of the septum

In the left atrum, vartous patterns can be recorded The atrial compler

Fig 30—-The of d: lectroe, 10 the normal heart both from
previous studies and ob<ervations of author
1) (2) (3) Supenor enva (4) Center of nght atnum  (5) Infertor cava (6) ()
(8) Medial points of right atrum (8) (9), (10) Abore and below treuspd v;uhfc
(11) Right ventricle (12) (14) Pulmonary veins (13} (16) Medual parts o left
atrum (17) Latersl part of left atoum (1) (19) Above and below mitral valve
(19) Unusual pattern occasionally recorded near the upper left part of venlnicu
Iar septum (20} Left ventricle
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Fig 34—\ormaf patterns of FCG withun the feft atrium (A~mp traciog) and feft ventricle
(B-lower {raciog)

everal authors partieutarly Sody Paflares Withdrawal of the eatheter
15 1mmediately followed by normahization of the tracing

Normal mtracardiac electrocardiograms of the right heart are presented
mn Fig 33 those of the Jeft heart are pre.ented 1n Fig 34
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T1g 32~—Llectracardiograms 1n o dog
From above Jead 2
intracardiac V lead, nght ventnele
wtracardiac V lead left ventncle
Between (A) and (B) the tip of the LV catheter
touched the ventneular wall onginating the 1
Jury pattern of (B)
RtV R:A
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| {dhlny
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Fig 33-—Intracardiac electrocardiograms of nght heart
From ahove presyure tracing
tracardiac v lead
lead 2
(A) nght ventnele
(B) nght atnum



ABNORMAL PATTFRNS T

due to
4 5 plateay pattern w the venae easae and nght atriunm,
?:;sccu:‘;?d ?ﬁumm}; , slar to that prev “"“‘1‘3 abserved. through
climical pul. e tracimgs of the jugular vems and the hver
Theoretically, & systohe elevation of atnal pressure should be con
sidered evidence of regurgitation through the weompetent AV \al\iC,
because regurgitation mto the atrium occurs under & gh \;enmcu ar
systolic pressure (espenially m the cace of the left ventncle) Tins 18 par
feutarly apparent because, 1 normal subjects left atral mean pressure
dunng ventneular systole 15 not Iugher than the pressure at mud or late
dusstole
The charactensties of exther normal or abnormal human atnal distenst
Tility are unhaown In noremal dogs, olume pressure changes of the left
atnum have been found by Lattle to be hoear only when the pressure wAS
withon normal hrmts (0 to 150 mm 1,0} When the normal himuts of pres
sure are passed @ shight inerease wolume Causes o great increase i
pres ure In other words, when atnal pressure exeetds the normal limats,
Inered.e 1n pressure 13 not hinearly correlated with the meresse of atnat
volume
We have <tudied the border tracings of the left atrum by electro
Lymography Ueft atral volume curve) and the left atnal pressure pul ¢
1n the same patients and found that their patterns are usually similar
(Figs 47 and 50) Unfortunately the elcctrohvmogram of the atnum can
not give at present the exact value of changes of atrel volume The expan
sion caused by regurertation oteurs under a tagh ventrcular sy stolie pres
«ure 1t1s a pressure volume pressure change wluch cannot be determuned
ax yer The systolic elevation (msufficlency wave) shove the distolic
pressuce level may not werease m 5 knear fastion 1n regard to the volume
of regurgtant blood The lesel of mesn atnnl pressure during ventnewlar
systale gves a more relishle evatuation of the regurptation than the
shealute v.lue of the regurgitont wave Therefore, the absolute hetght of
the reurgrant Wave should not be entirely atinbuted to the result of
woafficiency unless stenosis of the A V valve ar reasstance to flow {as
o myocardial fibroms or constrictive penicarditss, ete ) can be ruled out
In the presence of stenoms, only the dufference 2n lerel between systole
and dnstole (mean systolic ey ation) should be taken mto consideraty
Semutunar 1ales A Yow duastolic pressure and g, e
:\;er ﬁ?ﬁ;ﬁcﬂicemw as evidence of aortic regurgatation 1 syphulitie
e eart, diseases YHowever, 18 15 not uncommon to find both a
normal diastolic pressure and a normal pule pressure 10 adults with

wide pulse pressure



CHAPTER SEVEN

Abnormal Patterns

General Criteria of interpretation of a Pressure Tracing

Evidence of dynamically sigmficant valvular stenosis When the
functional area of a valve 15 reduced to a critical level, valvular resist
ance to blood flow at rest occurs The pressure belund the stenotic valve
mcreases m order to mamtam a normal (or shghtly reduced) flow There
fore, a systolic pressure gradient develops across a narrow semilunar
valve and a diastolic pressure gradient develops across the narrow atrio
ventricular valve Since the square root of a pressure gradient 1s
directly related to the amount of flow and 1s mversely related to the
size of the opening, both the pressure gradient and the flow across the
valve are important 1n order to evaluate the functional onifice of a ste
notic valve (Chapter nine) Unfortunately, in rheumatic mutral or aortie
stenosts, a vartous degree of concomutant nsufficrency 1s frequentl)
present The fornard Aow across the valve, obtaned by Fick’s principle,
does not mclude the backward flow due to the insufficiency

The estimation of a regurgitant flow cannot be ealculated unless an
actual measurement of the valvular area has been done at autops) or
surgery Neither of them 1s of help for preoperatyve evaluation Although
an indicator dilution curve was claimed to be of s zlue for the caleulation
of regurgitation, 1ts accuracy needs further proof With the exstence of
this unknown factor, 1t 1s apparent that a pressure gradient across a valie
mdicates only a dynamucally sigmficant degree of stenosis while the ab
solute value of the latter can be calculated only on the basis of the actual
forward flow On the other hand, if no evidence of regurgitation 1s revealed
by the pressure pulse pattern, as well as by clinieal examination and
other labaratory data, the greater the pressure gracient the smaller the
valve, provided that cardiac output at rest 1s normal or only shghtly re
duced The authors wish to emphasize that the functional area of &
stenotic valve should be correlated with the weight or body surface aret
of the patient

Evidence of dynamucally significant valvular insufficiency

Atrio ventricular ralies In cases of right heart failure, systohic pulsa
tions of the hwver and of the jugular vems were often found and were
mnterpreted as due to functional msufficiency of the tricuspid valve
With moderate elevation of the right atrial pressure the obliteration of
the systolic collapse or X descent has been deseribed The authors have

76
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« right +eatnele are wdentical, the disgnons of
oo arterymand Oi t?:mnlogt be definately made Intracardiac phono-
‘;ard_\ograms taken 1n the left ventnele or the aorta near the valve may
gve cert ym mformation becanse & diastole murrour 15 usually presentin
cases with msuffiency Still the insufficiency of the semilunar valves
1s mote, dufficult to evaluate from pressure tracings than that of the AV
vah es except 1n Severe case»

Supenior and Infenor Venae Cavce

Several abnormal patterns can be obeenved

Tall A ware may be found mn any ca.¢ with agh venous (and nght
atnal) pressures (Fig 35)

Double A wate 1 a cunous phenomenan which still lacks an adequate
explanation {(Fig 38)

Mulizple A wares may be observed in atnl flutter

Absence of A wwares 1s cbeerved 1n atnal fibnilabon

Platean pattern 18 typical of trcuspid ncufficseney If this dyname
disturbance 15 functional or 15 unaccompamed by stenows, the plateau
yesembles that of a ventnicutar tracing and its nse and fall canaide with
the first and the second sounds 1, on the contrary there nlso s valvular
stenosis {he plateau 1s a ‘ate plateau * bemg delayed 1n its onset and

t(%nmnahon ar 1s wregular and taller at the end than at the beginmng
1 3o)

Right Atnal Patterns

The most common abnormal pattern »s that caused by tnereased
pressure 1 the right heart In such caces the A wave becomes tall and
lasts longer According to Shepard the pressure of the A wave may
teach 19 mm Hg or more Broademng of the wave may be such that 1t
reaches the following A V wave 4nd may practically fuse with it

Atral fibrillation eauses the disappearance of the A waves Alultiple
s:\;ﬂ amal \“Xes oceurhng 1 an wregular sequence may be preccntpm
= < S
p ﬁz“&s:{m:n reves) e contractions of bundles of fibers in the state

Constrictve pemicardits (Hansen L
i) and other condsiy
ferng with diastohe filling of the ventncle such as m ocardxa;“f‘ii mtcr.
amylodosis (Miflon) and fibreelastons (Ly nfiedd) ete , are £ rlasxs,
:ompamed hy shoormal atnal pattems The most co;nmon;cqf‘;emdy ot
cx(-ln con;a\sts of a Tugh atnal pressure Rgh A ware and an irl “; oL
col ‘(;;:e olloned by a rapid 1ncreace of dinstalic pressure oy datole
obhmfnt t(xi'uélxspld msufficieney 15 present the systolie eollaps
ated by an increa.e of atnal pressure dunng 5y<tole pee may be
This pattera was cbserved by Robyn and Burwell npd by the autho
TS
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Fig 36 {continued)—Abnormal nght atnal pattens

(E) Plateau pattern in tncuspd regurgitation (press  4/-% The early peak of
the platesn1s marked as A¥ because of the strmstat Toeehamsm with the AT
wave of the normal tracing

Simultaneous night and left atnal pressures were recorded at the same
sen.itiaty and midehest zero hine by might and left heart catheterization
1n 2 patient, of atnal scptal defect A mght to left shunt was demonstrated
2% the atnat level The pressure of the right atrum was lugher than that
of the left throughout the cardiae evele (T 14)

Broad A wares (nodal or ventncular extrasystoles, nodal tachy cardsa,
complete A \ block) are either tall ar norroat They are always broid and
flat and mav present a double peak * We found tlus pattern m cases of
pentalogy of Fallot cor pulmonale and Ticenmenger s complex (Tig 36)
A simuler pattern 1 reported by Shepard m pulmonie stenosis An exact
explanation of this curtous phenomenon 13 still laching

Platea. pattern 15 typieal or tncuspd regurgitation (Jig 30) In
caces of atrial fibnllation. the plateau 1s particularly apparent on ccount
of the abeence of the A wave Tlis pattern can be found m cascs of
rheumatic heart with mtral stenosis and either relative or organie tn
cuspid nsufficieney  In rheuraatic ca.es, with some degree of stenosis, ¢
shows (a) a delay of the onset and end of the plateau over the first a’nd
second heart bounds respeetinely (ate plateay), and (b) an mereased
eradient of pressure in diastole between nght atrum and nght ventncle
Ventrievlar Patterns

Abnormsl ventneular patterns have been the object of systematic
espenimental mvestigations by Wiggers Tn severe prracardeal effusion, thy
mtal mtraventnieular tension nses almosy proporbionally with u;t Y
pericardial pressure but the volume of the 1entrcles 1 diastole 1 ‘;ﬂ
ereased due to the compression developed by the flnd As a result ; [le
ventricular pulses are observed and the gradient of thy Setomes
e e pulse becomes

Double pe
o ey o o o 2l ot of ptnt it i

epastant as stated b this patters may be oceasionally found 3t 15 nat 8y
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e
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Fig 36—Abnormal nght atoal patterns
(A) Tall double peaked A waves deep systolic collapse in pulmonic stenosts
(press 6 5/0)
(B) Broad A waves tn peatalogy of Fallot {(mean press 6)
(C) Broad double peaked A waves in cor pulmonale (press 6/2 5)
(D) Broad A waves in Eisenmenger complex (press 7/1)
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The ymmediate effect of arlenal hypertenston 1> & elxght‘ls nlangﬁrtllsx:t
metne contraction and an ¢jection pertod which 18 £0 © “; elnc ak,
systcle asa whole, becomes shoster The pressure riscs to a Iugher peak,
but & smell amount of blood 18 yetawed at each beat, thu{? Cu:?m‘l!s o‘l
greater il tepmon Tn o later stage, imtial tension 18 Ing] %\'.“ 1€ -
metne gradient 1 stecper, sowetnc contraction decreases anl e l’:‘)
tion phase becores prolonged The pattern of the ventnecular pule 15l
105 thanged and, wstead of a rectangular plateay, there 15 . more conica
waee wth a lote peal

To coronary oecluston, as shown by Onas the typical changes are o
dower nse dunng the tension period without prolongation of thus phase,
a <horter pertod of ejection and a low, rounded peah The systolic expan
ston of the wfarcted area, first demonstrated 1n ammals by Wiggers and
Tennant and later confirmed by roentgenhymographie and electrohymo
graphic ob ervations 1n man 18 largely responsibie for the changes

Tn pulmonic or aortic stenosts the pulse wave of the affected yenincle
becomes hgher and more peahed When ejection 5s severchy impeded, the
ventricular contraction becomes nearly 1cometnie with preat nse i pres
«ure and httle ejection While 1n expenimental sortic <tenosis the nse
n pressure may be tremendous 1 expenmentsl pulmome stenoss the
pressure <oan falls and the pul e waie 1s smalf and coneal

Right venincufar patterns Tn our cemes we have noted defferent
nght ventneular patterns wineh can be conmdered erther normel or
borderline They inelude (3} the typieal plateau pattern (b) the comseal
pattern and (¢} the pattern with descending slope

On the other hand two other patterns which scem to mdwate s
definately abrormal type of cont actian (i 37) are (a) the double peaked
wave and (b} the slowly ascending or early notehed plateau

These abnormal patterns were found in patients who had 2 high night
ventneular <ystolic pressure Some 1lso had an increase of mght ven
treutar duasfolic pressure 2ll precented electracardiographie evidence of
right ventricular hy pertrophy and 1schemua (so called strawn pattern) It
gas therefore concluded that thee abnormal patterns reflected a can

itton of mechaniral trawn of the nght ventricle

Two other abnormalines of the rght sentneular tracing may be ob
gh diastolic pressure (9 to 15 mm Hg)
eh pressure 33 noticeable at the end of

served One of them conssts of a hu,
?)“e ta nght heart fatlure Thys by
hastole (fagh filling pressure) wiule the snstial droj
D may be normal y
?rp‘f(m’ance A correspondingly hagh tight atnal pressure 18 alnays nutev;)
13 ugh diastolic pressure was desenbed by Me Michael and by Harve:
’;he cthul sbnormabty deserihed by Hansen ot al consists of g shary
1w early diafole astobe course (Pig 38 B) T}u’;
nalrictiie persearditis but ean be
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2 3

Fig 30—(A) Pull back from FA (1) to first partof fundibulum () and t'n wam I‘ﬂ( undibe
wlums (3) 15 & ca.e with comeal of 1ast part of
yefundabular stenoas of the nght ventnele

Pas

Pulmonary Artery Fatftemns

The pulce of the pulmonary arfery roay present vanants due 1o the
position of the peak (Fig 43) Thns peak may oceur exther near the end of
the first sound or during late systole As the position of the peah 18
determuned by the Tatio between pulmonary flow and nght ventricular
output an early peak logcally idicates a free flow A late peak, an the
other hand may be caused by distal obstruclion {artenolar, capillary or
matral), weak rght ventracle or both

A second vanation 1s due to the eastence of a depression during the
ascending branch of the pulse {anacrotic depressson) An anacrotic depres
s10n 1 the sortie pule 1s currently interpreted as bemng due to neahening
of the left ventricle in the presence of <evere hypertension or sortse steno-
<5 It seems lomeal to explam sn the same way the anscrotism of the
pulmonary pulse of artifacts can be ruled out

The eustence of multiple waves 1n systole a igh dierotie save or
a negative wave preceding the early systohe nse should be considered
as artefacts On the other Wund absence of the dicrohic ware (Tig 41)
% 13 noted only 1n cases af severe pulmanary hypertension

Sewere pulmome stenosts of the valvular type causes & complete disfor
tion of the pattern {Fig 42) The ascending branch becomes slow and
obhique and shows the 1nseraption of several rapid vibrations which are the
equinalent of the systohe thrill By smlogy with e1ents caused by nortic
stensosis ths could be called the  pulmonie shudder * As shaw by Dig
42 ﬂ;ere( may be : 1fate pe;k comeihing with a Joud second sound (ob
viousty tran.matted from the aorta) whil o
edtremely wesk and delayed ) ikl the wecond pulmonie round 13

Fulmonary Artery Wedge Pattems
As already stated patterns recorded w

]
o & small pulmanie braneh proeony 1th the eatheter firmly wedged

wide samations even m normat
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Fig 35~(A) Tught ventricle High diastolie pressure 1n a case of mtal night veatrcular
fulure

(B) Diastohie dip of the night ventriele m a case of myocardial fibrosis with de

crease of elastierty of the wall (same case as 1n Fig 53 B) The IC phono

cardiogram shows & third heart sound (0 10-0 11 after closure of pulmonic
valve)

found 1n other conditions mmpaurnng dastole, such as endacardal fibro
elastos1s and myocardial amyloidoss, as well as m screre Jarlure

Right Infundibular Pattern

This pattern 1s never encountered unless there 1s a congemtal sub
valvular stenosis The latter 1s caused by a deformuty of the ventricular
septum which often creates a separate, small, infundibular chamber In
such cases, the systolic pressure of the chamber 1s lower than that of the
mam night ventricle while the diastohe pressure 1s lower than that of the
pulmonary artery and may be zere A pull back tracmng from PA to
wnfundibulum and from this chamber to RV clearly shows the differences
between the various levels of pressure (Fiz 39) The mnfundibular pat
tern has a slonly nsing plateau during systole, and may be abruptly
termunated by a peak in late systole (Fig 40)
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Fig 40--Pres ure fatterns in the case of Fig 39

