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Preface

DusinG the past year 1t has been my privtlege to deliser several
lectures on phases of <irculatory physiology to which I have contrib
uted durmg the past forty years Whenever necessary the ongmnal
mterpretations of expenimental results were re evaluated n the hght
of subsequent work Three of these discourses dealt with expen
mental aspects of eirculatory dynamies and 1t was thought that theirr
collection 1n beok form would prove useful to nvestigators and pro
gressn e practitioners mterested 1 human arculatory dynamics The
orignal lectures then have been reca t as ehapters here

The first chapter begms with & stmple exposttion of kemods namte
laws analyzes the practieal information which can be gamed from
artertal pressure readings aud arteral pulse registrations and shows
by wav of illustration how information so gained enhanees our under
standing of the dynamucs of hypertension

The =econd chapter concerns 1itself with the phy-iological mecha
nisms by which the ventncles adapt themselies to altered eirculatory
states 1n health and disease Theores are divorced from factual data
an mtegration of successtve new discoveries with classie lans of the
heart leads to a modern concept of cardiac adaptation

The third chapter 1s devoted to iterpretations of ventneutar con
traction patterns by means of eritical analy ses of v entncular pres-ure
curves The discussions include alterations which take place as a
result of pericardial effu 1on hyperyolemia oligemra arterial hyper
tenston aortic coarctation aortic and pulmonary stenosis dioven
trrcular rhythms ventricular alternation coronary occlusion myo-
cardal 1schemia and valvular lestons

cIw
Cleveland Ohto
Apnl 1952
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CHAPTER I

Basic Hemodynamic Principles m the
Interpretation of Circulatory
Disorders®

DivessES are experiments performed by nature on ammals and
human beings It 1s one of the re<ponsibilities of physicians to under
stand the character of the human experiment going on to the end
that 1t mav be terminated or that natural compensatory mechanisms
majy be aided Physicians can gain assistance m these tashs in several
ways (1) They can apply avallable information gamned through an
orderly solutton of problems regardless of their apparent praetical
value (2) They can be guided by mformation accumulated through
careful climeal studies of disease (3) They can benefit from considera
tion of animal experiments m which natures disorders have been
reduplicated or simulated (4) Thev can by experience and contmued
practice 1mprove their capacity to assess the significance of signs and
symptoms They can through the use of laboratorv apparatus and
techmes tranclate ph which are und ble by the un
axded senses mto forms which the mind can grasp The measurement
of human blood pressures and the registration of artertal pulses are
currently giving a great deal of mformation m the diagnowis of ar
culatory disorders But in mjy epuuon the cardiologist 1n his every
day practice 15 still not using all the mformation that the e procedures
could vield Tor this reason 1t appears desirable to review a number
of basic prinaiples which may enhance the value of atailable infor
mation

Insubstance lecturesdeh ered before the Washington State Heart s o
ciation Spokan Washington Sept 9 190 and the Postgraduate Svmposium
on Heart Disesse Califorma eart Association San Franeisco Oct oo 1950
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2 CIRCULATORY DYNAMICS

Ilementary Hemodynamics

Hemodynamics 15 concomed wath the forces operative in the pro
pulston of blood around the arculatory svstem The phy<ical forees
concerned have been parthy dernved from hydrodynamies sueh as
are conterned i <upplying water to dwellings s allustrated n
figure 1\ water flows from a high roservoir through a series of prpes
to fauccts located at varvng distances aboyve groitnd lesel The cleva

Foemmmemeaepy

F16 1 —Two diagrams illustrating the hydro Iy nami¢ principles determin
ing the flow of water from faucets 1 constant pressure reservorr and ngid
pipe system B rhythmie pump system through elastic hose

tion of the nater surface above ground level (1) constitutes the mo
tive force and the difference between this level and that of any faucet
say P' 15 an mportant determuinant of the greatest possible flow
from the tap If the pressure 1n the central reseryoIr rises or fall  or
1f respective taps are located at lugher or lower levels of a tall build
ing the maximal flow from a fully opened tap will tnercase or deerease
1n proportion to the differences in elevation (or pressure) between the
surface of the reservoir and the faucet
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Agan 1f two faucets (P3) at the <ame elevation m a near and far
dwelling are successtvely opened the rate of water delivery from the
near one exceeds that of the far one only shghtly This shows that the
loss of pressure due to fniction 1n the mam delivery pipes is rather
shght Of course the marrower and longer the pipe the greater the
pressure drop due to resistance