(1) Pulmonary artery (press 24/13/16)

*) Main infundibutar chamber (press 32/-2 to +6)

(3) Right ventricle (press 52/-2 to +6)
eubjects (page 53) Tn patients with heart disease, the same vanations
can be found Whenever two waves are observed (one during the first
<ound the other soon after the second) the tracing may be considered as
representing the transmussion of the left atral pulse Tn general this
pattern corresponds to a level of “wedged pressure which 15 mithin
normal himits
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ABNORMAL PATTERMNS

Fig 43—Normal patternsof wedged pulmonary artery pulses in cardiae ca.es Ventnen
Tat gystole 13 between first and second sound
{A} Pulmome stenosis and ventncular septal defect Mean pressure = 15
\B} Mstral stenosis plus tricuspid 1nsufficiency (record taken one year after my
tr8l valvotomy) Mean pressure = 13
(C) Mitral stenoms Mean pressure = 15
(D) Ventneular (and probably atnal) septal defects Mean pressure w 10

Matral stenosis with high pulmonary venous and ‘wedge pressures
(and no appreciable regurgitation) may be accompanied by pattern of
lowly reing pressure (Fig 44) On the other hand toitral stenosts plus
T ion may be )e d by a new ware in late sy tole (Tig 44)
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Fig 41—Pressure pulse of the pulmonary artery in patients with pulmonary hypertenston
{A) Late peah no dicrohic wave {press  100/55)
(B) Anacrotic depression (a) and high dicrotic wave (d) (press  73/39) (Bee Fag
37 (C) for corresponding night ventncular pattern )

4! ,, 2
Phouw\m M}ﬂ RHMM W{

s
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P ' '\W

¥ig 42—~Ph d and p y artertal pulse (press) in a case of severe pu}
monic stenosis Note slo“ rise and pulmontc shudder ()
(2) mdicates neak second pulmonie sound
{4} 18 the fourth (atrial) sound
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Tog 45-Severe re paratory yanations of the PA wedge pressures ina ca e with chrome
pulmenary & ea.e

fins »ase 35 nconstant, so that, While 1ls presence adds an mteresting
datum to the various mgns of mutral regurgitation, s abeence does nat
exclude ths defect

Severe vammtions in the bage level of “wedge * pressure due to resp

rabion are encountesed 1n caces with obstruction of the capiilary bed
Fg 45)

Abnormal Left Atriat Patterns

Hanog Liu and Trace of thus laboratory, made o comparatiye study
of the left atnial electrohymogram left stnal pressure tracing, and pul

monary wedge pressure tracng wm 32 dogs with evpenmental mutral
lesions ) diogtams, pb d

) P ams and sutepyy oheena
trans were alsa mada

1t was sscertamed that while rmtral stenoms alone or with snsuffi
cency rases the left atnal mean pressure and the pulmonary artery
wedge pressure pure mitral msufficiency does 2o to a much lesser entent

It was determuned that pure mutral stenosis, while rmsing the Jeft
atnal pressure during ventneular diastole, leaves the left atral pattern
sefatively unchanged Toller A and ¥V waves and o steeper rise duning the
<ecand part of the systohe coflapse were the only modifieations

Pure mutral msufficiency was revealed by the substitution of 8 squarsh
plateau for the systohie collapse of the left atnal pattern (Mg 46) In

general the nise of the platean was rapid {early plateau} A more gradual
nise oceurred in 2 ammals and was explained as due to lete com
pensation by the left ventricle m the early stages follosing =urgery The

pulmonary wedge pattern was found sumilar to the left atrial
pattern in
two amimaals snth severe snsuficeney  however, the nse of
the pt
deXIay ed 1n the former tracmg (Fig 46) ’ Platentinas
n mtral msufficieney and stenoss the same abno
gl patt
::.:Sd ;vz‘zh( the‘ evcep)tmndthat the nise and fall of the plate‘:x \::\:Z :i:i
ual (ate platean) and that th
normel ammals ® dustolc pressure was Pugher thas 1n
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Ilst 2nd

Fig 44—Mitral valve lesions There 1s an early rise of pressure duning ventricular systole
(A) PA wedge = mean 30 (predomnant mitral stenosis)
(B) PA wedge = mean 26 (predominant mutral stenosis)
(C) PA wedge = mean 25-30 Inthis tracing the wave (S) may be revealing some
degree of mitral regurgitation

As pomted out ongmally by Gorlin et al, Lagerloef and Werhoe and
Soulié et al , this wave 1s due to the transmisston across the capullary bed
of that regurgltant jet which penetrates the left atrium during ventricular
systole because of mitral incompetence Unfortunately, the recording of
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(AN \
Systole
Tig 46—Traoings wn dogs with experimental mitral 1n uficiency
(4) Electrocardiogtam and pressure pattern of left atnum (rectangular platesu

pattern)
(B} Sunultaneously tecorded traciugs
uim W = pulmovary srtery wedge pul.e
1t A = left atnal pulse
Ase Ao = pulse of a_cending aorta
The wedge pulse 15 sumlar to that of the left atnum but delayed 1n time

Btk present s plateau pattern shghtly distorted by supeniat postion of the
atrial usual wases

(C) Lefu atnal preasure pul e (above) and electrokymogram of left atrium (be

low) The pressure tracing nes more slowly dunng ventriculay systole
Thug only the ERY has & rea) plateau

(D) The same ammal a3 10 (C) studsed two weehs later The insufficiency of the
witral valve hus can.ed some degree of Jefy ventnicular fsdure The nise of
left atnal diastohic pressure has caused o greater tension of the atnal wall
Thus intraventncular pressure 13 more accurately transmitted and there 33
a plateay pattern
Above—phonocardiogramm (external)

Below—pressure traciog of LA

of the left atrum dunng systole from the pulmenary veins {sluch haven
sery high pressure) 15 <o rapd that 1t smulates the pattern of mutral
regurgitation However this would account for only a muumal nse of
mean pres ure {2 mm Hg) above the late diastohe pressure dunng ve

tricular systole beeause the putmonary vemns do not act as a pul;p (;ln
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The electrohy mograms of the left atrium were similar to the pressure
pulses of this chamber (Fig 46) Thev revealed a plateau lihe wave i
stead of the normal collapse during ventricular systole whenever there
was regurgitation If no mitral stenosis was assocated, the plateau was
of an “early”’ type If there also was stenosss, the plateau was of a “late”
type Pure mitral stenosis had no plateau In one instance, the pressure
tracing rose more slowly than the electrohymogram tracing (g 46)
Tlus fact, due to elastic distention of the atnal wall, may be dupheated
n clinical cases

The first abnormal left atnal pressure pulses i clinteal cases were
published by Munnell and Lam (open chest) followed by Cournand et al,
Lagerloef and Werkoe, and Calazel, Bing et al (catheter passed through
an atrial septal defect) Since, then, numerous authors have studied this
pattern by direct puncture of the atrium erther at thoracotomy or with
a closed chest (transbronchial or transthoracic) The importance of such
a pattern in rheumatic mitral patients 1s self evident

Unfortunately, mexact terminology, 1ncorrect mterpretation of some
tracings and the division of cases on the basis of either chmeal diagno
s or evaluntion by the surgeon (both madequate for a careful study)
render evaluation and comparnison of their data extremely difficult

As 1n the night heart, mcreased filing pressure of the left atrum
revealed by tall and broad A waves and by higher atrial pressure Atrual
fibnillation causes the disappearance of the A wave

We have studied this t3pe of tracing 1 24 cases through left heart
catheterization (Table VII) Decision on the type of hemodynamie dis
turbance was based on the diastohc gradient and the systolic elevation

Mitral stenosis The hemodynamic diagnosis of matral stenosis 1s based
on the determination of the diastohe gradient

The studies of Braunnald et al have revealed that a “mutral bloch”
results 1 a lugher level of atrial pressure and, possibly, m an exaggeration
of the A and V naves In such cases, filling of the atrum w1l tahe place
more rapidly and will cause an earlier rise of the tracing 1n late systole
Any other pattern should be mterpreted as bemng caused by summation
of the phenomena due to insuffictency (s3stohic elevation) with those due
to stenosis (lugh diastohic pressure)

Mutral regurgitation Considerable confusion ewsts in the lterature
regarding evidence for mutral regurgitation The left atrial pressure
tracing of normal mndn iduals (5 cases observed by us) shows a gentle de
presston during ventneular sy stole between AV and V As this s due to
lowering of the A V floor by left ventricular pull 1t1s possible that ngidity
of the mtral leaflets decreases thus depression erther partly or totally,
causing a flatter course of the tracing during 1 entricular systole

1t has been smd that, in patients with severe miutral stenosts, filling
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Fig 47—Case of nearly pure mutral stenosis
{A) From above—phonocardiogram (for timing)
electrokymogtam of left atnum (normal pattern deep A
wave)
pressure tracing of LA (tall A wave otherwise mormal pat
tern)
phonocardiogram (external)
electrocardiogram
(B) Same ca e Supenmposed left ventricular and left atnal tracings showing ds
a.tohic gradient across mitral valve (D G = 24 mm) and mummal systohs
eevation SE = §1mm) (From Am J Card 1938)
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Fig 45—Three ca. es of mutral insufficiency and no steaosia

(A) Superunpo ed left ventncular and left atrial pressures 1n a case of medium
severe ynsufficiency Slowly nsing left, atnial pressure during ventneular sys
tole Systolse elevation = 15 mm

{B) Sumlar tracsngs in » case of extremely severe 1nspfficiency Rapidly nsing
1elt atnal pressure culminating 1o a tsll pownted I wave which comeides
10 time with the 2ad sound and precedes the time of opening of the mutral
valve (v wave) {From Am J Coard 1938)

(C) Other ea e of severe wsuffictency
From above phonocardiogram

electrokymogram of left atrum (I wave)
pressure tracing of left atnum (I wave)
phonocardiogram
(From Am J Card 1958}

oy
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Fig 47 (continued)—~Case of nearly pure mitral stenosis
(Cy Other case of pure mutral stenosis Supenmposed left ventncular and left
atnal pressure tracings shoning the diastolic gradient The uppermost trac
1ng1s anantracardiac phonocardiogram from L'V

the other hand, whenever a diastolic pressure gradient across the mitral
valve 1s absent or mimimal, and there 1 2 significant rise of mean pressure
(4 mm Hg or more) during ventricular systole, 1t 1s apparent that some
blood flowng into the atrium must come from a high blood pressure cham
ber, te, the left ventricle If the pattern of the pulse m the atrum re
sembles that of the ventricle then no other possibthity can be accepted

The study of pressure patterns revealed the following typieal config
urations

(a) Four cases of pure or setere predomunant matral stengsis were ob erved There nas
etber @ high 1 ware (stous rhythm) or no abnormality of the pattern (Fig 47)

(b) Five cases of pure miral tnsuficiency were studied There was a trangular lale
systolic ware (I wae or nsuffictency ware ) which only occastonally fused with the
following (early diastolic) V wave (Fig 48) The authors call this wave 1nsufficiency
wave ' (hence the symbol I) because the highest peah appears before or at the econd
heart sound

(c) Fifteen cases of mutral stenosis plus insuficiency were observed They usualiy
showed an entirely new pattern which consisted of a plateau like wate during ventricular
systale Three vamations of this pattern were found

(1) The A V notch was folloned by a drop which however failed to reach diastohe
level This was called an intermediate pattern and terpreted as evidence of mins
mal 1insufficiency 1n the presence of severe stenosts (Fig 49)

(2) There was a large A ware After this the pressure failed to return to dinstolic
level but stayed hugh then dropped without reaching the diastolic level during systole
Ths slso was considered evidence of moderate regurgitation tn the presence of stenosts

(3) With either sinus rhythm or atnal fibrilation there was a plateau Like ware dunng
ventneular systole (Fig 50) This <honed erther a flat top or an oblique nising line ‘The
end of the plateau was before at or after the second sound This pattern was iterpreted
as evidence of slight to moderate tnsuffictency 1n the presence of moderate (o serere slenosis
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The drop of pressure at the end of the plateau started before the second sound when left
atnal pressure was very hugh, at the second ound 1o the at erage cases, and at the time of
the V wave 1n the few ca cs having only a mmimal stenos Thus, the end of the platean
behaved exther ike an Y or an IV wave

The smportance of the left atrial pressure 1s revealed by eases with
severe ventnicular arrhythmia due to atmal fibnllation In eycles pre
ceded by a long diastole, where the left atrium empties well, the regurg
tant pattern assumes a triangular aspect On the contrary, m cycles
preeeded by a short dinstole, where the left atnal pressure 1s hugher (en
gorgement of the atrium), a better transmission of the left ventnenlar
pressure occurs and a squansh plateau can be obserted

It 1s surpnising that pure tnsufficiency should give a late systole,
trrangular wave while msufficiency plus stenoses shoubd pve o platean bbe
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Fig 49—Phanocardiogram and ECG (above) supertmposed over a left atrial pressure trae

1ng 10 a case of pure mmiral stenosts

A = presytolic atrial wave

AV = wave caused by mutral valve swing

V = early diastolic wase

S C = systohe collapse
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tricular falure and 15 more common with atnal ibnllation than without it
(a normal AV cequence of contraction wnsures a better closure of the
mtral valve)

An abnormal M romplex pattern can be found in eases with impatred
ventneular diastole due to constrictive pencarditis, amy lowdesis, fibro
elastosis or fibrosis of the left ventnele (Fig 53)

Abnormal Left Ventricular Patterns

‘Three patients of asrtic tnsufficiency were stucied Tro had normat left
ventricular dustolie pressure while one had a moderate elesation of this
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pattern One possible explanation 1s that mtral stenosis, with its high
atrial diastolic pressure, heeps the atnial walis under 2 state of persistent
tension Then, if regurgitation occurs, a more accurate reproduction of
ventricular pressure tahes place i the atrum Still, 1t mught be postulated
that, during the first half of ejection, the musculature of the left ventricle
tightens so much the mutral ring that 1t prevents regurgation This would
explam why a typical squansh plateau 1s observed 1n cases of left ven

1 ' ALV
M'L«—J"M fovammdodr Est
i ! /\’ " Prono

|~ entneular strun pattern with a late systolic peah recorded 1n a patient
Py - :’v:tf;;:umc insufficiency Opening sound (o0 s ) of the mitral valve and t::‘:n;
sound (3) are shown 1n the mtrnca;dn;)c phonocardiogram {upper tracing
1astolic murmur was not recordes

®) f:‘;it(: s:ts‘t)ohc peak of LV pressure curve 1g shown only 1n the s;cun‘;! t)'z‘]z
The patient had atral fibnllation and aortic insufficiency The ;MThe

preceding the first eycle was shorter than that preceding the second

intracardiac phono shows a mmmal early diastolic murmur
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pressure The two patients, who had no evidence of left ventricular
failure, had an abnormal ventricular pattern The pattern 15 sumlar to
that which has been already desenibed for the nght ventricle with the
pame of mechanical strain pattern,’ and presents n late systohie peak
(F1ig 51 A and B) The term ' mechameal stran” does not explamn the
pathophy «iological mechamsm winch 1s responsible for the production
of this abnormal pattern Therefore, the term should be considered
<peculative

In a patient with myocardial fibrosis of unhnown etiology, 1n whom the
left ventricle bad an mcreased rewistance to filing during diastole, there
was a rapid early diastolie dip immediately followed by a rapid upsard
swing (Tig 53) Chmically, this patient was «u pected to have mtral

Fig St—yentneglar

‘Premature contra;
(A) Right ventrien)
® e e 8F pressire pulsey

ctions (E E)
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Fig 53—(A) Left and nght ventneular pressure tracings (same calibration) 1n a pa
tient of atrial septal defect with nght to left shunt The nght ventricular
pressure tracing shows a late systolic peak The intracardiae phonocardto
gram of the left seniricle reveals a presystolic murmur (P\) a systeliec mur
mur (8MO) and an early diastolic murmur (DV) No murmuris pre ent 1z
mid diastole The v lar di lie p are almost As this
1ndicates same pressurcs 1n the two atria 1t may explain why there was no
diastolic murmur in that phase

(B) A puliback tracing from the left ventricle to the left atrum in a patient
with myocardial fibrosis of unknown ongin Farly diastohie dip 1n the left
ventricular and atrial pressure tracings The left atnal pressure pattern 1s

M shaped
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wave without wrregulanty 1n their sequence (Tig 55) Left ventricular
alternans mdicates damage or functional deterioration of the left ventneu
lar myocardum  Reght ventncular alternans was desenibed by Katz and
assoeates on the basis of eardac cathetenzation It was subsequently
ob erved by us 1n two chinteal ca es and mterpreted as evidence of severe
detensoration of the nght ventncular function

Nodal thythm, » disturbance of the rhvthm consisting of simultancous
atrial and tentricular contrachons, may cause typical changes m the alrial
ard catal patterns (Fig, 75) The rise m pressure due to atnal contraction
tahes place dunng part of ventneular systole and can thus be differ
entiated from the result of valvular mcompetence which would gne a pla
teau wave dunng most or all of «ystole

Atnial flutter Tlutter waves have been descnbed 1n the tracings of
the night atrum mght ventnicle and pulmonary artery Whle the atrial
waves are certamly due to rapid and coordinated contraction of the atnal
nalls thow. of the sentricle and of the pulmonary artery are likely to be
caused by an unavoidable arbifact (shaking of the catheter 1 the tract
passing through the nght atrum) We have recorded them both n the
feft and nght atna

Atnal fibnllation Atral fibnllation 1 always revealed by the absence
of the A waves In certamn caces, the suthors have cbserved multiple,
small waves exther in the nght or the left atrum These way es occurred
without any reguler sequence and were mterpreted as caused by wregular
contractton of bundles of fibers of the atnal musenlature
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Fig 55—Alternans of the night ventricle in tno cases of cor pulmonale

stenosis because of an opening snap heard by auscultation and registered
by the phonocardiogram Actually, this sound was a third heart sound
oceurring 0 09 sec after the second sound, 1t was due to the early, rapid
filhing of the left ventricle as 4 result of myocardial damage and fibrosts
There was no evidence of either mitral stenosis or insufficiency

Aorta

A delayed or notched upstrohe of the aortic pressure tracing has been
recogmized as evidence of aortic slenosis Such 4 tracing was recorded
the ascending aorta of 8 patients of aortic stenosis through arteral retro
grade cathetenization (Fig 52) Often numerous vibrations (equivalent
to a thnll and caused by turbulent flow) are recorded, and there 1s &
slow rise of the aortic pressure tracing plus, at tumes, an anacrotic notch
(Figs 52, 64 and 65) As already described, 1n cases of aortic stenosts,
a marhed difference 1n pressure eusts between LV and AQ This duffer
ence can be revealed by either a pullback mancuver or smultaneous

tracings (Fig 506)

Arrhythmias Alternans
Ventricular premature contractions are revealed by smaller naves 1
the tracings of the nght ventncle or pulmonary artery (Ing 54) The
small wave 1s nearer the preceding wave and 15 followed by a pause which
may (ventricular premature contractions) or may not (atnal or nodal
premature contractions) be compensatory
Alternans 15 revealed by the regular sequence of 2 large and a small
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wase without uregulanty 1n thewr sequence (g 55) Left ventrieular
alternans indicates damage or functional detenoration of the left sentricu
Jar myoeardium  Right v entricular alternans was deseribed by Katz and
associates on the basis of cardiac cathetenzation It was subsequently
obeerved by us 1n two cluucal cases and mterpreted as evidence of severe
detenoration of the nght ventnieular funchion

Todal thyihm, a disturbanee of the vhy thm conmsting of amaultancous
ainal and tentricular confractions, may cause tymeal changes i the atrial
and caval patterns (Fig 75) 'The nse tm pressure due to atrial contraction
takes place duning part of ventrcular systole and can thus be differ
entrated from the result of valvular meompetence which would give a pla
teau wave durng most or all of <ystole

Atnal flutter Flutter waves have been desenbed in the tracings of
the night atrium nght ventncle and pulmonary artery While the atnal
waves are certamly due to rapid and coordinated contraction of the atnal
walls, thowe of the ventncle and of the pulmonary artery are Iikely tobe
caused by an unas oidable artifact (shahing of the catheter mn the tract
Dassing through the nght atnum) We hasve recorded them both i the
teft and nght atna

Atnal fibnllatton Atrial fibnflation 1s always revealed by the absenee
of the A waves In certan cases the authors have observed multiple,
smail waves either 1n the night or the left atrum These waves occurred
‘c‘;‘:):““t any regular cequence and were interpreted s caused by xregular

raction of bundles of fibers of the atnial musculature



CHAPTER EIGHT

Abnormal Pressure Measurements and
Therr Interpretation

Pulmonic and Acrhic Stenosis

Evidence of pulmonic or aortic stenosis has been discussed mn the
previous chapter Impressive results are obtamned by recording simul
taneous pressure tracings of the pulmonary artery and the right ventricle,
or of the aorta and left ventrcle, with the same calibration and the same
zero reference line (F1g 56) As an alternative, one can record a pressure
tracing while making a pullbach maneuver scross the pulmome valie
(pulmonic stenosis) (Fig 57 A) or the aortic valve (aortic stenosis),
(Fig 57 B) A pressure tracing during a pullback across a stenotic valve
guarantees the same sensitivity of pressure transducer, amphfier and
recording system, and the same zero reference line

It should be kept in mind that a pullbach pressure tracing across a
semilunar valve cannot detect a dynamically msigmficant stenosis
For example, no systolic gradient of pressure between the aorta and
left ventricle was found at rest n a patient with a systolie, grade II1
murmur over the nortic area The patient died eight months later At
autopsy, the aortic leaflets were fused and calaified, forming a tnangular
orifice estimated to have an aret of 09 cm? When a semulunar valvular
orifice 15 reduced to a smaller area (0 6 cm?), ventricular systohe pressure
becomes gher than that of 1ts respective great vessel

Since the caleulation of the functional valvular area of a narrowed
valve requires mean systolic pressure difference the pressure measure
ment of men systolic pressure of a ventricle and of 1ts respective great
vessel 1s important Mcan systolic pressure of an artery 1s measured from
the beginning of the upstroke to the dicrotic notch Likewise, mean sys
tolic pressure of a ventricle 15 measured from the point where the pressure
just exceeds that of the artery to the highest pomt This measurement
should 1nclude several systoles 1n one or more respiratory ¢ycles or in 10
consecutive beats (patients with atrial fibriilation) The pressure gradient
across the aortic valve may be moderate or reach extremely high values,
even 100 mm Hg or more

The square root of the mean systolic pressure gradient which 1s pro
portional to the degree of narrowimng of a stenotie orifice, 15 termed
stenosts andex The authors usually suggest pulmomc valvotomy 1n

106
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eaces of 1 olated pulmome stenows when the pulmome stenouis index
15 greater than 8

One patient 2 hou emfe who bad a mean 8 tohe pre ure gradient of §0 mm g

across the pulmome valve and had & caleulated pulmonic valvular sres of 0.33 em? re

fused pulmsame velwotemy However and sgamst medical advice the had tno sub ¢
quent uncomphieated preghancies followed by normal delivenes

Tn aortie stenows the authors usually advi e aortic valsotomy whenon
adult bas & <tenosss mden greater than 7 with repeated episodes of left
heart falure The authors would hhe to emphasize that chinueal yudgement
15 85 mportant as the magmitude of the stenoss indes and the ealeufated
functonal vafvular areas On the other hand, chnical judgement alone 1s
frequently madequate if not correlated with techmal data

Pulmonic und Aorhic Insufficiency

We have ponted out 1n the previous chapter that the dagnoms of
pubmone snsufBeency 15 very difficalt becon ¢ of the low diastohie pres
wure exstmg mn this ve el even in normal subjects In severe aortic

aartie diastohie p 15 usually below 40 mm Hg, but
mmany eases this cannot be venfied by pressure tracing

Mitral and Tricuspid Stenasis ond Insufficiency

Pressute patterns of the mitral and tricu pid lestons have been dis
et <ed i the previow chapter Simee matra} valhve Yesions oceur much
;n;)tre :ften and are more mnportant the pressure mensurements of the
el atrium (systole and diastole) and of the left ventnele (dinstol
ha}e been ducusced m detart ( o

he necessary requirements for s correet, evi
aluation are {a) patient
at test, (b) evaluation during one (or possibly more) pullback mxnsm. ers,

Fig s6-—feft l ) °
ventricular pressure traein,
' SUpenimpoted aver aottic pres;
n the Nl::z::s)k:cynnh; Iv\bn\wm corresponding fo t;:r;(t‘::‘c‘x;g b
e o occur
venticle sg tag o 1 e .hi';t;;u: :‘u sure gradient betwepn the lett
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Fig 57—(A) Pullback maneuver from pulmonary artery to nght ventricle In this 14 year
night bundle branch bloch

old girl the el showet
The tracing 18 underdamped No gradient 1s revealed by the ma
neuver

(B} Pullback maneuver from aorta to left ventricle then to left atrium Patient
with mutral stenoss and nsufficiency Diastolic gradient (LY to LA) and
systolic elevation (LA)

{C) Pullback maneuver from saorta to left ventricle (upper tracing) and from
the left ventricle to left atnum (below) 1n the same normal subject Shght

overdamping of loner tracing
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{hue obtaming the =ame conditions and degree of amphfieation, e}
exsa ement of {he diastolie pressure both m the atrum and entrele
at i duastole (:f there 1 atnal Gbnilation) er just pror to the atnal
contraction {in caes with swwus thythm) and {(d) an aserage of at least
10 cnles for the atrmm and the ventncle during normal respuration
(Fig o8}

In cases with «mnus rhythm the haghest potnl prior {o the presystolie
Avwme (014 sec before the Q wave of the L.CG) <hould be accepted as
the reference lesel (Fig 47 C) In cises with atnat fibnilation wiile
diastohe atnal pres-ure may be high during short duastoles long diastoles
often allow the prec~ure to drop gradually to near normal level> (g 50)
For {his reason the pressure measured at about one half of diastole
(merage of 10 mular eyeles), shouid be nccepted as the actual diastole
level of atnal pres ure

Dinamieally sigmficant mitral stenows should be admutted when
a gradient of more than 5 mm Hg 1s found between the diastobie pressure
of the left ventnde nnd that of the left atnum (Fig 58) Lien tlus
hrit <hould be considered as consersatne because a perfeetly normal
mutral valve <hows wo gradient (Fig 34, 57 C) Honever 1t should
be hept m mmd that any eusting gradient would be mereased by
t@:‘r‘&:‘nﬁ;\enom return and usually eserci<e nerea es the gracent For
gmd;emo:‘c ;r(x\ E:!?usztlcsll sh;m!d be made doxrxbtfu\ caces The pressure
nar e dovel : Ty ll"&n‘-‘fli e eltm wary {rom 5 to 30 mm g Palmo
B g () T B e e
fueats had mean Eu 0:‘ ar]x) ength of time However three of our pa
chamen end atnal pressure of 32 mm Hyg or Ingher without
vmxmewi ence of pulmonary edema One of them had a mean left atnal
further m‘:eg‘l’gm‘\ Hg Tins ebeervation 15 interesting and de erves
Hussel Regurgitaton With o Withaut Stenoss

A hgh systohe msuffi wency wate Fig 59) (I nave or IV
wave
:A:lcgte l;?; ;t:m\tprwure measurement (Fig 59) or in 2 pulmonary Z:el:
the o r:n tm\;mg (ndirect left atnal pressure) has been desenbed as
Neoght of the & re: [:egurg\tahon Houever any proportion between the
reerptato h:: ;; eec Idwaves or 1V waves and the seventy of mutral
et o preas x;: ehmed by others Several methods of study of the
ol T Pulse have been desenbed (Owen and Wood, Morrow,

equ

. “}, ::enect a{l) i order to distinguish the pattern of sigmificant

e T e ih rom that of mutral stenosis However due to a non

eft sty gy © pressure to changes whenever thete 1s an inereace of

o the e an exact evaluation of the sey enty of mmiral regureat
nee of predominant stenosts 13 still 1mpossible et
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Fig 55—(A) Pullback maneuver from left ventncle to left atrium 1 a patient with
severe pure mitral stenosts
(B) Pullback maneuver from left ventncle to Ieft atrum n & patient with
severe mitral stenosts and minimal insufficiency The intracardizc ECG (up
per ECG) (Vv — Via) shows normal Qs complex but an abnormal shightly
elelvat(;ad2 ST segment and a positive T nave The lonest tracing 1s an ECG
n lea

Left atrial mean pressure should be measured dunng s entricular systole
by planmetric imtegration of the segment between the A V notch and the
V wave (for 10 consecutive systoles m one or more respiratory cycles)
The heart sounds recorded 1 a phonocardiogram are excellent for tming
the opeming of the mitral valve Diastolic pressure of the left atrium and
ventricle has been described previously A mean elevation of the left
atnal pressure during ventrcular systole above 3 mm Hg over the atnal
diastolic pressure indicates mutral msufficiency The square root of this
elevation 1s termed mutral insufficeency index

In the presence of severe mitral stenosis with a stenosts mdex above
3 16, the nsufficiency 1ndex (square root of the systohe elevation of the
mean left atral pressure above atral diastohe pressure) cannot be cor
related with the amount of regurgitation because the atrial wall 1s con
tinuously hept under great tenston On the other hand, a shght 1ncrease
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ARNORMAL PRESSURF MEASU REM!
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Fig 5 Leontinued)
(T3 Puliback maneuvet from left ventnele to left atnum m patient with severs
mitral tenosiz aad munimsd 1n ufficiency The ntracardise phonoeathogratn
{upper tracing) reveals a diastolie murmur s the Jefy ventricte which slmost
& sppears 1 the leit atnum Lowermost tracing = \ lead from cardie
chambers Above st = dead 1 The pesk of 1 1A cowntsdes with the “nd pead of
the Dotched T wave 1nlead 3
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i3
g 5%?\::}. :ntwnd Taneuver from teft atnutn o left ventnels 1n & patient with pure
mitral nsuficieaey Note the bigh I wave comeiding with the tecond sound

of mean left atnal pressure dunng ventneular sy stob

sxg'l;;?m;nrt matral regurgatation if the stenosis n?dez ;f;i]\lv) :;Iizwdiﬂ ¢

- D; zen ;i:&:?!l l;;ree\sure pul es analysed by the method of Owen and

iy y Motrow et al 13 useful m order to select Ppatients
e or predominant stenosis Accordmg to Owen and Wood P, =
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pressure of I-V waves, P, = Y descent, T: to Ty = time 1n seconds from
P, to P., Ryratio = Py — P,/Ty ~ Tymm Hg/sec Index of Owenand
Wood = Ry /P,ratio Indev of Morrow et al = Ry/La mean However,
1n the presence of severe mitral stenosis, the value of this indey for de
tection of sigmficant regurgitation 1s open to question The height of the
triangular wave of insufficiency may reach ¢ven 70 mm Hg Thus pressure
would be incompatible with lfe 1f sustamned Actually m our cases, the
mean atrial pressure was never higher than 30 mm Hg



CHAPTER NINE

Intracardiac Phonocardiography
n
Miral and Aortic Valve lestons

Tn our Laboratory 17 chmenl eces were studied [hey were sub
mntted to left heart eatheterization according to the method of Bjoerh
with the modifications of Jent et al and Fisher et al The patients were
1n a prone position over & Buoroscopie table and a needle nas mtroduced
o the kit atram {rom the night of the spme Pressure tracings were
recorded with o Statham P 23 D strain gauge The recording apparatus

was 2 6 channel unnersal cardiograph with cathode ray osestlo-copes
bult by Electronacs for Medicine

Intracerdiac Phonotardiograms were verorded secording to previods desenption
{Chapter five) by connecting the strmn gauge channel by means of a short cable to
Yhe phoso channel The medsum snd bagh frequency vibmuion of the gaugs was differ
entiated amptified and Sitered then recorded by the phoua chanve! Tius system allows
ane 1o re ter the vibrations of the Blood wathun the vanous chambers without, intro
dueing any sdditional device mto the heart Remstration can be made from the needle
{left atrium) or from a than polyethyiene catheter (Jeft atnum left ventncle aorta)
The polyethylene catheter 1s used for left esth d

snd for
aorte catheterszation (following puncture of the brachial artery with a 134 inch lang 18
gauge thin walled needle)

‘The pre sure tracings were tecorded ab that degree of amplification which wxs most
ewtable for obtmmrg a tracng The d h d

p! was
Tecorded 1w the band 60 1o 110 80 t6 200 or 60 10 WO The band 30 to 110 was also used
1t should be noted that the degree of sttenyation of the filters 1s gradual eo that Tigher
and lower piched vibrations were still recorded though Tunimized

Severe Mitral Stenosis {mutral insufficiency, minmal or absent)

Traongs recorded in the feft atnum revealed no systolic murmur
12 cases and & {ew low ¥ systohe wit m de don
Teace A fourth case had an opening snap of the mutral vahe Tracings
recorded m the left ventricle of 1 case (Fag 60) revealed an openthg

s of the mutral valve the latgest wibration of which followed the
aortic component of the second sound b

y 000 see Follonng this sna
2 diastolic rumble with presystolic accentuation was clearly vxsxbl;;'
The largest vihration of the first <pynd followed the ¢ wave by 0075 to
G080 sec In another case the left ventnieular tracing revealed the

The filters decrea.ed the mgnals at g 1
s bt e e e g ate of 12 decibels per octave veapectively sbave

n
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Fig 60—Intracardiac phonocardiogram of the left ventricle 1n a patient with mitral steno
sig In the short diastole there 1s & diastolic murmur with presystolic accentus
tion

following data 1n the band 15/250, a prolonged opemng snap and a
third sound and, in the bands 30/250 and 60/500 (shight pullback), 2 pro
longed all diastolic rumble

Mitral Stenosis and Insufficiency

The left tentricular tracings revealed abnormahties which were smu
lar to those deseribed for pure stenosis One case has atnal fibnllation
and showed a gradually fading dhastolic murmur whenever dastole nas
prolonged In the cycle which followed a short diastole, the diastohc
murmur was larger and more prolonged

The left atrial tracings revealed an opening snap of the mutral valve
4 cases out of 7 They also revealed the vibrations of a systolic murmur
n 5 out of 7 eases This murmur was larger after a longer dizstole and
at times, absent after a short one (Figs 61 and 62) Diastolic vibrations

were recorded 1n 1 case
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e e i e et e —

Fig 62—Supenimposed left atrial (upper) and left ventricular (lower) intracardiac¢ phoro
cardiograms 1nt a patient with mitral stenosis and 1nsufficiency The systohe mur
mur 13 best recorded 1n the left atrium (LA) and lasts until early diastole while
the diastolic murmur begins at this moment and 15 recorded only 1n the left ven
tricle The atnal p tracing 19 h derd. d

Matral Insufficiency {mitral stenosis mmmal or absent)

Left ventricle The ventricle was not entered in 1 case In the other 2
cases, a systolic murmur was recorded In one, 4 short and small diastohe
rumble was recorded