Now 1t 15 a common expenence that the volume of water delivered
by any faucet can be regulated widely between a small drip to a full
gush by the extent to which 1t 15 opened 1e by the degree of friction
or resistance encountered within the faucet In other words the great
est and most variable resistance s i the stopcochs Sumilarly the
arterioles mn the body represent stopcocks which by altering their
caltber meter the volume of blood which enters the capillaries Al
of this 1s common <ense or shall we say 1t borders on the moronic
Expres ed mathematically the rate of flow (F) varies directly with
the pressure difference (P — Pi) and inversely with the resmstance
(R) mamnly at the outlets of the system Such a formulation

F = I—)%Ii' 13 the essence of Poiceuille s law with one exception

v1z aviscosity factor (V) It 1s obvious that if <uch a supply system
were suddenly filled with a highly viseid flud such as mola ses the
rate of flow from any faucet would be greatly decreased despite the
fact that pressure differences and apertures of faucets (resistance)
did not vary Since the viscosity of blood 1s approximately five times
that of water and may vary under different conditions the full
Poiseuille equation becomes

=Dyl

T or transposing

R

PPyl

Resistance (h) = 7

Hemodynamucs of Pulsating Streams While such physical prinaples
are exceedmngly useful 1n formulating elementary concepts of hemo
dynamucs they describe the forces which move blood through the
artenal tree and 1nto the capillanes \ery mcompletely This 1s prin
cipally due to the fact that the conduits are elastre not ngid tubes
and that a pulsating not a constant pres ure 1s created by the ven
tricular pump The situation could be compared to a hypothetic
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watcr upphy vstem such assallu trated in figure 1 B, which no
n 1you oy ation 1s attamnable Water can be lifted from 2 deep well
to the e and placed under pre sure by a combnation lift and
p ure pump 1f such water were pumped through a ngid eystem
w ter would flow out of upened faucets m a perodic fashion accel
erum,, with cwh stroke of the pump and rapidly decelerating to
ze10 during the poriod that water 1s hung hited mto the pump If
however the conducting svetem were elastic as in the illustration
it would expand and anecommodate 4 part of the hquid dunng the
trohe and reeol durmng the filling time of the pump thus mamtain
ing, 2 constant flon from the ficets at a ligher level

Vhile this thustrates the mechamsm of the mammalian ewrculation
m an clementary ww  preeise theoretieal hemodynamie deductions
have proved difficult owing to the phy sical effects of vascular branch
mg the vanable ciliber and distensitnlity of mu cular arteries the
roverberatmg pressure waves set up the change m viscomty which
takes place through filtration o mosi« or secretton n passage of blood
through capillaries For the e rea ons theoretieal deductions must
«till be tested by expenmental studies on amimals

Eapenmentat work has established the conditions which are opers
tive 1 the normal mammalian arculation Wath each ventricular
systole a certam volume of blood 1 nously called the strohe tolume
systolic discharge or pulse roltme 15 expelled brusquely into the norta
Inman this equals approximately 60 or 70 ce and the whole period
of ejection lasts only 0 20 sceond or less Tully two thirds of the total
stroke volume (about 4o ¢ ) 13 displaced mto the ascending norta and
arch within 01 cecond and very Iittle dunng the last 0o second of
ejection “ince the aseending aorta and arch are already di tended
under a pressure of 70 to 80 mm Hg 1t 15 obvious that space for some
45 cc of blood must be made n an mtersal of time which would be
called nstantineous n photography This 1s accomphshed pirtly
by the fornard mosement of blood (hinctic energy of flow) and partly
by dstention of the clastre aortie arch through an increase in pressure
(potenfial energy of pressure) The presaute change thus creted 1
transmitted as 2 wave over the cntire aorte and sty many branches
down to the capillaries and causes succe sive expan 1ons of mor
penpheral segments of the artenal tree Obviously  this propressne
expansion of the artertal wall from the aorta to the periphery must
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be accompanied by a fornard movement of blood so that arteries as
far away as the doralis pedis are expanding before v entricular systole
has terminated This pressure wave thus tran.mitted at a rate of 8
to 15 melers per second and the expansion and elongation of the ar
teral wall which 1t induces constitute the palpable or recordable
arternal pul e

VMore precisely the 1eloerty with which this pressure wave 15 trans
mutted penpherally depends on the distensibihity characteristic of
the vessels and on their degree of distention by internal pre sures
According to Sands!' and Bazett et al ? the normal veloerty 1s less
the more distensible aorta (about 3 to 4 meters ‘sec ) than n the mus
cular arteries of the mbs (about 7 to 14 meters/sec )

\t this point 1t 13 well to be reminded of another estabh hed fact
Whereas the pressure wave normally travel- at a rate of 3 to 14 meters
per second and produces an acceleration of blood flow along the whole
artenal tree the actual veloaity with which corpuscular elements
move 1s much slower for example 1t aserages only 18 em  ec n the
abdominal aorta and 14 or 15 cm /s¢¢ 1n the femoral arternies In
other words whereas the pressure wive reaches the vessels of the
foot withm 0 2 to 03 second 1t requires 2 5 seconds (or <everal heart
beats) for the corpuscles ejected into the aorta dunng any heart beat
ta reach the foot The rea on for this may be clanfied by the aid of
the diagram n figure 2 As n licated n the crowshatched area all of
the blood ejerted during any systv ¢ 1s accommodated in the aortic
rceervorr This moses the blood within this sexment to a more distal
part of the arterial tree asindicated by the black area This 1n tum
trandlocates blood to a third segment and so on The relatton between
the propavation of pressure and mosement of the arterial blood eol
umn has been aptly compared to the rapid transmis.ion of force
throuh a row of billiard balls and the relatively slight onward move
ment which the row of balls undergoes

The Aortic Compression ( hamber It 15 obvious that the elastic
aorta and to a le wer extent the artenies dernied from 1t constitute
a continuous elastic chamber which takes up . con 1derable yolume
aof blood under pressure during systohic ejection With the clo ure of
the scmilunar valies at the end of ventricular systole the prew ure
energy thus tored 1s gradually used to press blood out of the larger
arteries through ther ¥ hes and sub branches into the 11

"
)
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Sinee the potential pressure energy 14 graduafly converted mnto Rinety
cnergy of flow the arteral pres_ure slowly declines dunng disstole
1t 15 for this reason that the elastic rescrvorr which nsures a continu
ous capillary flow has been designated as the compresston chamber of
the artenial system

Frc  ~Diagramillustrating the translocation of blood 1n the aorta and some
of 1ts branches dunng three heart beats

The Pressure Pulse and Its Transformation in
Transpussion

By connecting fughly responsive types of calibrated pressure re
corders to vanous pomts m the artenal system as schematically
indicated in figure 3 the detanls of the pressure changes during systole
and dastole ¢an be recorded at vanous pomts of the artenal system
n such records the ictual pressure existing at any moment of the
cycle can be caleulated and the rate of pressure trunsmi sion deter
muned Figure 3 also allustrates the character and magnitude of the
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pressure changes thu recorded from an aorta a radial and a femoral
artery of the dog The whole prescure curve 1s designated the pres
sure pulse The maximal pressure reached dunng systole 1 the sys
olic pressure the minimal pressure realized at the end of diastole 1s
the diastolic pressure and the numercal difference between these
represents the pulse pressure The expansion of the ves els which the
pressure pulse produces tn any part of the arterial sy tem 1s the pulse

-

2

s

1

A

Fio 3 —Disgram illustrating the prineiples of recording lateral pressure
pulses from the norta radial artery and femoral artery by optical manometers
and the configuration of pressure pulses in these regions Insert diagram mndt
cates procedure for recordmg pulsatile changes of arteres