Left atnum The left atrium of these 3 cases (as well as that of 7 cases
with mmtral msufficiency and stenosis) revealed the vibrations of a
systolic murmur This was usually shorter and of smaller amphtude after
2 short diastole It was better recorded through the catheter than through
the needle and became particularly large when the tip of the catheter
approached the mitral valve (Fig 63)

In one case of combined valvular lesions, in which the phenocardio
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Fig 63—(A) Left atnal mtracardiac phonocardiogram in & patient with pure mitrs
s uficiency It shows a diamond shaped systolic murraur followed by & low
amphitude disstohie murmur Note the amplhitude of the systole murmur
whuch becomes emaller after a shorter diastole (second complex) The ays
tolie murmur 18 aleo reveated by the strial pressure tracing (thrdl felt by the
operator while holding the needie) ‘The pressure tracing 1s somewhat under

dam
(B) Left atnal intracardiac phonocardiogram 1n patient With pure matral in
suff ciency The tracing shows a aystolic murmur which begins after the

Gest third of systole (strain gauge directly connected to the needle) The prey
T0Ke treang reveals the thnll

£rams Tevealed an apieal systohe murmur and the left atnal Ppressure
tracng led only a 1 sy stolic el

the s ¢ phono of the
Teft atrium showed large vibrations n late systole o

comerding with o theill
In the pressure tracing It was iterpreted as due to mimmal suffimency
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Fig 03 (continued)
(C) Same tracing as in (B) at loner film speed I arger amplitude of the systolic
murmur after a longer dmastole

Aortic Stenosts and Insuffictency

The tracings recorded 1n the ascending aorta chiefly revealed the sy stolie
murmur (Iigs 64 and 65) A diastolic murmur was apparent 1n cases with
severe msuffierency while 1t was noneustent m the others (Tug 65) The
ventnicular and atrial tracings res ealed the data pertinent to mitral lestons
if they were present with the cxception of a functional diastolic rumble
1 the left ventricle recorded 1n 1 case A patient with aortic stenosis and
msuffictency and 7o gradient across the mutral valve presented a large
but late diastolic murmur within the left ventricle This was interpreted
as due to eddies m the left ventricular chamber (relitive stenosis—
Austin Flint murmur) (Fig 66)

In the 17 studied cases the hemody namic diagnosts was based on the
details of the pressure pattern of the left atrium, as well as on the study
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Fig 6—Tntravaseular sound traciog of the ascending aorta 1 a patient with sortic steno

sis The systolic murmur (SM) 13 diamond shaped The pressure tracing revesls
& marked systolie thull

of pressure gradients The external phonoeardiogram and the varnous
climeal roentgenologieal and electrocardiographie data were often in
agreement with those of cathetenzation while 1 some cases, there was
some diserepancy In certamn cases the diagnosis of mitral sufficiency
and stenosts was entertamed The presence of a large systolie murmur
n the left airium confirmed and increased the value of catheterization
data (systohe elevation of pressure) If, on the other hand, the pressure
pattern was normal and a systohic murmur was found only 1n the viemity
of the mitral valve 1t was accepted as evidence of mimmal (dynanueally
msignificant) mutral msuffielency If the systolic murmur was present
only wn the rentricle then a different mechamsm was postulated (functional
mechan.m) If 1t was only or marnly i the aorta aortic stenosis (absolute
or relatie) was recognized as the cause
The finding of a large diastohe rumble 1n the lcft ventracle was usually
evidence of mtral stenosis However, an exceptional case why h
pressure gradient across the mtral valve was normal was obe::rvtede
In this case as there was aortie msufficiency the murmyr was considered
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TFig 63 (confinued)
(C) Same tracing as 1n (B) at lower film speed Larger amphitude of the systolic

murmur after a longer diastole

Aortic Stenosis and Insufficiency

The tracings recorded 1n the ascending aorta chiefly revealed the systolic
murmur (Figs 64 and 65) A diastolic murmur was apparent n cases with
severe msufficiency wlule 1t was nonexstent i the others (g 65) The
ventricular and atrial tracings rev ealed the data pertinent to mitral lestons
of they were present with the exception of a functional dastelic rumble
1n the left ventricle recorded n 1 case A patient with aortic stenosis and
sufficiency and no gradient across the mitral valve presented a large
but late diastolic murmur within the left ventricle This was interpreted
as due to eddies in the left ventricular chamber (relatinve stenosis—
Austin Flint murmur) (Fig 66)

In the 17 studied cases, the hemodynamic diagnosts was based on the
details of the pressure pattern of the left atrium as well as on the stud
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Fig 66—1IC phono of the left ventricle n 8 pamnt with rheummc acrtic inauflicieney

12 see after the second
The opemng sound of the mutral valve (0 §) occurs 0

saundvfl'he astolie murmur begns shorily after the OS but has the grestest
sntensity a¢ mud diastole and 18 diamond shaped (Austin Flint saurmur)

contraction (atnim) and {¢) at the time of rapd filling (ventncle)
These are physiologieal vibrations and do not mdieate lesion of the mitral
valve

In 3 cases with tentricular arthythoua st was noted that short diastole
was followed by a smaller systolic murmur in the atrium and a larger
drastobe musmur m the ventncle (Big 60 B) Thus indieates that the
murmurs were flow murmurs  and were affected by the amount of blood
easting i the chamber from wiich the motion of the blood started
causing the murmur (smaller systolic murmur becanse of lesser ventne
ular filling, and Jarger disstolie murmur because of engorgement of the
atrium) This phenomenon was partieylarly evident 1n regard to S8
tolie murmur Whenever a very early contraction caused an extreme
abbreviation of diastole the systolie murmur disappeared

Intracardsac phonocardiography 1s barely begmnmg to yield resnlts
1t 13 too early for a complete evaluation of the possible dragnostie ad

vantages which this method may have 1n companson with others, since
only an extensis e study and 2 continuous com

parison with other exst
methods may lead to defimite conclusians e
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Fig 65—(A) Intravascular sound tracmg of the ascending aorta mn a p:ment with
aortic stenosts and y Thelargest hitude of the di d shaped
systolic murmur coincides with the anacrotic noteh of the pressure tracing
(arrow) This 18 because at that time a more marhed pressure gradient
develops betneen LV and AQ The tracing shows also the early diastohe
murmur

{B) IC phono of the ascending aorta tn a patient with aortic stenosis and
sufficzeney Systolic and diastolic murmurs are shown

an Austm Fhnt murmur However, m other cases, the possibihty of a
mmmal, dynamieally msignificant stenosts should be considered

Tmmng of the heart sounds and their vahular components was found
accurate The vibrations of the first sound within the left ventricle reflect
the closure of the mitral valve, and then the openmg of the aortic valve
The vibrations of the sccond sound within the left ventricle reflect the
closure of the aortic valve An opening snap of the mitral was recorded
within the left ventricle (and occasionally also within the left atrrum)
1 patients with lesions of the mutral valve On the other hand smaller
vibrations may be observed (a) at the tume of opening of the mutral
yalve (opeming sound) (atrium or ventricle), (b) at the tume of atnal
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t ‘ I insufficiency
§5—IC phono of the lelt ventnicle 1n a patient with rheumstie sortic
Fig ’nur cpemng tound of the matral velve (O S) occurs 012 sec after the eccond
sound The diastolse murmur begins shortly siter the OS but has the greatest
iotepsity at mud diastole and 13 dismond shaped (Austin Flint murmus)

contraction (atrum) and (¢) at the time of rapd filing (ventnicle)
These are physiological vibrations and do not indieate lesion of the mitral
valve

In B ca es with tentricular arrhythmea 1t was noted that short diastole
was folloved by a smaller systolic murmur m the atnum and a larger
diastolic xurmur n the ventriele (Fig 60 B) This indicates that the
murmurs were  flow murmurs  and were affected by the amount of hlood
esistmg n the chamber from which the motion of the blood started
causing the murmur (smaller systolic murmur beeause of Jesser ventne
ular fillng and larger diastohie murmur beeause of engorgement of the
atnum) This phenomenon was particularly evident m regard to 38
tobie murmur Whenever a very early contraction caused an extreme
abbreviation of diastale the systolic murmur disappenred

Intracardiac phonacardiography 1s barely beginnmig to yield resuits
Tt 1s too early for a complete evaluation of the possible diagnostie ad

vantages which this method may have comparison with others since
only an extensive study and a continuous companson with other existing
methods may lead to defimte conclusions



CHAPTER TEN

Intracardiac Phonocardiograms in
Congenital Heaort Disease

Patent Ductus Arteniosus

An intra pulmonary artery sound tracmg (I1g 67 A) and an wtrs
right ventricle phonocardiogram (Fig 67 B) were recorded 1 a 20 year
old male with a patent ductus arteriosus and an estimated pulmonary
flow of 16 liters per mmte Chnical auscultation revealed a grade IT
soft systobic murmur, and a grade III high pitched blowing dinstolie
murmur over the second left interspace and the third nib, 2 em at the
left of the sternal border An external phonocardiogram confirmed the
findings of auscultation

The mtrapulmonary artery sound tracing resealed a decrescendo sys
tolic murmur with mmimal amplitude before the second sound, the
sound was fused with a decrescendo, all diastolic murmur of larger
amphtude The amplitude of the systolic murmur was 1ariable from
cycle to cycle We cannot explamn why the murmur in this case was not
contimuous The imntra night ventricular phonocardiograms revealed no
significant systolic vibrations However, an early dmastolic murmur m
decrescendo was recorded This murmur may be due to a transmission
of the diastolic murmur from the pulmonary artery or to a munmal
pulmonic nsufficiency

Atnial Septal Defect
Intracardiae phonocardiograms were recorded mn 6 cases The tracings
of 2 patients with left to nght shunt are shown n Fig 68 A-I' The
systobic murmur had its greatest magnitude within the pulmonary artery
and was dinmond shaped 1 both cases (Fig 68 A and D) No systole
murmur was recorded in the nght atrium of the first case (Ing 65 C)
In both cases, murmurs of irregular configuration or in decrescendo were
recorded 1n the right ventricle and atrium (Iig 68 B, E and F) The sec
ond sound was delayed m both cases particularly ease 1 (Fig 68 A and
D) The diastohe murmur was recorded best 1n the right ventricle rather
than 1n the nght atrum Its begmning occurred 012 sec after the
begmning of the second sound (Fig 58 B and L) Smce the duastolic
murmur 15 stmular to those caused by mutral or tricusprd stenosis and
there vwas no diastolic pressure gradient across the tricuspid valve while
there was a large flow, the authors considered a ‘relative tricuspid

122
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Fig 67—(A) Intravascular sound tracing of pulmonary artery (IC Peg) in a cate with
potent, ductus grtenosus This patient had only a munimal murmur in the
external tracing the shunt wes revealed by cathetenzation The pre sure
tracing (P & ) hat ped but revealalarge osed {thnl})
The sound tracing from the artery shows a systolie and » diastohie murmor

(B) Intracardiac sound tracing from nght ventncle of same patient as (A) Only
an early diastolic murmur 18 present

steposts A presystolic murmur or a fourth heart sound 15 usually re
corded within the various chambers of these cases (Fig 68)

The docuracnts of one patient with nght to left shunt are presented
wTige 68 G and 53 A In the left atrium and the left ventricle o presys
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Fig (68—Cases of atnial septal defect with left to nght shunt

(A) Case 1 Intra pulmonary artery sound tracing There 13 a diamond shaped
systolic murmur and a large delayed second sound (2) The 4th sound 1s
barely visible and 1s followed by mummal vibrations

(B) Case 1 Intra nght ventnicular phonoeardiogram First sound (1) 1s 0075
after the Q wave of the ECG and 1s followed by a decrescendo low fre
quency systolic murmur (sm) The second ound 1s delayed and has several

t The L of the d do diastolie murmur (dm} fol

lows the second sound by 012 sec
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Tig 63 (contimued)—Cases of atnsl npm defect with Jef? to right shunt

{C) Caze 1 Intra nght sina) phonccardingramm Mrutmal eystolic vibratians
Snappang late systolie soond Dhastolic murour grestest 1 eanly dastole
‘but separated from the 2od sound (delay = D M }

(D) Case 2 Intra pulmonary attery sound tracimg Large diamond shaped
systohe oz Mimrad md duutuhc wurmus $th sound

{C) Case 2 Intrs nght 1 ds )r! do systolie mur
mur Decrescendo mud d 2stolic murmurs. 4th sound

125
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Fig 68 (continued)—Ca es of atral septal defect with left to nght shunt
(F) Case 2 Intra superior caval sound tracing (near nght atrrum) 4th Sound
Dizamond shaped systolic murmur
(G) Case 3 Intra left ventricle phonocardiogram Presystolic murmur irregular
systolie murmur early diastolic murmur

tolic murmur, a systolle murmur and an early diastolic murmur were
recorded However, only 2 minimal sy stolic murmur was recorded within
the nght atnum and none 1n the nght ventncle and pulmonary ~rtery

Ventricular Septal Defect
In patients with large left to night shunt, a large systolic murmut 15
recorded within both the nght ventricle and the pulmonary artery Ina
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Fig 69 (confsnued)
(D) Case 2 Continuous murmur within the nght atnum with presystolic ac

centuation
The lowest ECG 13 4 V lead from RA

(E) Case 3 Severe pulmonic stenosis (valvular type) (snme case as in Fig 39
Intra pulmonic sound tracing Diamond shaped systolic murmur Delayed
2nd sound

patient with a moderate left to right shunt and nght ventricular hy
pertension, a systolic murmur was not recorded 1n the RV (Ig 69 B),
but was present i the pulmonary artery (I'g 69 A)

In a patient with predominant right to left shunt, a systohic murmur
was recorded 1n the right atrium with accentuation during atnal systole
(Tig 69 D) A fourth sound or presystolic murmur was also visible

UL TR T S TR SRy Sy
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Pulmonic Stenoss

A pulfback maneuver from the pulmonary artery to the nght ventncle
with cont 1¢ ph diography 1sshowninTig 308 A diamond
shaped systohe murmur was recorded in the PA and only 2 few low
frequency vibrations were present 1n the nght ventniele T 69 I shons
the duamond shaped sy~tohie murmur at a lngher film speed The pulmome
<econd sound was delayed
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Tig 69 {(continued)
(D) Case 2 Continuous murmur within the right atrsum with presystohe ac
centuation
The lowest ECG1s o V lead from RA
{E) Case 3 Severe pulmonic stenosis (valvular type) (same case as 1n Fig 39

B]
Intra pulmonic sound tracing Diamond shaped <ystohie murmur Delayed
2nd sound

patient with a moderate left to right shunt and nght ventricular hy
pertenston, a systolic murmur was not recorded m the RV (Iig 69 B),
but was present 1n the pulmonary artery (Fig 69 A)

In a patient with predominant night to left shunt a systohe murmur
was recorded 1 the right atrium with accentuation during atrial systole
(I'ng 69 D) A fourth sound or presystolic murmur was also visible 1n

the right ventricular phono tracing
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(3) Tn eases of Ift 1entricular hyperirophy or strmin—nereased voltage
f QRS

° g) ST and T waves alterations seem to vary atcording to the fevel of
the catheter ip within the sentncle Generally the changes are i &
direction opposite to those of the left precordial leads

(5) Duning a pullback maneuver, there was a progressive flattenng of
the T wave whether negatnie or positne However, the entricular com
plex usually presented a sharp chaoge from s ventricular to an atral
pattern both in normal and pathologeal cases

Electrocardiograms Recorded Withm the Left Atnum

The normal patterns of atnal and ventricular complexes at vanous
fevels of the left atrwum sre shown i Fig 30 The most frequent pattern
as rerorded 1n the central patt, 1s that of a diphasic P wate due to spread
g from nght to 1eft of the wave of atnal depolanzation (g 72 B)
Thns folfowed by a Q3 comples ond a negative T waxe which are trans
mited from the ventrieular cavity In gher portions of the atrium, a
Qror QR patternis consstently found the late R seems to be the expres-
sson of 1 Iate artnvation of basal portions of the left ventncle A diphasic
{RS) ventneular actwvation of basal portions of the left ventncle A
diphasie (RS) ventneular complex 15 commonds tecorded m the left
Iateral part near the left lateral part withun the left supenor pulmonary
vem an rSr complex 15 usually recorded

Cases with atral fibriflation usually show only the ventrcular compley,
but 1 ceramn cases atral complexes with iregular thythm can be seen
(Fig 78 B) Cases with atreal flutter reveal Rutter naves of hugh voltage
@iz 73 A) smilar to those which can be found 1n the right atnum

The ventnendar comples at the varous atnal levels becomes larger 1n
eases with Iefl rentricular hypertrophy However the voltage of tius
complen deflecthion eannot be determined m terms of sbsalute values
(a5 by direet epicardsal leads) beeause of uncertamty n regard to the
distance of the tip of the catheter (transparent by \ ray) from the atnal
\;B\\ or the mutral valie The timing of the mtrinsicod deflection of the
‘h:;l:es inaade the eft atrum has been found to vary depending upon
i cigmu L;f the recording electrode, both 1 normal and pathologieal
. ux;l 3 cervations m the left atnum clearly indieate that the
S\mult:::e‘ouserzigigz lg the am:;l C(';mple‘c falls 1 the second half of o

ed P navem leads 2 or 3, with van
Z’;S‘e ;;00002. Tc ﬁnccordmg to the atpal Iew‘il We hA\a: ‘::\jnl; tﬁ:ei?:\:
1 the kit oat:al ?2 Qle:adb elzr‘\‘ eceur.: e rimeieg o P lead 2 aad that
es of mitral stenosis Levme et ol 1



CHAPTER ELEVEN

Abnormal Intracardiac Electrocardiogram

In our studies,* a standardization of 01-02 N was used m each
ventrcle, after pullbach mnto the atrium, the standardization was usually
mereased to 05 N At least three pullbach mancuvers were obtained m
every case Three different film speeds were used 25, 50 and 100 mm /sec
The following findings were obtamed

Left Atrial Intracardiac Tracing

Left atrial complex

(1) 7 cases with normal sinus rhythm—the P wave fell in the second
part of the P wave in simultaneously recorded himb leads The asynchro
nism of the intrinsicord deflection of the intracardiac P wave varied be
tween 005 and 0 09 sec 1n cases with predominant mitral stenosis

(2) 6 cases of atrial fibrillation no evidence of co ordmated electrical
activity was recorded However, 1 some cases, small, shghtly 1rregular
waves were recorded (impure fibrillation?)