A clear comprehension of these different terms and especially the
ufferenttation between pressure pulse and pulse pressure 1s of the
utmost mmportance 1n hemodynamic considerations to follow A glance
at 1lustrations such as shown in figure 3 makes 1t apparent that the
pressure pulses differ both a regards contour and systolic and dia
solic vatues m different paris of the artenal tree

Under normal conditions the aortic pressure pul e 1 es sharply
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(a-b) and after a high anacrotic shouldcr (b), gradually nes toa
rounded summit (b~c) The pressure then declmes shightly during
the latter third of systolic ejection (e—d) until closure of the semi
lunar valves whieh 1s «ignaled by o sharp V <haped ncsura (o)
Dunng diastole (e~h) the pressure dechines asymptotically except
for a shght wave (f-g)

A pressure pulse recorded stmultaneously from a peripheral artery
such as the radial reveals a different form of pre <ure pulsc The be
gnning of the pulse 1s delaved 1t rises less abruptly to 4 peaked and
carhier summit (a b) The systolie pressurc tiken at this pont docs
not deviate greatly from that m the norta butit may be a ittle higher
depending on the state of contriction of the mu cular arteties Having
passed the peak the pressure falls smoothly to a lower level durmg
late systole {(b-¢) and early drastole (c~d) to the dicrotic notch (d)
and thereafter acquires a promunent dierotic wase {e~f) supertmpo ed
on 1ts slow diastolre deeline The end dinstolte pressure ag 1un 1s perly
equal to that of the aorta

Simular changes take plice m the femortl pressure pul e but the
nise 13 much more abrupt the peak 1s sharper wnd the sy stolic pres
sure reached exceeds that of the aorta, often by 1s much as 20 or 30
mm Hg The diastolic dechne of pressure during late systole (b—c)
and earhy drastole (e~d) 15 also more sbrupt and the dicrotie notch
and waire become more conspicuous than m records from the radil
artery It may be added that stmular pres ure pulses recorded from
still more peripheral arteries such as the dorealts pedts show ¢ien
greater augmentation of the svstolic pres me Obviously a hemody
namic explanatton 1s required whieh enablesus to comprehend how an
onward moivement of blood can take plrce during systole when pres
sure 1s higher m the femoral artery than it 15 1n the aortr An ansuner
1s found 1n the fact that the pressure peah ss reached later m the
peripheral than in the central 1essels aortic pressure exceeds fomoral
pressure significantly during the early portion of systole but a re
\erse pressure gradient temporanly supert enes dunng the latter part
of gystole which actually allows 2 backflow of blood tonard the
aorta? *

The Phenomena of Damping and 11 ate Summation \ clear under
standing of the problem demands an wnalysis of the hemody namic
phenomena which bring about temporal distortions of pressure pulses
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1 different arterics The transformation of the central to the peripheral
pul ¢ takey place chiefly throu h the operstion of ino majer fartors—
damping and wave summation

1 [he visad blood m the elastic compresson «harber acts as 8
hquid shoch absorber by sittue of which munor abrupt pressure
changes are smoothed away and the rates of pressure nice and fall
are retarded Thiy phenomencn 13 called damping \s & result the

o o) 02 a3 04 o5 06 o7

Tt 4 —~Puagenm B tratmg the § nnespl 8 of dampng and wave summa
tion Wi the arterial gystem 1 sertic pressure pul @ B changes n contour and
smphtude due to dampsog, € natuve of rebound save D summation of curves
Band € Ordinate pres ureinmm Mg 3se ea finewn 0 1eee

contaur of the contrl presaurs wave L s dnnged to that of ware B
w figure £

2 The forw wrd impulee of the centnfugal pressure wate causes the
blood column to rebound {rom regionsy of suddenly merevsing re
astanee thus L1, N« 10 3 decrementing diphasic centnpatal wave
«arch s dfustrated mocurve C of fgure 4 Simce both of these nares
are present n the same suster of tubes they sumimate and cause a
resultang pressure pufse <uch s i shown w curve D of figure 4 Thy
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obviousty hoas 4l the distingunshing, coarctenstics of porpheral pulses
exhibited i figure 3 the pressure continues to rise ~o that i the radial
artery systolic pre sure agam equals that i the aortn and mn the
femoral and dorsahs pedis artenies 1t exceeds nortic pressurc by 20 to
30 mm Hg Similarly a summation of the two waves causes the di
crotic noteh and wave It 1s at prosent the consensus that the induced
osatlation 1s a stationary pressure nave m the nortt produced by a
positive rebound or reflection of the blood column from a point of
rapidly increasing penipheral resi tance which 1 effect reproduces
the phenoment phyvateally recogmzed m 1 o ed tube but the locus
of refleetionas not agreed upon Recent ob ervations® mdicate that
certamly under abnormal conditrons and perhaps even under normal
conditions * the induced oseillation may begin with a negatis e nstead
of a poaitive phase

Summanzing the sudden uptake of blood by the aorta dunng sy~
tole and the gradual reconversion of pressure energy to flow dunng
dinstole give nse to a charactenstic pressure pulsc 1 the porta In
its progressive transmission to peripheral branching arteries damping
of this fundamental wase tends to obliterate the finer osullations
to retard the rate of pressure ¢levation and to reduce the pressure
peak attaned However the sudden mmpact causes a reflected pres
sure waye which summates with the fundamental wave m such 2 way
that the peak pres-ure is restored to aortic systolic levels as m the
rachal or exceeds it asin the femoral In addition the diastolic mb
15 distorted by the accession of a negati e dicrotic noteh and a poutnne
dicrotic wave As a result of the changes 1n the <ystolic portion of the
peripheral pressure pulse a large volume of blood 1s first moved on
ward n the femoral artery during early systole but 2 part of this
blood flons back dunng the latter period of «ystole

Human Systolic and Dhiastolic Pressures

The maximal and munimal pressures temporanly present in any
artery—by defimtion the systolic and diastolic pressures—ean now
he recorded from accessible artenes by use of calibrated hy podermic
manometers and they hat e even been recorded from the norta through
use of mntra artenia) eatheters The e momentary pressures can of
course be more convemently measured by means of modern sphyg
momanometers with the axd of proper techmc? Comparison of
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direct and direct methods for determmng arterial pressure in the
brachial artery mdiates that systohiec and diastohe pressures can be
determined with reasonable aceuracy when the respective cuff pres
sures are read at the time that ounds appear and disappear 1n the
cubital artery 7 The theoretical prnerples which underhe the use of
these sound phenomena as critera of sy stolie and diastolie pressures
can be illustrated as m figure 5

v 7
120 sounss
00 '::,f\

3 —
ot * nf\ ”
0 PRo ML 1. [

Whuiat e
40 PRESIUAT ERnewa YA
Laama §
L)
BT B
SaTAL 2t ras 30 Taw
AL N i B A ey
g IF ety
Fic 5 —Diagrams 1nd cating th 1 or of

systohic and diastolic artenal pressures by palpation and auscultation To
right dyvnamic con litions during com lete ocelusion of 2 compressed segment
Tol ft dynamic conditions 1nproximal an 1distal arteries ncluding intensity
of anscultatory 8 un Is during s ral decompression cf artery Ordinates indy
cate 1ptra artenal pressure except last column of numerals which ndicates
cuff pressures

4s long as extra artenal pressure evceeds intra arterial vstolic
pres ure {left dia,ram} the artenal segment under the compression
cuff remains collapsed The arteries distal to the cuff empty and at
tamn equilibrium with capillary and venous pressures at approvi
matelv 20 mm Hg Systohe pressure m the prouimal artery rises a
tnfle ahove 1ts normal value owing to an impact and reflection of
pressure from the orcluded vessel (Malthy and VW iggers®)

When pressure 1n the cuff 13 allowed to fall progressively to or below
intra artenial diastolic pressure (nght dizgram of fi, 8) larger and
larger segments of the provimal pressure pul e penetrate the com
pressed segment with the re<ult that the distal artenes fill and the
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peripheral pulse increases up to its norm il amphtude Simultancously

hy drauhie disturbances and, or changes n the wterrl walls take place
which are responable for the sharp snappmg, ausculttory sounds of
mereasing then diminishing mntenaty (fiy, 5)