(3) 2 cases of atrual flutter = T waves were recorded in both cases

Left ventricular complex The QRS presented the same charactenstics
as the one recorded side the left ventricular, though usually of lower
voltage In cases of left tentricular hypertrophy, high voltage was recorded
with QS or QR patterns according to the atnal level ST and T wave
alterations, parallel to those recorded m the ventrcle, were noted except
1n one case

Left Ventricular Intracardiac Tracing

Atrial complex In cases with sinus rhythm, the P wave was positine
and of very low voltage, due to the low amphfication used In one of
three cases of pure mutral tnsufficiency, the P was tall and peaked In cases
of atrial fibrillation or flutter, no atral activity was recorded

Ventricular complex

(1) 5 cases of solated right tentricular hypertrophy—normal 1ntra
cardiac tracing The T wave was always negative

(2) Left ventricular premature beats presented a widened QS pattern
and secondary ST and T changes

* This work was done 1 collaboration wmith Dr M R Testells
130
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¥ig Ti~{A} Intracardsac electrotardogram of the left atnvm o a patient with regular
atnal complexes at & rate of 360 per mtaute The diphasic waves are Butter
waves Regular waves are bately wistble 1n the gtnal pressyte traeing dunng
diastole

@] IG Erg of the nght cavities of the same patieat

m the left atnure, great voltage was d by bttle asy
small voltage by greater asynch m Sular find werc reported
through we of direct and esophageal leads by Puich Companng the

voliage of thy, P waves m erther atrmamn and that of the P waves mn a
standard lead, no correfation could be found n the latter, the height
of the P was depending, upon the ass of P mn erther the frontal plane
{extremity leads) or the horizontal plane (prerordial leads) The s

called Prutrale 15 dne to a left asis deviation of the second componcnt
(positwre 1n 1 pegatsse m 3) while the imtial night atnal half bas 2 normal
a0y As for the precordial leads mention should be made of the obserya

won firt Teported by Hecht that m almoet all cascs of mutral stenows &
diphasie P wase » present i V, and that its negative part 18 due to the

Teft veetor of depolanzation It should be accepted that the width of the
P wave 1 the 12 lead electy gram depends upon the sswach

between the n2ves of activation of the two atna
We were unable to find any relationship between the height of the
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Fig 70—(A) Intracardiac electrocardiogram from the left atrium 1o a patient with mitral
stenosis Pp = P wave of the nght atrium (transmitted to the left) Pr = P
wave of the left atrium (large complexes) Pp cotncides with the econd peah
of the P wave m lead 2

(B) Intracardiac electrocardiogram of the left ventricle m a patient with left
ventricular hypertrophy Note that the calibration 1s !¢ of the standard
Elevation of the ST <egment and diphasic T waves 1n the V lead from the
cavity of the left ventricle Lowest tracing = lead 2 at standard cahibration

ported a delay 1n the left P over the peripheral P of from 005 to 007
when the catheter was in the great cardiac vem Latour and Puech,
studying intracavity potentials from the left atrium n cases of congemtal
defects reported a delay of the left P of from 005 to 009 sec (n the
same case) It follows that intracardiac and mtravascular tracings,
because of their nature, cannot be strictly compared to direct or semt
direct leads In our cases, where catheterization of both sides was per
formed, no correlation was found between the P wave recorded in the
night and the one recorded 1n the left atrium Whale the P wave recorded
in the right atrum appears to reflect only the activity of the explored
chamber, that recorded in the left 1s preceded by a small notching (T'ig
70 A) which has been attnibuted to depolarization of the right atrum Of
ten, 1n our cases, the degree of asynchromsm (time of mnscription of the
intrmsicord deflection) was mversely proportional to the voltage of P
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at=al ermplezes at & rae of £ ge> musnte The diphaie wavey are fu tar
w3vey Bemmlar wazes ao» barely vikle @ the 2 mal pressure tracag dimag
disstal
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mebelestatrm meat velaze was 30

paned t T tle asyrebronsm,
gmall voless b meaer asnehronsm. Smudar Edings weee repored
theruzh g of dreet and ecophacsal leads b Puech. Compannz tre
volizz of the P wy~es m etther a'rum and that or the Pwares m s
tandard lead no rorelation could te found m the latter the bewhe
ot the P wa_ depending upon the aws of P m ether the fronal plane
fextremeity leads) or the homzontal plane iprecordial leads) The o
called Prutrale 1 due to a left axns demation et the erond ermpnrent
(pestrem | pem rem 3y while the mutial nzht 2ral halt has 4 permal
ax. L fer the precordial leads mention Fould be made of the oheea-
uen. Ert repored - Heeht that i almest all e es of mtral steneas g
apharie P wyre 1y present m ¥, .nd that it nezative pz~ 1 due to tke

let cectar of depefarzation. & _berld be acrepted tha the wid b of the
P ware m the 12 lead electroe:

: ard.or~am depends ypon the asvnehromsm
Fiween the wames of aenvation of the tvo atra,

e wew matle to find any relation bp Fetween the be ot o the
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P wave recorded m the left atrium and the level of left atral p.
or that of the pulmonary capillary pressure Trounce and T.,
have made similar observations

The hypothesis of Reynolds that a high voltage of the left atral
indicates a well functioming atrium 1n contrast to low P waves
logical, even though 1t 1s still hy pothetical

Electrocardiograms Recorded Within the Left Ventricle

The normal deflections consist of a positite P ware, followed by
QS complex and a negatue T wate A distinct U wave was never found,
n agreement with the observations of Sodi Pallares The P wave, due
to the low amplfication used for intraventricular recording, 1s usually
flat i normal subjects In one case of 1solated mitral msufficiency witha
systolic mise of left atrial pressure of 10 mm Hg, tall, peaked P waves
were recorded 1n the left ventricle They had the same characteristies

— rial pressure tracing (above) rightatrialintracardiacV lead (center)
Fig 72— ::(gihl';:; 2 (lx:eluw) The P ;‘vave of the 1 ¢ lead coincides with the early part
of Pinlead 2 Atrialseptal defect {case of Fig 14)
(B) Right and left atnal pressure tracings (above) ECG lead 2 (center) and
intracardiae V lead of left atnum (below) The P wave of left atrium coineides
with the second part of P inlead 2
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{CEg LV valve LA

{ ventneolar prema

Fig 3-10 Eeg (V lead) of the left ventticle (LY} It shows runs of
= ture be\‘;ls Q5 complexes in the region of the mutral valie (The catheter was
moving from the atnum {ventncularay stole) to the ventncle Tdinstole]) QR enm

Pl tesn the left atnum Prais clearly s ssible but small un aceount of substandsrd
amphification

2 the P waes recorded i the left atnum the only difference was 2
P R mterval of 9120 sec 1n the ventnicle and 0185 <ec 1 the atnum
while 1t was 0230 se n lead 2

The T wave 15 normally imserted 1 the left veninele In normal
subjects during a pullback maneuser from the apex to the left atpum
there 15 a progressne flattening of the T wave Thus a compansen
betseen o left intraventneular umpolar lead and a Jeft precordhal lead
«hould he made only when the catheter 13 1 the mmd portion of the left
sentricte ¥ entricular premature beals ehicsted through stimulation of the
endocardin surfare by the tip of the eatheter present an intratentneular
pattern conmisting of broad §S ST and T elevanon (Tig 73) This pot
ten s characteristieally similar to that of nght ventneular premature
beats when recorded within the nght ventnele (Fig 75 A) However,
the pattern of these premature contractions mm the penpheral clec
trocardiogram 15 that of a right bundle branch bloct for premature beats
arming from the left ventnele and a pattern of left bundle branch bloc
for right ventriculor premoture beats Barker et al first revealed ven
tncular asynchromsm occurnng n etrasystoles arhifically eherted
through stimuolation of ether ventnele In 1936 Marcu followed by
Loukom=ki and Guinodman deserbed the pattern of premature ventric
ular heats . <tondand leads obtamed by experimental stimulation
of the endocardum N the follow mg, observers recogmized the <enst
ity of the endocardmm to the mechameal stimulation by the catheter
1l the catbeter fip presces agamst the endocardial surfaee far mare than

u few <econds @ manophaur yaze of 1mgury appears whieh due to the
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Iimited area of the tip of the catheter, 1s recorded only m the endocardial
electrocardiogram (Tig 32) It 1s not associated with ST dewiations m
simultaneous precordial, standard or tracardiac leads from any other
chamber Additional evidence indicating that the intracardiac mjury
pattern 1s due to a mimimal, localized 1njury 1s that 1t disappears abruptly
on withdrawal of the catheter

In cases with combmed or left ventricular hypertrophy, ncreased
voltage of the ventricular complex was found with a postrie T wave
(Fig 75B) When 2 pattern of left v entricular “strain” was present 1 the
left precordial leads, an elevation of the ST segment was recorded within
the left ventricle with the catheter at the apex or in the mud portion of
the chamber The sime ST and T changes were also recorded within the
left atrium Thus, discordance between the ST segments and T waves
recorded over the precordium and those recorded within the left ventnicle
1s found 1n cases with left ventricular hypertrophy, as well as i normal
subjects Agan, the progressive flattening of the T wave, which is seen
during a pullback maneuver from the apex to the left atrum, 15 not
different from that observed m normal subjects In other words, the
voltage of T decreases during such a maneus er, whether 1t was origmally
positive or negative

One tracing presented speeial mterest It was recorded m 2 case of
mitral stenosis and msufficiency with atrinl fibrillation and combined
ventricular hy pertrophy and strain The T waves were flat m the left
ventricle while they were well visible as soon as the catheter cros.cd
the mutral valve We have no esplanation at present for this finding

Another puzzling obsersation consisted of the recording of an 8
patlern an the left tentricle (Fig 74) This occurred often after a run of

Fig 74—1C Ecgof the left ventniele Vpy shows abnormal rS complexes
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premature ventricular beats ehieited by the catheter In two other cases,
a small ¥ was recorded dunng s pullback maneuver, when the cath
eter crossed the mitral valve Nether of the two eaces fulfilled the entena
of Sodh Pallares for mncomplete left, bundle branch block
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hmuted area of the tip of the catheter, 1s recorded only 1n the endocardial
electrocardiogram (Fig 32) It 1s not associated with ST deviations m
simultaneous precordial, standard or intracardiac leads from any other
chamber Additional evidence ndicating that the ntracardiac mury
pattern 1s due to A mmimal, localized injury 1s that 1t disappears abruptly
on withdrawal of the eatheter

In cases with combined or left ventricular hypertrophy, mereased
voltage of the ventricular complex was found with a positive T wave
(Fig 75 B) When a pattern of left ventricular “‘stramn” was present in the
left precordial leads, an elevation of the ST segment was recorded within
the left ventricle with the catheter at the apex or in the mid portion of
the chamber The same ST and T changes were also recorded withm the
left atrium Thus, discordance between the ST segments and T waves
recorded over the precordium and those recorded within the left ventricle
15 found 1n cases with left ventricular hy pertrophy, as well as 1n normal
subjects Agamn, the progressnve flattening of the T wave, which 1s seen
during a pullback maneuver from the apex to the left atrum, 15 not
different from that observed n normal subjects In other words, the
voltage of T decreases during such a maneuver, shether 1t was orignally
positine or negative

One tracing presented special interest It was recorded m = case of
mutral stenosis and nsufficiency with atrial fibnilation and combmned
ventricular hypertrophy and strun The T waves were flat n the left
ventricle while they were well visible as soon as the catheter crossed
the mitral valve We have no evplanation at present for this findmg

Another puzzling obseryation consisted of the recording of an S
pattern wn the left entricle (Fig 74) This occurred often after 2 run of

Fig 74—1C Ecg of the left ventricle Viy shons abnormal rS complexes
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premature ventncular beats elicited by the catheter In two other cases,
s <mall r was recorded dunng & pullback mancuver, when the cath

eter cros ed the mitral valve Neither of the two caces fulfilled the entena
of Sodi Paltares for incomplete left bundle branch bloch
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Previous reports mentioned an mmtal positive deflection 1n the left
ventricle Zimmerman reported an RS pattern with the catheter at
the apex, Coelho et al recorded an rS pattern o a normal case and 1n a
case of left ventricular hypertrophy Mas et al noticed an rS pattern
m the midsection of the left ventricle, but stated that this pattern was
more commonly seen after numerous premature beats Finally, Latour
and Puech reported 3 instances of an 1S or a qrS pattern in the left
ventricle n the absence of any ntraventricular conduction disturbance
The mterpretation of this mutial positivity 1s stll difficult However,
following Sodi Pallares’ nterpretation of the spreading of the mmpulse
1o the mnterventricular septum, the mitial r mside the upper part of the
left ventricle might be explamned as due to depolarization of a papillary
muscle or of the highest part of the septum
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Artifacts

ARTIFACTS DUE TO FAULTY CONNECTIONS OR RECORDING

There are many {actors which can produce artifactsin the patterns of
the pres ure pub.es 1415 ymportant to secogmze them as early as possible
dumng eatd tion and to el te them smmedhately, as far a3
po <ible If one 15 not avave of <ome of these artacts, the tracing of one
chamber may be mustaken for that of another

The pressure recording system in cardiac catheterization consists of 4
tad opaque cardiac catheter connected 1o a three wny stoproch by &
Luer loch The second outlet of the stopeoek 15 connected by stenle
tuhing to 2 bottle nhich 15 provided with a Murphy dnp and contuns
physiologe solution The third outlet 1s connected either to a nondistensy
ble Jead tube or to a tube made of plastie (or a speaial rubber) the other
end of which 15 connected to the transducer of ether a S8anborn manom
ete & strmn gage of o Hamiiton manometer 1f a Hamilton recording
system 13 used the pressure tracing can be recorded by a photographic
device The electric output of the Sanborn manometcer or of the stram
gauge 15 fed into an amplifier and 15 recorded by a galvanometer through
etther 4 direct wnting or a photographic system

From the tip of the catheter to the three way stopeoek, the tubing and
the chamber contaming the pressure transducer should be complelely
filed with stende 5 per cent glucose solution or o phywiclogme satne solu
tion Because of the physieal compressibility of gas any minute air bubble
would alter the pressure tracing to some extent This 18 one of the most
Jrequent artefacts wchtch may occur an the recording system
“g‘i‘:’: S:‘ l;“bb]e 5 ;‘"Se, there may be no evidence of pressure vana
Bt zpe racings fx' ]t]he a1 bubble 1s smail there will be deflections

the tms pb(arance of the pressure tracing will be changed Not only 18
g of eurves delayed and the sctual pressure level reduced, but

thi‘%atlerhn of traning often becomes mdistinet and unusually smooth
tubm;natn; :::m ections betyween catheter, 3 way stopeock nondistensible
tends 15 ot an gauie or manometer are not properly secured leahage
out 10 & dusk, f: 1eularly of the manpulation of the catheter 1s earned
weth stow dny :ml a}nd the lenk 15 not diccovered Loose connections
slight ehange:l:x gnt:l;r;zge wn the system reduco the pressure while only
out difficulty while the ::;::;Z";‘z x"Ic‘i]es are usually recognzed wath

orded Whenever an unusually
139
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Tig 76—Small pulsations of right atnum due to mitial formation of clot 1n the catheter

low pressure 1s recorded and a smooth pattern obseried, the connection
and the system should be checked at once

Inadequate balancing of the electromanometer due to haste (a “warming
up” pertod of at least one hour 1s necessary ), improper mtial balancing,
or subsequent mmbalance result not only n improper level of pressure
but also 1n abnormal patterns which may vary from inadequate to bizarre
The same apples to a strain gauge system 1f the transducer 1s faulty

Improper calibration of the galranometer system (overdamping, over
shooting) 1 both the photographic and the direct wnting systems may
cause ncorreet transcription of patterns

Improper application of the writing arm, loo Jhagh a lemperature 1n the
writing system, or a worn out pen may also cause faulty tracings

All these artifacts can be avorded by cheching the electrocardiograph
before preparmg for catheterization, following the customary rules for

checking such apparatus

ARTIFACTS DUE TO BLOOD CLOTS

In order to prevent fibrin clot formation n the lumen of the catheter,
1t 15 necessary to use a continuous drip of heparimized (1000 umts per
hter) 5 per cent glucose solution m water at a rate of about from 40 to
G0 drops per mimnute except when blood samples are bemng collected
or pressure measurements recorded The catheter should be washed with
2 ce of sterile heparimzed physiologic saline solution after collection of
each blood sample If pressure measurements are carried out for more
than a minute or two, such as during a pull back tracing, a blood clot
tends to form ncar the orifice of the catheter tip, espeenally when a small
(No 5) catheter 1s used If 1t 1s difficult to obtam a blood sumple while
the catheter tip 1s mn the pulmonary artery or the right atrium, and 1t 1s
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atyll posesble to force ached solution fmd under pressure nto the
catheter, 1t 1s lhely that a small fibrin clot has formed af the tip of the
catheter, narrowing the opening wilh a talte Like effect