The dynamic mechamsmes nhich erete the horothoff sounds and
the factors which determme their waving and wanmy, as extra ar
tenal pressure falls to diastolic levels are not wholly understood
The sharp snapping character of the ¢ sounds mamfested althe on
auscultation and regsstration * would ~cem to preclude their causation
by turbulence penpheral to the cuff for turbulence usually gne
rise to murmurs not snapping <sounds However turbulence may be
a sccondary factor when a distinet murmurtsh phase develops In
1919 Trlanger® presented experment il ev idence which w 1s consonnt
with the view thata water hammer effect 15 imduced as blood rushes
mto the opening artery at ngh veloaty  Subscquent obser ations®
on the mavements of an wolated artery in 2 compres ton chamber
brought to light evidence which seemed meompatible with such an
explanation Ihe fuct that sounds arise mn the distal end of the com
pressed vessel and start as soon as the compressed scgment contains
a small  diastolic readuum  led Irlanger to the condlusion that a
vibratory stute develops as soon as the trusmitted wawe passes
through a partially filled un tretched vessel It nereices as the din
stohic 1 during, decomy 1t d hes when
the vessel comes under tenwion and disappears completely when the
vessel 1s fully opened Simultaneous registration of pulses peripheral
to the compression chamber while an artery w1s being compressed
revealed the eustence of a series of harp wavelets the most prom
ment of whieh was usually negatne immediately abead of the nsing
Iimb of the pulse The first horothoff sound became audible i the
arlery beyond the compression chamber simultancou Iy with the
deselopment of these waselets As decompres 10n proceeded the re
corded wavelets mcreased in amphiude and compleuty mounting
on the anacrotic hmb The snapping sounds were thus attnibuted to
this 0 ciled  pre anacrotic phenomenon  later aseribed by Bram
well! to the breaking of a wave front In 1931 Irank and Wezler® re
described the phenomenon and coneluded that it 1s produced by Tongt
tudinal stretcnng of the arterial walls However Frlanger® 1 1910
<howed that this 1s not a necessary conditton for deyelopment of the

anaerotic phenomenon
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The nppearance of the pre anacrobse vibrabions supentmposed on
the pulse wases at various stages of decompression are shown m fig
ure 6 Numersls have been arbitranty asngned to mdicate the relation
of cuff pressures to assuraed mtra artersal svstolie/diastalie pregsures
of 120/80 As slustrated 1n the lonest curve one of the early pulces
to traserse a compressed segrment of artery 13 chatactenzed by a smalt
negatny e dip and a very steep posttive efes ation followed by another
dsp and a few after vibratians These probably represent the first
snapping sound which 13 heard The pre ancrotic 1ibrations are

80 —
SO my ~

|00

| 1O ey
S

Fiu 6 —“ecres of actuat pre sure pulses showing pre anacrotic phenomena
foltawe EEy pr ssure pulse dusing various cif preesures whew artenal sstolic
and diastolic pressures are a sumet 10 1 e 30 sn3 50 mm Hg respertsvely
Thacuseion t text

succeededt by & slow pressure wave of small ampltude As decompres
ston proceeds (cunes at LG 100 mm Hgestra arteral pressure) the
mttal sharp negatsie ovaillation 1s folloned by steeper nses and larger
after vibrations apparently related to the maewmg mtensity of
ageyltatory sounds 1hey are followed by progre sively harger pulses
which «tart from tapher and hidrer smbial levels  As extra artenal
presaure {at sbout 90 mm i) approrwhis mira artesial diastoli
prossure the vibrattons beeome cuarser and mount lugher on the
pxcuudiog Timb $resumably when evtra trtertal preswure st 80 mm
Hg equels mtra artenal diastolic pressure the sharp sound vibrations
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disappear and a pure pul e waie 1s recorded That such registrations
actually incorporate both the transmitted pulse wasve and the sounds
heard on auscultation cannot be questioned Their mterpretation 1s
still subject to personal opmion The author 1s not wholly satisfied
with Bramwell 8 breaker hy pothews 2 The very steep rise of pressure
displayed 1s certamly suggestive of a water hammer effect *

Factors Affccting Systolic and Diastolic Pressures In normal indi
viduals having a systolic pressure of approumately 120 mm Hganda
diastohe pressure of about 80 mm Hg the equilibrium of the artenal
system 18 such that the rhy thmie discharges of the left ventricle main
tain a small reserve volume in the arterial compresston chamber
while the outflow from the arterres into the capillares during sy stole
and drastole equals the stroke solume Whenever this equilibnum 1s
disturbed by changes in heart rate strohe volume penpheral re
sistance or arterial distenstbility the penphcral outflow s dispro
portionate to the mput until a new state of equibbrium has been
estabhished WWhen this has been attained the normal relation of sys
tolic to diastolic pressure 1s altered The nature of the changes 1s
studied to best advantage i artifical circulation sehemes m which
one factor can be altered at a time Such studies 1llustrated in figure
7 have shown that an increase 1n heart rate elevates diastolic pres
sure more than systolte thus reducing the pulse pressure increase In
stroke volume raises sy stolic pressure more than diastohe thereby in
creasing the pulse pressure Augmentation of peripheral resistance
elevates diastohic pressure more than sy stolic until diastolic distens:
bility begins to duminsh drastically then systolic pressure nises pro
gressively faster than diastolic until the pul e pressure actually ex
cceds the normal As illustrated by the solid hmnes in figure 8 the
change 1n trend normally occurs approumately at levels of 100 mm
Hg of diastolic pressure but considerable elevation of diastolic pres
sure (to approximately 150 mm Hg) 1s required before the pulse pres
sure exceeds that existing at normal diastolie levels If however the
distensibility of the artenal system 1s reduced by pathologic processes

(s artertosclerosts and perhaps through functional changes
arterial walls) the pulse pressure amplitude begins to increase at
Jower diastohic pressure levels This 19 flustrated by the solid plus the

dotted lnes m figure 8
The dynamic changes responsible for the relatine changes 1n sy stolic
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and diastolic pressure and therefore i pul e pressure amphtude
de<erve a more complete analysis Comprehensible theoretical ex

Fie 7 —Records ol tained from attificial eirculation model illustrating ef
fects on systohic and Da. tolic pressure during and after (x y) alterationof van
ous factora separately 4 effect of increasing heart rate B effect of increasing
stroke volume C effect of increasing penipheral resistance within constant

ranges of artenal distensibility D effect of re Jueing distenmtility of arterial
By stem

planations can be ha ed on postulations which involse balances be
tweert the systolic input 1nto the aorta under different degrecs of dis
tention and the relatine outflow from all branches of the artenal tree
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during systole and diastole An 1y tration to which such an analysis
fortwitously applics may be gnen Suppose the heart beating at 75
beats per minute delivers strohe volumes of 70 ce each mto an elastic
aorta Sufficient blood 1s moved along so that we may assume a rm
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Fio 8 —Diagram illustrating the anticipated changes in pulse pressure am
plitude at different diastohic pressures in normal artertes (soltd lIines) and 1n
sclerotic artertes (solid plus dash hines) Discussion 1n text

off from the whole arterial tree of 2u cc dunng systole and 45 cc
duning diastole If strohe volume peripheral resistance and gortic
distensibalits rem-un the same while the heart rate increases to 90
beats per minute the reserve volume in the arterial system becomes
greater and dastolic pressure 15 elesated When an equilibrium has
heen attaimed relatively more blood leaves the peripheral artenal
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system durng systole owmg to the elevation of mean systolic pres
sure and less runoff during drastole owing to the abbreviation of this
penod Since more energy 1s converted to flon dunng systole and less
proportionately during diastole <ystolic pressure 1s rarsed less than
chastolic pressure Hemodynamie studies!® have shown however that
this type of logical analysis does not hold mn the case of other deter
minants of systolic and diastolic pressures and mdeed 1s not the basic
explanation for effects produred by heart rate changes The dynamie
considerations even fail in simple eireulation schema in which flow
from a single tube with a controllable termmal resistance 13 u.ed
For example when heart rate stroke volume and artenal distens:
bility all remain constant an inerease i peripheral resistance causes
a relatively greater elevation of dwustohe pressure and a smaffer pulse
pressure  According to this concept one would need to postulate a
redistnibution of penpheral efflux so that <ystolic outflow heromes
relatively greater and diastolic outflow relatnely less than under
control conditions It has been shown i areulation models™ that
contrary changes occur svstolie runoff 1s relatiely reduced a tnfle
and duastolic runoff corre p l d The situation becomes
even more complicated when the runoff from the arterial tree oteurs
through numerous branches with widely differing lengths and df
ferent coefficients of elastirity