After recording o long, pressure fracing, 1t 15 common to obeerve that
the graph becomes unusunlly <mooth and the mam waves become
ditinet or dappear (Tig 76) In auch ence o small clot hins nsually
fomed Oge can still attempt to obtan 2 blood cample through gradual
sction I, honever thus 18 not possible 18 unwise fo foree furd mto
the catheter becauce tlns might detach a clot from the » all of the Itter
a0d cause an embohsm Instead the eatheter should be withdrawn and 8
nen catheter mtroduced nto the vem (unlcss the es entinl daty have
been already obtamed)

ARTIFACTS DUE TO MOVEMENT OF THE CATHETER

It should be Lept 1 mind that the heart 1s continuoushh beating and
that the tip of the catheter mov es 1n conjunction with the cardiae action
1f this mov ement 13 prevented rhy thmue ocelusion of the tip 15 far more
common The closing and opening of the eardine valves the backnard
and forward movements of the eatheter and the vibrations of the vahies

<eptum or artersal salls wheneyer murmurs are produced (Mg 42)—all
can be the cause of multiple artifacts

EXAMPLES

The three tracings of Tig 77 were obtamned from the <ame patient
while the catheter was in the pght pulmonary arters (A) the mam
pulmonary artery (B) and the mght ventnele (C InTig 77 C the right
:;::t\‘\iular pressure 15 20784 > mm Hg (systolic/carly dinstolic/end
e ;:go;ghte <harp peak may be due to a shght damping of the sena
e rlEme er InFig 77 B the systolic peah of the man pulmonary
e ventnzl rea;hes the same Jevel as that of the systolic pressure of the
e eree 23 mm Hg) indieating the normal size of the pulmonmie

P ;s ‘ahprgnunent rebound after the end of the T wave
comd :\\e 2 nde rs; noteh 15 probably cotnerdent with the first heart
el ‘n s }:n! the <ccond heart sound both are probably of
probibhs dui l: e systolic deflection occurnng 1n early sistole s
catbeter 1 0 movement of the catheter and also to impact of the

Tt hg;gi:;sil t:}x]e pulmonary artenal nall
of siphon thom:uon::; this systohe deflection wught be due to a hind
Ao f e Gefon :0 to the veloaity of blood flos Howe er, the
 tom, ot et s mm Figs 77 B and C stands agamst this sug
Tig 77 A (7 rom T ):‘e )Zc 13 obvious that the lighest pressure 1n
20 that the syetohe gmss“tr ;l’ ;atr}lls diastolic rebound (dierotic wave)
reetly measured Shouwld one reo de Plumonary artery cannot be cor

cord only the deformed pattern of T
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77 4, one would con 1der the posabihts of mld pulmonie stenosis on
account of 2 gradient (artifact) betw cen the systohe pressure of the nght
veatriele and the nghest level of the pulse of the pulmonary artery
The use of ¢ catheter with lateral holes near the tip trould prevent the ot
currence of such an arlifact This 15 very important beeause, provided
that any artifact can be exeluded, even a gradient of S mm 1ig between
pulmonary artery and nght ventricle on a pull back traemg should be
accepted as evidence of muld pulmomie stenoss

InFig 78 an early deflection occurs duning the first heart sound Itas
kely that flopping of the catheter and 1ts tmpact on the pulmonary arterial
wall during tentrieular systole are distorting the pattern of the tracing of
the pulmonary artery

InFig 79 B, the early deflection occurnng, wnmediately after the
first component of {he first heart sound, may be evplmned by transint

Fig 8—Trapin,

69 of pulmonary art

(4) In 0 20 yeay e‘drv}.'o;:a::y rhemiog arttacts
B) In a5 year-old ehulq
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ob truction of the lumen of the catheter by the contracting ventrieular
wall plus valvular wibrations The Inte deflection 15 probably due to
{ransent obstruction of the lumen of the catheter by the contracting
seatnenlar wall

The pressure traemng of Tig 70 A was taken while the catheter tip
was located 1n the outflow tract of the right ventnele near the pulmonie
1she The early deflection 15 probably caused by motion of the eatheter
and valvilar vibrations The net defieetion 1« probably dur to the impnact
of the catheter tip against the pulmonary arterial wall or the wall of the
nght ventneular outflow traet The persisting 1 e n yventneular pres

RtV A-V valve Rt A '

‘ ) g
U [Tkt £

;3

Fie e 2 1 )
2k t73cig fro 1
™M nigh
(A} Low speeq large :fv * ventnde to nght atnym

e
ncuspg varpe 9 aTe present when the 1p of the catheter 19 near the

) High
peed
catheter 1n the fight attum some atlifacts are still present
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Durng & pull back from the nght ventnicle nto the night atrum, a
certorn nusmber of deflections are wsually recorded, a2 shown m Tig
79 & The defiection s8' 15 generally accepted as an arbfact which s
p obably due to the imprct of the tricusped Jeaflets agamst the eatheter
tp r.ther than to the movement of the catheter 1 iteelf Subcequenty
1h» eqtheter tip s m the nght atrium The small deflections, 2 and 2', are
prohably atvular 10 origin and are simuftancous wath the heart sounds
Fiz 80 B}

TaFig 81 A the supenor vena ey of prescure tracing has an M shaped
defleetron which 1» smultaneous with the first heart sound Thus deflection
diagpeared 1 4 sub~equent, tracimg, recorded after <hight rotation snd
<.t pull back of the catheter This M shaped deflection may be due
to pastial ocelu 1on of the catheter as o result of eardiac movcments

It was previon Ty stated that the tvpieal pulmonan artenal wedge’
e sure tracing 1 seldom recorded {pape 53) Theorctically when the
eatheter tip 13 wedged 1 & staall branch of the pulmonars artery 1t does
oot mote bach and forth wmultaneousts with the cardiac moy ements
;{fu‘ ke ri:im“\lre tracing recorded should be the same n= or samlar to
ih;et;em ed 1 o pulmonary vew Honever 1t should be emphasized

e eatheter passes through the chamber~ of the nght heart and the

\\k&k
s

|

[V
| "
Dot gime

£ i)
¢ ‘)‘mé;::“::t;‘:h B tatheter showing aruifacts

of st 2ater Jongitucinal movements tecords st vaows dsgroos
. Cughx ore are diphasic complexes of proportionally icreasing

ath ter tiosed iy

balloon, At th ¥ & emall Tubber halloon  Apphieation of pressure on the
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sure dutmng the first half of diastole 15 probably due to the location of
the tip, which 151n the pulmonary artery during the first half of ventric
ular diastole but slips back mto the right, ventricular outflon tract during
the remaining half

In Fig 79 C one can see an early systolic mse ending with a sharp
peak, followed by an abrupt fall of pressure approaching zero after the
first third of ventricular systole It 1s hikely that the orifice of the catheter
was obstructed by the contracting ventricular wall during most of ventne
ular systole

In Fig 79 D, after the mtial svstolic rise, there 1s 2 short systole
plateau which begins to fall just before the middle of ventricular systole
and approaches zero Just after the middle of systole It 1s possible that
this was caused by occluston of the catheter tip during the last half of

171 ¥
' i
atial
|
.

Fig 81—(A) Tracing of the superior vena cava showing artifacts at the time of the first

heart sound
(B) Pulmonary artenal wedged tracing revealing multiple artifacts




CHAPTER THIRTEEN
formulas Used in Cardiac Catheterization

The caleut: of resistance m the pul 3y arculation and of the
«ize of valvular openings precents great interest
By the applieation of Powsemlle cquation

pressure gradient

Tesitance o= Tate of flow

several formulas concermng eardios ascular resistances have been dern ed
for the exatuation of some of the unhnown dynamc facts of intracardiac
ad pulmonary crculations The Powewille equation 13 based on a ngid
tube system mith eontmuous flow of homogencous flmd Howes er, the
catdiova.cular system has n pulsatile flow and elastic arterial walls
Therefore only approuimate data can be obtamned from thesc formulas

RESISTANCE TO BLOOD RLOW
Pumonary Artenolar, Total Pulmonary, and Mitral Resistances

Tt has been suggested that the pulmonary artersolar resistance, or pul

monary ras~ular reststance Proumaito the capllary bed can be evaluated
by formula (1) +

PATL» Fia = zcc(;) X1 00g~ dynea seconds em =+ H
T this formyly PAR 15 the pulmonary arterolar resistance PAp s
® I0ean pressure of the pulmonary artery PC,1s the mean pulmonary
apillary pressyre » (or better mean pulmonary arterial w edge pres
W) 2nd £O 15 eargyag output m ec per sccond 1332 15 the factor for
converting He to dynes per em 2
The total Pubmonary resistance TPR can be evaluated by formula (2)
TPR = }l'-:o;m = dynea seconds em 4 )
hHem the symbaly are th
\ ';’Om Pulmonary resstanee
t has beep further suggested that
) can be measured through the

Euduc 0dex oa be Bubataty
T equare Teter of body

© 5ame 25 11, the presious formula and TPR 18

the remstance of the mitral valie
difference between formulas (1)

Vted for eardiac oy

tput and the umt will be dynes seconds
surface

14y
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pulmonary artery, and that the size of the chambers changes from mo
ment to moment as a result of cardiac dynamies The larger the loop made
by the catheter withmn the heart, the greater wall be 1ts passive movements
and the resulting artifacts (Fig 80 B) These should not be considered as
actual part of the “wedge” tracing

It 15 generally agreed that artifacts are commonly found in the pul
monary arterial “wedge” tracing and 1 many of the pulmonary arterial
tracmgs (Fig 24 and 78) The relationship between artifacts and the
dynamic response of the catheter manometer systems m respect to the
movements of the catheter was studted by Wood and co worhers

In order to evaluate some of the artifacts which can be produced m a
catheter manometer system, certamn n 1ufro expertments were made In
our laboratory The results are presented n Fig 82



5
FORMULAS USFD IN CARDIAC CATHETERIZATION 10

Tiere, Lo 35 the mean dinstolic pre-sure of the left atrium and LVyn
1s the mean disstolie pressure of the ventnele

e have found that the madence of setere or pure mutral stenosis 15
ruch rarer than that of mitral steno 18 with munymal to moderate miteal
msoffiveney In the latter, the blood flaw through the mitral vahe dur
1ng dhastole sould be greater than the calentated effective aortse fornard
fian which secumes no mutral wsuffiency  Thercfore, the caleulated
MVR by use of formula (4) 1s greater than it should be, and actuel mitral
wafte rewmstance 1s loss

Further deductions from data of eathetenization were drawn n order
{0 evaluate the ¢ elastieaty resistance * of the pulmonary reesels Tius would
e deduced from the data of pulse pressure and flon (eardine output)
The term  elasticity tesistance,” ap i\ the reciproeal of
distensibility 18 then compared to resistance o flow for both the pul
elastieity resistance
e avrsvsamand V.0

flow resistance
found to he 3 5 far the pulmonary cuwentation and 12 for the systemic

arculation The<e data have been enitieized and cannot be accepted with
out further proof

monary and the svstemic arcuts The ratio

Ressstance of Other Stenotie Valves

Aortic stenosis The total resistance of the stenotic nortic opemng can
be taleulated through formula (5)

AP = OV o~ Bia) X 1337 o -
duration of otal cardas ey dles | D 0es seconds em=t ()
CO oo 300 ) R e meBSUTd)
durstion of svstohic ejection of same
cardiac cyeles {measured)

AVR = total ressstance to blood flow through the stenotic aorise valve
;\A = = lelt ventneular mean gy stohic pressure (mm Hg)

= = sottic or brachis) artemial mean sy stohc pressure {mm Hg)
T8 = systemic blood flow (ee /sec )

The duration of systole 1s measured from the begmmng of ¢

of the aortic pressure iracing to the dicrotic natcl;z‘ or irgmf(hle}elnl;g;:x‘:};

vibration of the first sound to the second sortie sound m heart ﬁou’ d

tracings Since the systobic murmur may fuse with one or both h .

sm;;)ds ti\e Jatter method may be unsmtable et

ormula (3) gves mare relable data than

previously suggested m it the blood flow thm?xz‘l)xﬂt\}‘:; A‘a‘c};’tcxr:’ hﬁ;‘d reen

Kx\cula!ed 23 though it occurred throughout the entire cm'c{Hx o
ctually the blood flow through the stenotic aortie val Ay

only during the phase of sy<tohe ejeetion ve takes place
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and (2) Subtracting the two formulas, one obtams formuls (3)

PCu X 1332
MR = 0 = dy nes seconds cm =5 3

It 15 apparent that evaluation of mitral resistance 1s based entirely on
the data of PC,, (or the mean values of pulmonary artenal wedge pros
sure) The validity of the formula 1s based on the assumption that the
late diastolie pressure of the left ventricle 1s zero, a potnt which 15 ques
tionable, espectally m patients with mitral valve disease

Gorlinet al assumed o pressure of § mm Hg as a normal value for the diastolie Jevelof
the left ventricle The possible existence of unhnown elements 1 e mtral ansufficenc)

Ieft ventricular farlure, my ocardial fibroelastosts of the left ventricle or constrictive pen

carditis may mnvahidate these calculations On the other hand if the left atral pressure

and left ventricular diastolic pressure are obtmined through left heart cathetenzatton
the above possibilities ean usually be ruled out

It 15 also apparent that the blood flow through the mitral valve was
computed as though 1t occurred throughout the entire cardiac cycle
Actually, the blood flow through thus valve takes place only dunng diss
tole The correct rate of flow (cc /sec) 1s obtamed by multiplymg
CO by the duration of cardiac evcles (measured) disrded by the duration
of diastole of same cardiac ey cles (measured) Then

duration of cardiac cyeles (measured)
duration of diastole of same cardiac es cles (measured}

VF = CO (ce /sec) X

The duratien of diastole can be obtuned from measurements of either
heart sounds or left atrial pressure tracings In heart sound fracings
the duration of diastohc flow 15 measured from the opemng snap of the
mutral valve to the beginning of the first heart sound When an opeming
snap 15 not present, the duration of the intery al between the begmning of
the second sound and the beginning of the first sound (mmus D 06 10 0 03
see ) may be used In left atrial pressure tracings the duration of dias
tolie flow 1s measured from the V wave (opening of the mtral valve) to
the following A V wave (closure of the mitral valve) It 1s also necessary
to measure several cardiac cveles during one or two respiratory cycles,
especially 1 patients with atnal fibriilation

The mutral valvular resistance can be measured through the use of
formulz (4) and the obtamed figure 1s usualh confirmed by subsequent

evidence

VR (LAg = TV, ) X 1392 = dvoes econd em= (g)
? = duration of total cardiac cvcles
(measured)

€0 {ee foee) X duration of drastole of same
cardiac cvcles (measured)
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= CAV
wr - ?h:ng?! 1n fow rate through the enfice
= {he eoeffitient of onfice coatrartion
- & fixed onfice
= changes 1o velotuty

0

) V1 = G ghory = C/agh
§ = thynges m veloaty
t = pressure mm Hg
g = granity acceleration 930 cm fsec /aec

C = coefhinent of velotity (ouly a certain fraction of pressure 13 tonvested to
veloaty)

The combination of (a) and (b) mves the area A, 2510 (€)

¥ F
R AU S
WA X evim CX Asvhi— L

¥ = flow rate through the onfice
C = discharge coefficrent (erapimeal constant)
VIg= /ol = 445

Py ~ Py w h = pressure gradient across the onbice

tutral Valve Area

Anattempt to measure mitral valve area (MVA) nas made by Gorhin

and Dexter throngh a modification of by draulic equation {c) which gves
formuta (11}

MyA~ My,

Mig
AVEC = 5 AViAw = WVam un

C = 3 srharge coefficient (empinical constsnt) 13 0 7 1n mitral steposns
N=07TX 445

MV, indicates mutral valvular rate of flown 10 e per =econd, and 15 ob
tomed by dividing the caridac output 1n cc per minule by the duration of
the sum of the dizstolic periods (in seconds per minute) The latter 15
obtamed by measuring the diastohe fillmg per beat and multiplving by the
heart rate per minute

In atnal fibnilation or sinus rhythm mutral valsular flow (AIV.
be obtamed by the following formula (EF%) con

Uy = CO (ce faee) X duration of eardiae eyeles {measgred)
duration of diswtoles of same catdiat cycles (measured) ~ ce [oon

Simultaneous pressurs tracings of the left ve;

ntricle and atnum
that filling; of the left ventnecle through a stenotic matral valve x:;m‘; Q(i
through the early part, of the ventrieular tension pertod Therefo; il o
tion of diastolic fling can be measured with s

phonocardograms or left heart cathetenzation accuracy only by aiker
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Tricuspid stenosis By substituting right atrial mean diastolie pressure
(RAyy) for the corresponding left atrial data (LAg,) m formula (4) and
right ventricular mean diastohc pressure (RVy,) for the corresponding
left ventricular data (LV..) 1 formula (4), the resistance of the tricuspid
valve can be deduced, as n formula (6)

{(RAdm — RVam) X 1332
duration of total cardiac cycles {measured)
duration of diastoles of same cyeles (measured)

TVR =

= dynesseconds ¢cm =¥ (6)

Co X

Pulmontc stenosis The total resistance of the pulmonic opening ir
respective of whether there 1s valvular, infundibular, or a complex type
of stenosts, can be ealeulated through formula (7)

(RV n — PA ) X 1332
duration of total cardiac cycles (measured)
duration of systolic ejections of «ame cycles

(measured)

= dynes seconds em™ (7)

PR =

€O X

PVR = total reststance to blood flow through the stenottc pulmonic valve
RV o = nght ventricular mean sy stolic pressure mm Hg

PA,n = pulmonary artersal mean systolic pressure mm Hg

CO = pulmonary blood flaw (cc /sec)

The resistance of the mfundibulum (PIR) 1n a complex type of stenosis
can be calculated by using formula (8)

(RV m — RVI.) X 1332
duration of total cardiac cycles (measured)

duration of systohic ejections of same cycles
(measured)

= dynes seconds cm~* (S)

PIR =

Co X

RVI o, = infundibular mean systolic pressure tn mm Hg

Likewise, the resistance of the stenotic pulmonary valve m a comples
type of stenosis can be obtamed by formula (9)

(RVIm — PA W) X 1332
duration of total carditc eycles (measured)
duration of systolic ejections of same cycles
(measured)

= dynes seconds em ™% (9)

RPV =

Co X

The calculated peripheral resistance can be obtamned by using formula
10

o _ BAn x 1332

Penip <o = dynes second cm —¥ 10

Formulas for calculating valvular area are dertved by the appheation
of the two well known hydraulic equations (a) and (b)
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= C AV
Wi = ¢hsnges 1n flow Tate through the onfice
@ the coeffeient of onfice contraction
= 1 fived onfiee
= changes 1n veloety

)V = Cghor b = G/
¥ = changes 10 velonity
b = pressure mm Hg
g = grawily accelerstion 940 em face fsec
€ = coellicrent of velonty (only 8 certan fraction of pressure 1s comverted to
welotity)

Ot

The combiation of {8) and (b) gives the aren \,a5m {c)

B Y
SR v 7 A R Y oua il

F = fow rate through the onfice

€ = discharge coeffirent {empncal constant)
VIg = VT = 445

Py~ Py = b o pressure graduent scross the onfice

Mitral Valve Area

An attempt to measure mitral valve area (MVA) was made by Gorhin

and Dexter through a motification of hydraubie equation (¢} which gives
formuls (11)

Myy

ASATY
VA= —
VA= SVTC =5 - Biv/ihes = LVen fn

€ = ducharge coeficrent (empiricsl constant) 18 07 1n mitral stenosis
N=07x445

MV indicates mutral valvular rate of flow 1 ec per cecond, and 15 ob
tamed by divading the cardac output n e per minute by the duration of
the sum of the diastolic peniads (n seconds per mmnute) The latter 15

obtawed by measuring the duastalic filling per beat and multiply ing by the
heart rate per minute

In atrial fibnllation or smus rhythm nutral valvular flow (MV,
be obtained by the following formula (V) ean

Myy w €O (e fse0® X duration of cardiac eveles (measured}
duration of diastoles of same cardiac cyeley {measured}

Smultaneous pressure tracmgs of the Jeft vent,

that filling of the Teft ventriele through o stcnot:clcxl::\:::\({ iglvum o
through the early part of the ventncular tension period Thery ? oy ost
tion of diastolic flling ran be measured with aceurac; lL o dura
phonocardiograms or left heart catheterization b only by ether

w cc fane
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The number 31 used 1n formula (11) 15 an empirieal constant which 1s
supposed to correct for anomales of discharge through the orifice and
errors in calculating the dastohe filling period, and convert mm Hg to
em H:0 The figure 5 used in formula (11) 1s acceptable as the estimated
level of left ventricular mean diastolic pressue

Aortic Valve Area

The cross sectional aren of the aortic valve (AVA) 1s caleulated by
Gorhlin's formula (12)

AVF

o AVE e 5
CXH6vVIN oBA. ™ @

AVA

AYF = Aortic valve flow i cc per second

cardiae output
systolic ejection pertod 1n seconds per minute.

LV o = Left ventneular systolic ejection mean pressure 1a mm Hg
BA = Brachial artenal systolic mean pressure :n mm Hg
o} = empineal constant to be denved

Systolic ejection peniod 1n seconds per minute can be obtained by
total duration in seconds of systolie ejection periods of cardiac cycles
(measured) X 60
total duration 1n seconds of same eardiac ¢ycle (measured)

A single systolic ejection period can be measured on the aortic and
left ventricular pressure tracings from the pont where the beginning of
the aortic upstrohe (or from the pomnt at which left ventricular pressure
equals arterial diastolic pressure) to the point of the aortic ncisura or that
where left ventricular pressure falls below the arteral dicrotic notch

The value of the empirieal constant C has not yet been derived because
left heart catheterization has been i use for only a few years Patients
studied by us have not been subjected to either direct viston valyotomy
or autopsy for measuning the aortic valvular cross sectional area At
present, we use an arbitrary value of 10 for C The figure may be too
high because the conversion factor of 117 1s included m C and the actual
discharge coeffictent (C. X Cc) of the onfice may be lower than 085

Pulmonic Valve Area
The cross sectional area of the pulmomc valve (PVA) 1s calculated by
Gorlin’s formula (13)

PVF .
= X HERY - —PA. 13)

PVA = X SRy - PAL

PVF = pulmonic valve flow 1 e¢ per second

cardiac output )

systolic ejection period 1n seconds per minute,

RV w = night ventncular mean aystolic ejection pressure 1p mm Hg
PAw = pulmonary artenial mean systolic pressure n mm Hg
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Systohe ejection period 51 reconds per munute cah be obitamed by
tota} duration m seconds of systolic egection penod of catdiae cy cles (menayted) % 60
Sota) duration on seconds of same eardiac & cles (measured)

& <ngle systalic ejection period can be measured on the nght ventrien
Yy pressure tracing {rom the pont shese the nght yentneular pressure
equals pulmonary pres-ure to the pomnt where nght ventriculsr pressure
equals the pulmonary srtenal dierotic notch

The measurement of pulmonary artenial mean systolie pressure should
be earefully done because multiple artifacts are usually present 1 the
pulmonary artenal pressure tracmg One should not consider the early
Ametole rebound as the sy stohie prossure {Chiapter eleven)

Treusprd Valve Area

The eraes ccetiongl area of the trcuspid valve (TVA) 15 caleulated bn
formula (14), & modsfeation of Gorbin s formula

A
TR
ARl SVRTES TV Syl 0

TVF = tricuspd valve flow 10 ce per sce

( cardiac output
dastolic fifling of the pight ventncle per minute,

RA4e = night atnsl diastolie mean pressure 10 mm Hg
Rven = nght ventnealar disstohe mean pressute in m Hg

The value of the enapirica) constant C bhas not been determined as yet
S‘xnce 0o correctran for diastolie filling 13 necesgary, C 15 greater than 07
2 the disrharge coeffi (C. X C.)tobe 085, the value of 10

was used by the Gorlins This figure C may be ¢hanged with future col
fection of mutopsy data

Those interested 1n the formuias for calewlating the diameter of o pat
ent ductus arteris vs o the areas of wieratnal or mters entncular septal
defects should consult a pubhieation by the Gorlins P

Waork Performed by the Yenindes

The work performed by the nght ventricle RV

D} can be
by fomantes (15) ot {35 wWiach are sunple and prnct)lcal FO:ru\lc‘ulatled
15 ba ed on the metne system snd 15 more accurate il (16)

RVED = CO (PA » — RAa) X 1,332 = dynes em/feee {8y
€0 = cardiac output ce fsec
L4 o= pulmovary arienst mean
RAa = nght atnial meas preswy,

e3stohie pressure mm 1,
2,232 = factor ta eonyest mey

re (msy be ommitted fu ord
Hg to dynes per om 8 - o0 2 BAEBPTOXmBt e Vafue)

Cardiac output = pul
sence of shusts Pulmonary oatput and exrdiac indey = P mODALY 18dex 1n the ab
ig A
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The number 31 used n formula, (11) 15 an empirical constant which 1s
supposed to correct for anomalies of discharge through the onfice and
errors 1 caleulating the diastolic filling period, and convert mm Hg to
em H;0 The figure 5 used in formula (11) 15 acceptable as the estimated
level of left ventricular mean diastolic pressure

Aorhic Valve Area

The cross sectional area of the aortic valve (AVA) 15 calculated by
Gorlin’s formula (12)

AVF

AVA s e e
CX #45v/LV, - BA o

=cm? (12)

AVF = Aortic valve flow 1n cc per second
cardiac output
systolic ejection period 1n seconds per mmute)
LV w = Left ventncular systolic ejection mean pressure in mm Hg
BA 5 = Brachial artenal systolic mean pressure in mm Hg
C = empincel constant to be denved

Systolic ejection pertod 1n seconds per mmnute can be obtained by
total duration 1n seconds of systolic ejection periods of cardiac cycles
(measured)
total duration 1n seconds of same eardiac ¢y ele (measured) X &

A single systolic ejection period can be measured on the sortic and
left ventricular pressure tracings from the pomnt where the beginning of
the aortic upstroke (or from the pomt at which left ventricular pressure
equals artenal diastolic pressure) to the pomt of the aortic mncisura or that
where left ventricular pressure falls below the arterial dicrotic notch

The value of the empirical constant C has not y et been derived because
left heart catheterization has been i use for only a few years Patients
studied by us have not been subjected to erther direct vision valvotomy
or autopsy for measuring the aortic valvular cross sectional area At
present, we use an arbitrary value of 10 for C The figure may be too
high because the conversion factor of 117 1s ncluded n C and the actual
discharge coeffictent (Cy X C.) of the orifice may be lower than 0 85

Pulmontc Valve Area
The cross sectional area of the pulmonic valve (PVA) 1s calculated by
Gorlin’s formula (13)

BVE - em? 13

BVA = EX di5RV.-PA.

cardiac output

PVF = pulmomc valve flow 1n cc per second
systolic ejectron pertod in seconds per mmute)

RV.= = nght ventricular mean systolie ejection presaure o mm Hg
PA = = pulmonary artenal mean systoli¢ pressure 1o mm Hg
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cample 18 collected, then the ovygen content of the «ample wiil be lower
than 1t <hould (hepatie blood ietead of mined lower ewval bload) If the
tp 15 below the orifice of the hepatic veins then the oxygen content of
the sample 12 gher

(b) The mierior vena ¢ 1A Lumies about 05 0 60 pet cent of the total
amount of blood wmto the nght atnum winle the supenor 1ena eava eas
ries 40 to 4y

() The coronary snus crnes about u per cent of the total output,
consisting of blood with a very low ovigen content (3 10 4 v olumes per
cent) Thus blood will be mised 1n the lower part of the nght atnum and,
ore thoraughly, 1 the nght + entricle

(d} \redvenous blood 15 more thoroughls muned 1 the pulmonan
attery than in the nght atrum or yentncle of patients havang no evidence
of shunt

{e) The following data are consudered by us to be esadence of left to
nght shunt between the atna

{1} The svevage o<y gen content of the night atnum should Le at least 1.5 volumes per
copt hugher than the s\erage of the blood samples of the tho yense cavae

(2 The ovygen content of & single nght atral biood sample ehould be at least 3 vol
umes per cent hugher than 1) ¢ average of the Llood samples of the two venae cavae

{3 The oy gen content of two of more night stnal blood amples showld be at drast
4 volurmes pex cent tugher than that of eitber saval sample

(I In the absence of primary alveolar changes interfenng with gas
diffusion a 93 per cent ovygen caturation i the blood of the pulmonary
vemns or kft atrium 13 considered normal Several factors prevent the
theoretieal full aturation (100 per cent)

(g In spite of conflicting, statements we arcept pulmonars scnous
return as dentieal with pulmonary artenal flow

T 1sotated atrial septal defeet with deft to mght <hunt the data obtaned
through catheterization are more rehable than i molated Tentricular
septal defect or patent ductus artenosus beeiuse the blood ohimned
fm;?ttim pu\mml;at) artery 18 alreads thoroughhy mised

iere 1s evidenre of douhle left to nght shunt thr
and 2 ventrienlsr septal defeey the eateulated ﬁgure: :qu?:\\hg:\t:li\“ am:l‘l
shunts are not oo rehable Yowever the total amount of left !e ot
shunt s as yehable 2 1 an wolated ventricular « o nght

eptal defe
In the presence of a large Wit Lo might shunt through g ;tnent ductus

artenosss the presence of  ugh veninenlar «
eptal def
out andy with difficulty because one sannot e\dudz pcn:t:nct';ocr:mf hlc e
blood with tugh ov\ gen cantent from the pulmonary arter tn e
wr(x'tnclb because of pulmome wsulficensy 3 mto the nght
aleulstion of the seventy of a puy
e 1y
tional shunt m atrial septal deiects?s easﬂf ‘:z:gem ot or a udiree
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Sinee

letg = 1dyne X em
1 joule = 107 dynes X em,

by substitutmg joules and omitting RA,, , the formula may be simplified
as follons

CO X P4, X 1332
RVWD = ~—~ﬁ’;’x— = Joules/sec {152)

A more accurate formulation would be

(CI X 1000)[P4  ~ RAm) X 136]

RVWD = T = K /mmn N2 16)
kg M (meter)/min /m? (square meters of bodv surface)
CI* = cardiac index 1n hters/min /M2
1055 = specific gravity of the blood
13 b = specific weight of mercury
It ean be further simplified by omuttimg RA

1 PA
VWD = CLX1050) PAw X 186 TigM /mun /M (162)

1000
CI = cardiac index of pulmonary flow 11 iters/mtn /m ?

By substituting brachial or femoral mean sy stolie pressure (BA,,) for
PA ., and LA, for RA. , the work done by the left ventriele (LV) can
be also evaluated

The calculation of the amount of blood flows ing through shunts requires
Lnowledge of several dita including ovygen consumption by the patient
and the ovygen contents and pressures of the various cardiovascular
chambers and of the peripheral blood For this reason even though this
study was particularly concerned with the pressures nd pulses of the
vartous chambers, the following pages will refer to oxy gen determmation
data Thus most of the formulas needed m cirdinc catheterization will
be mecluded 1n a single, brief chapter

Intracardiac Shunfs

The evaluation of intracardiqe shunts was attempted soon after nght
heart catheterization was mtroduced as a diagnostie procedure Much of
the following outhne 15 umtersally accepted

(a) The oxygen contents of the superior and inferior venae cavae
usually duffer by one to three v olumes per cent The blood sample of the
infertor vena cava should be tahen when the tip of the catheter 1s just
below the diaphragm If this tip advances to the onfice of the hepatic
veins (which usually carry blood nith a lower ovy gen content) while the
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0: X 100

Ll Ty 1Y

The left to nght shunt can be easily obtamed by subtracting systemie
Hlood Row from pulmenary blood fow as m formuls “)

11 = PBF — §BF = c¢ /min [

Alo, the left to-nght <hunt can be estimated from the total O content

of blood passwng through the nght atnum an one yupute as i formula
()

= ot /mn @

SBF X SV + 1u X BA = SBF X Ry (4 Ja X Rauq (6]
This equation can be sumphfied as {ollows
TABA ~ RA ) ~ SBF(RA , —~ SDVC) Nest (53}
BBF(RA , = STVO) -
ATEY T T v cc fronn {ob)

We have studied a patient with atnal <cptal defect and nght to-left
<hynt, by simultaneous cathetenzation of both the mght and left heart by
mserting two needies one into the left atnum and another into the nght
Sunul pressure dings of both atnia and ventricles were made
by means of polyethylene catheters Blood <amples tahen in the left
atnum showed a sigmaficant decrease in ovygen content but there was no
further decrease 1 the left ventnele and the brachial astery Tlus pro
cedure certamly located the site of nght to-left shunt precisely Howener,
1615 only of academic ntesst

In the nght ventncle Left to nght shunt between ventricles 1s pre
cumed ¥ SIVC ~ RA,, and RV,, = PA, but RV, > RA,, (by
more than 1 0 vol per cent)

'i;;))e teft 1o nght shunt can be estimated by using either formulas (©)
or

Y =PBF -~ SBF = cc/mmn

©
N SEFEA-RA ) SBEMY - RA )
B TR BA T g Sl ©2) (o)

Between aorta and pulmonary artery Left to i
ght shunt et
larger artenies 1s presumed 1f SIVC = Ry | = RV, but P:{ “C?I?‘i
('b)A more than 10 vol per cent) -
Teft to nght shunt through a patent ductus ar
tertosus or any othy

aorto pulmonary communicat, Y ol
o TY meation ean be estimated by formulas @) or

Vo4 = PBF — SBY = o Jmmn
Yoo = spr TA £ =RA O

Pt Rl "N 4

(BA~Pa ) ~ Sc/mn

o

(7a)
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FORMULAS FOR CALCULATION OF A SHUNT*

Absence of Shunts

In the absence of shunts, according to Fick, the cardiac output (or estr
mated systemic bloed flow SBF, which equals pulmonary arterial blood
flow PFB) 15 calculated by dividing the ovygen consumption by the
difference between artertal and mived venous bloods (pulmonary arterial
sample)

0; X 100

8. = =
BF = PBF BA—TA

= ce /mun {1

Left to Right Shunts

In the nght atium  Anomalous pulmonary tenous return wnto the right
atrium, or airial septal defect with left to right shunt, 1s suspected when
RA.; > SIVC (by 15 vol per cent or more) and RA..x = PA

Anomalous pulmonary tenous return wnfo cither tena cara 1s suspected
when the difference 1n O, content 1s more than 4 5 vol per cent between
mferior and superior venae cavae If the onygen content of the superior
vena cava 1s 2 or more volumes per cent hugher than that of the igher
location 1n the superior cava or of the mnommate veins, partial anomalous
pulmonary venous return 1nto the superior cava 1s suspected

The systemic blood flow 1n the first mstance 1s caleulated through
formula (2), and the pulmonary flow through formula (3}

__0:x100 @
SBF = 5a ~ stvg ~ «©/mn

* The farmulas for shunts use the following symbols and abbres 1ations

0; = O3 consumption cc /min

SBF = systeme blood flow, cc /mun

PBF = pulmonary bloed flon cc /min

EPBF = effective pulmonary blood flow ce /min

Plpa gy = pulmonary msuffictency cc /min

SIVC = O, content of both vena cava vol per cent (SIC X 0 10 + IVC X 060)

RA , = O, content of average nght atnum vel per cent

RV + = O; content of average nght ventricle vol per cent

RVaun = Oy content of average of mid and high nght ventricle vol per cent

PA = 0O: content of pulmonary artery vol per cent

PA, ¢ = O;content of average left and rght pulmonary artenies vol per cent (1n patent
ductus arterosus)

LA = O; content of left atrium vol per cent

BA = O, content of brachial artery vol per cent

PV = O:content of pulmonary vemn vol per eent (assumed to he 9o per cent saturated)

Pra = night atrial pressure mm Hg

Prv = nght ventricular pressure mm Hg

Pps = pulmonary artenal pressure mm Hg

Ppa = brachial arterial pressure mm Hg

Y = left to nght shunt (YA = atnallevel YV = ventricular level)

7 = nght to left shunt (ZA = atrial level ZV = ventnicular level)
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Tn cases of large left to nght <hunt due to patent ductus arterio~us
(nthout any ventneular <cptal defect), one may find thet the ovygen
content of the nght \entricular sample (e peciatly 1f obtawmed from the
outflow teact) 1 samewhat lughee (10 vol per cent) than that of the
<amples of the nght atrum and of the wmflow tract {or lower part) of the
nebt ventricle Tn such cases we use RA, ¢ mstead of RV,

At tumes 1t 25 difficult to deerde whether or not there 15 wn adthtional
Tagh ventneular defect or pulmome msufficieney

Pulmonary msufficiency 1f pulmonary wnsufficiency 1s su-pected 1n a
case with patent ductus arfertosus the amount of regurgatation can alco
e calculated but the result obtuined from the avernge of tugh and mid
nght ventneular symples myes onds o Tough estimate formula (12)
SBF(RVe x = R4 2 100

Pl av =
A (PY ¢ ~ Rinod

- to fmun a
Right 1o Left Shunts

Atnal septal defect with or without pulmons¢ stenosis Tius shunt can
be caleulated by comparing the pressures of the nght ventrele and bra

chaat artery  smultaneousty recorded The ©, saturation of B\ 13 hclow
92 per cent

1Py < Prag thete 15 mo mght Lo left shunt prosided that overnding of the aorta
13 Tuled out by angeeradiography

1 Pavs> Prag pulmomt stenows 1s pre ent but stiil there 1a no shunt

2 Puay = Payp and 19 shightly elevated (6o )0 mm Hg) snd moreover DA sat < 92
pereentand RA =RV , = E4 then there s evidence of & nght to left shunt through

a0 atnal septal defrct Such o ehuat can be
st e ot eat be ealealated from formula (139 denved from

0 x 1we

SBF = Fipy " o /mn u3)
0: % 10

PBE = Tioia~ ce fmun (13s)

Z = SBF — PBF = c¢ /min {13by

In formulas (14) and (14b) tte
calculation of ngnt to feft shunt, 15
f:";x;ed or;l the total O, content of the blood which contributes to the o
e I the left atrum 1n ore minute It 18 assumed that the pulmonar,
enous blood 15 95 per cent saturated itk oxy gent i

PBF X BA+7 X BA =~ PRF X TA + 4 X PA

an

ZBA - PA) = PBE (LA ~ BA) (142
5 . PBFUA ~ BA)

@A py) T cofme )

Ventneular septal defect with
or withou
of Fallot or Eisenmenger complex) % pulmone steaosis (tetralogy
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The pulmonary blood flow (PBF) of formula (7) should be caleulated
by formula (8) from the average of samples collected from both the left
and the right pulmonary arteries It 1s preferable to obtan 2 samples of
blood from each stem of the pulmonary artery (4 1n all)

PBF = (B%%o:) = cc/mn ®

If only one pulmonary random blood sample 15 obtained near the onfice
of the patent ductus, 1t may hatve 2 much higher ovygen content, and
the pulmonary blood flon thus calculated may become as lugh as 40
Iiters/mun This 18 obviously mcorrect

In formula (7a), the use of RA.y, instead of RV,,, 15 based on the fact
that there may be pulmonary regurgitation which would merease the
ovygen content of the right ventricular samples, especially 1n the upper
part of the ventricle

With both atrial and ventricular defect

RA, ; > SIVC (by more than 15 vol per cent) while
RV > RA ; (b) more than 10 vol per cent) and
RV = PA

Y., the left to right shunt through the atnal defect, can be calculated
by formula (5b), Y., the left to right shunt through the ventricular de
feet, can be calculated by formula (9) or (9a)

Y. = PBF — (SBF + Y4) = cc/mun ©)
_ SBF+30(PA— RA o) _
1y = Bi P cc /mun (9a)

Yass » the total left to right shunt, can be obtamned by formulas (10)

and (102)
Yasv = PBF — 8BF = cc /fmin (10

1 SBF(PA — SIVC)
T T - )
With ventricular septal defect and patent ductus arterrosus When
both are present, the following will be true

SIVC = RA v
RV . > RA . (by more than 10 vol per cent) and
PA y¢ > RV (b more than 15 vol per ceat)
Yy, the left to right shunt through the ventricular defect, can be cal

culated by formula (6b)
Y., the left to nght shunt through a patent ductus can be caleu

lated by formulas (11) and (11a) Formula (11) 15 preferred for its sim
pherty

= ¢c/min (102)

ira = PBF — (8BF + 11) = cc /mn an
_GBFHYJPA (oRA Do (i1

Y BA—PA
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In tases of larpe left to nght shunt due fo patent ductus artersosus
(mithout any ventneulwr septal defect), one may find that the oxygen
content of e nght \entricular sample (especially f obtuned fram the
outBow tract) 18 somewhat fgher {18 Vol yer cent) thnn that of the
<amples of the night attum and of the nflos tract (or Joner part) of the
nght ventrcle In such caces veu ¢ RA metead of RV,

At fumes 1¢ 3~ Gifficult to denrde whether or not there 1 an additionnl
g yentnenlar defect or puimeme wsufficiency

Pulmanary wsuficiency If pulmonary msuflictency 1s suspected m a
cace with patent ductus arfertosus, the amount of regurptation con ako
be calualated but the result obtmned from the average of hugh and mid
noht venincutar samoples g es onfy o vough estumate Tormula (12)

SBF(Mlew ~ RA I X0

Ploa-ny =
Tor-ny TA = Hiwm) = oo /mn {543

Right to Left Shunis

Atnial septal defect with or without pulmonic stenosis Tlus <hunt ean
be caleulated by comparing the pressures of the rizht ventricle and bhre

clugl arters smultancousiy recorded The O saturation of B4 »s belen
9” per cent

U Pavs < Pyss there 1s o nght to left shunt provy h
e b here 1 0 fy provided that overndiog of the ports
H Prvs > Pras plimome stens 18 s present but still there 1s oo shunt
If Praye = Pavp and 18 shightly elsvated (6 10 10 mm Hg) and moseover B sat < 7
perecatand RA = RY = PA then there s evidente of 2 nght to lelt shunt lhm\lgg

an atnal septal defect Such a shunt can be ealeulated £ {i
o L Stect | ewlated from formula (13b) denved from

0 x 10

BT & (7o o o fun (1o}
O K 100

PBE = 20 o o foin (132)

2 = SBF ~ PBF w c¢ /mun (3h)
In formutas (14) and (14Y) the cale
ulation of night to !
baved on the total O, content of the blood winch con(nbutese{c :{mnt N
102 m the left atrium wn one minute It 13 ag i

sumed 1
“enous blood 13 90 per cent .aturated with oxygen that the pulmonary

YBX‘xB\+ZX‘BA=YBFXLA+7XPA {1
ZBA ~ PA) = IBF(LA ~ BA) M
;o TEEOS < By o
BLopR " mn

Ventricular septal defect with
or
of alot ot Eisvamenger complas Without pulmonic stenoss (tetrajogy

(I4b)
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The pulmonary blood flow (PBF) of formula (7) should be caleulated
by formula (8) from the average of samples collected from both the left
and the night pulmonary arteries It 1s preferable to obtan 2 samples of
blood from each stem of the pulmonary artery (4 1n all)

PBF = @%%:) = ¢c /mn )

If only one pulmonary random blood sample 1s obtained near the onfice
of the patent duetus, 1t may have a much ugher ovygen content, and
the pulmonary blood flow thus caleulated may become as Ingh as 40
Iters/mun This 1s obviously meorreet

In formula (7a), the use of RA ¢ nstead of RV, ; 1s based on the fact
that there may be pulmonary regurgitation which would merease the
osygen content of the nght ventricular samples, especially mn the upper
part of the ventricle

‘With both atnial and ventricular defect

RA > SIVC (by more than 15 ol per cent}) shile
RV > RA « (by more than 10 vol per cent) and
RV.,=PA

Y., the left to nght shunt through the atnal defect, can be calculated
by formula (5b), Y, the left to right shunt through the ventncular de
fect, can be calculated by formula (9) or (9a)

Y, = PBF — (SBF + Y1) = cc/mm [e)
_(SBF +1)(PA—RA o) _ 9
“——_—_(BA—PA) ce /run (@)

Yas , the total left to right shunt, can be obtamed by formulas (10)
and (10a)

Yasv = PBF — SBF = ce¢ /min (10)
SBF(PA — SIVC)
Yap = —W = cc¢/min (102)

‘With ventncular septal defect and patent ductus arteriosus Vi hen
both are present, the following will be true
SINC=RA v
RV ¢ > RA v (by more than 10 vol per cent) and
PA > RV , (b more than 15 vol per cent)
Y+, the left to right shunt through the ventricular defect, can be cal

culated by formula (6b)
Yyea, the left to nght shunt through o patent ductus can be calen

lated by formulas (11) and (11a) Formula (11) 1s preferred for 1ts sum
plicity

Yra = PBF — (8BF + Y5) = c¢/mmn an
Sppm EBEAINCAL = RA D, 110)

BA~PA.
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2 @A ~ SINC) = PBRTA ~ BA} 4} (BA — L4} (15b)
PBE(LA ~ BA) +1{(BA ~ LA} (15e)
R (T Ny )

Gubsutate (18¢) mto (17¢) and formula 19) 18 demved

PBE{LA — BA) 4 1(BA — LA

SBE\PA - BIVC) + ) (BING ~ PV

BA-BRC
b A -18)

haowng pulmonary flow, effectin e pulmonary flow, and systerme flow,

wetan use Bing's formulas (20) and (21) for caleulating nght to left and

feft to tight shunts The “effective pulmonary flon” LPBT will be de
<eribed below

an

3 = PBF —~ EPBF =~ co/mua (20)
2 = SBY ~ EPBF = cc/mn n

Eisenmenger complex Intluscase SIVC = RA cand RV, > RA 47
Bt RV, , = PA

As 1 atnal septal defect with indirectional <hunt, we can use formulas
(1o}, (16) (17¢) (18c), (19) or (20) and (21) n order to caleulate the
left to mght (1) and right to left (2) shunts

T order to obtain & more rehiable result st 12 aduisable to substitute
the SIVC, for R4 ,,

The calculation of the “effective pulmonary blood flow * LPBT was
advoested by Bing, and it 15 defined as the amount of mixed venous
blood winch, having returned to the heart from the systemic esrculation,
eventually reaches the pulmonary capillares Normally, the effective
pulmosary blood flow equals pulmonary artenal flow, except when by
dnectional <hunts are present—as 1n some cases of atral septal defect
czl)mphcated by pulmonic stenoeys and n cases of the Licenmenger com
plex
Formuta (22) 1s useful 1 the former caes and (23) 1 the latter

Q X 100
FPBE &~ o Or .
BE RoBNG™ frin (22

0 ¥ 100
EPBF = -
Bl TAC A €¢ /oitn

23
Pulmontc stenosis espectally m cases of tetralogy of Faliot, may be

hecompas by lzrge h“ teral (bronchial) cireulation or by a patent
uetus arterrosus 1nsuch eases total pulmonary bl

capiltary blood flow 1s larger ¢ : T aed flon o pulmonary

han the mam pulmons
flow The former ean only be caleulated by wdirect meag ::;‘:;}3 E:sot?ldt
s

1s only a rough estimate
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If RA oy = RV = PA there1s no left to right shunt

If Pra mean 13 not elevated (less than 6 mm ¥g) there 13 probably no nght to left
shunt through an additional atnal septal defeet

I BA sat < 92 per cent there 1s night to left shunt

The systemic blood flow, pulmonary blood flow, and right to left shunt
can be hewise calculated by formulas (13), (18a), and (13b) or (14)

Patent ductus arteriosus with pulmomnsc hypertension The calcula
t1ons of the right to left shunt can only be based on certamn assumptions
(1) The shunt takes place from the pulmonary artery to the aorta at a
point (ductus) which 15 below the opening of the left carotid artery and
above that of the left subclavian artery (2) A munor portion of the
shunted blood goes back to the aortic arch and enters the mnommate
artery and the two carotids, wlule a major portion 1s distributed between
left subclavian and descending aorta This second assumption, although
used by some, 15 definitely unwarranted because, 1n some cases, no evi
dence of low o\ygen saturation can be found 1n erther the left arm or the
left earlobe Therefore, as ne have no accurate method of ascertaiming
this distribution of blood, accurate mathematical ealeulation of the
amount of shunt 15 1mpossible

Bidirectional Shunts {Left to Right plus Right to Left Shunts}

Atrial septal defect with or without pulmonic stenosts The calculations
are based on the data of the total O, content which contributes to the
mixing 1 the left and right 2tria m one mmute It 15 assumed that
RA..: = RV, = PA and that LA = 95 per cent O, saturation For
mulas (15) and (16) are used

0 X 100 3
PBF TA = PA cc /min

0, X 100 (16)
$BF = BA — sve Jmn

In the raght atrium, the amount of blood which contributes to the mi\
g m one minute 1s calculated by formulas (17), (172), (17b), and (17¢)

(SBF — 2)SIVC + Y X LA = (8BF -~ Z + ¥) X PA [t0)]
SBF X SIVC — Z X SIVC 4+ Y X LA = SBFX PA — ZX PA+ Y X PA (173)
Y(L4 — PA) = SBF(PA — SIVC) + Z(SIVC ~ PA) (17b)
4 = SBR(PA = $1VC) + Z(SNNC — PA) 70
LA - PA

In the left atrium, the amount of blood wluch contributes to the mnng
1n one nunute 15 caleulated by formulas (18), (182), (18b), and (18c)

(PBF — Y)LA + Z X SIVC = (PBF — Y + Z) X BA (18)
PBFXLA~YXLA+ZXSIVC=PBFXBA~YXBA+ZXBA (18a)
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Z (B4 ~ SIYC) = PBE(LA ~ BA} + Y (BA ~ La) (1st)
PBF(LA = BA) +){BA ~ LA s
e {BA — SIVCY

Gubstirute (18¢) mto (17¢) and formuls (19) 15 densved

PRF(LA - BA) +3(BA — L\)) SING ~ T 1)
PRFOA - BV AL
snr(m-sncw( T ¢

9
{LA ~PA)
Tnowmg pulmonary fos, efiective pulmonary flow, and systemuc flow,

secan e Bing s formulas (20) snd (21) for ealeulating right to left and

kft to nght shunts The “effectnve putmonary flow * LPBE will be de
<cnibed below

1=

1 « PBE ~ FUBF = ccfoun, 0
% = SBF ~ EPBF = cc/ma on
Exenmengercomplex Inthiscase SIVC = RA, (andRV, (> RY >
but RV, , = PA
Asin atnal septat defect with hidirectional shunt, we can vse formulas
(b3}, (16) (17e) (18¢) (19) or (20) and (21) 1n order to calculate the
left to-nght (%) and nght to left (Z) shunts
In order to obtan a more rehable result 1135 advisable to substitute
the SIVC for R4
The caleulation of the “effecttve pulmonary blood flow * EPBF was
2dvoeated by Bmg and 1835 defined s the amount of mixed venous
blood which having returned to the heart from the systemue esrculation,
eventually reaches the pulmonary capillanes Nommally, the effective
pulmonary blood flon equals pulmonary artenat fiow except when by
directional shunts are present—as m some cases of atrial septal defect
u{rmplxc.xted by pulmomnic stenoss, and m cases of the Escenmenger com.
plex
Formula (22) 15 useful 11 the former cases and (23) 1n the latter

O X 100
EPDF = oot S e fmn o

02 % 100

FPBE = R Twiel /min 23)

Pulmonic ‘stenosxs, espe‘clalh o cases of tetralogy of Fallot, may be
by large col Y (bronchual) cwrculation or by 2 patent

ductus arteriosus In such cases, total pulmonary blood flow or puimona:

capittary blood flow 15 larger than the mam pulmonary artenal bl ?i

8ow The former can only be caleulated by tdirect means, and th o

15 only a rough estimate ’ o reenlt







CHAPTER FOURTEEN

Summanes of Catheterization
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