A better explanation 15 based on the relation which exasts between
the total volume of the arteral tree and the systolic uptahe dunng
1entnicular contraction As long as the volume elashaty coefficient
remains relatively constant this 1s expressed by the formula

Py
FV =k

1 wihich [ 1s the actual volume of the elistic artenal svstem di the
sudden increment n 11s volume and dp the udden mcrement of
pre sure produced Translated the formula can be wntten
pulse pressure
stroke yolume

During, rardiae aceeleration the stroke volumc remuns unchanged
but since the diastolic volume of the artenal system merea es pul e
pre sure must necessanty decrea e to halance the equation

Thith merer ed systolie di charge the stroke volume increases more

> diastohie volume remuns constant
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than the diastolic volume of the artenal system and pulse pressure
must necessarily inerease to balance the equation

With augmented peripheral resistance to outflon the diastolic
volume mereases while the systolie discharge remainy constant As
long as the cocfficient of clastictty remauns unchanged the pulse pres
sure decreases Under greater degrees of distention the distensibility
of the artenal system decreases rapidly so that greater pressure m
crements are required to stretch the walls and accommodate the
normal systolic discharge Therefore systolic pressure mounts pro
gressively with inereasing peripheral reststance until the pulse pres
sure exceeds the normal {(hg 8) Sumlar supernormal pulse pressures
can however develap at lerably lower d i when
the distensibility of arteries has been reduced When puI~e rate strohe
volume and peripheral resistance remam unchanged reduction m
aortie distensibiitty per se causes a shght decline of diastolic pressure
and a constderable n ¢ of systolic pressure with pronounced inerease
m pulse pressure (g 7)

The Clinical Importance of Arterial Pulse Tracings

‘The pulse represcnts the changes in diameter of 1 essels produced by
nternal changes in pulse pressure Since a lag 1n the response of arterial
walls to tnternal pressures ecalled hysteresis has been observed ex
permentally m excised artenal stnps ' and in the aorta i situ follon
mg protracted and drastic changes i diastolic distention ¥ the ques
tion arses whether the pulse recorded from large arteries faithfully
depicts the form and magnitude of the pressure pulae There 18 no good
evidence that hysteresis under stabihzed e Simul
taneous registrations from the mnterior and exterior of & vessel gne
curves which are identreal within the limits of measurement the
finer vibrations whieh oceur during 1sometric contraction and during
closure of the semilunar \alves are accurately nscribed on central
pul<e tracmgs at proper pr0<~ure levels

Artenal pulses can be di from 1 artertes
by firmly pressing a small funnel over an artery and connecting this
with an optical recorder (see nsert fig 3) Regstration from deeper
artees such as the radial requires the use of special mnstruments
called sphygmographs the prneiples and operation of which are de
senbed elsenhere

1 'y
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Typieal subdlavian and radial pulses from a normal subject are
reproduced 1 figure 9 It wall be noted that therr contours confarm
essentislly to that of pressure pulses deprcted in figure 3

Clinacal Information Derwed from Central Pulses The durntions of
systole and diastole and of the whole cyele Live nformation repard
g temporal events of the cardiac cycle Normally, a definite and
almont constant hinear relationship eusts between total systole and
cycle length This 15 the g0 called S/C ratio Graphs and formulae

'
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Fia 9 —TTuman subelavian and radial pulses showing correspon lence ef eon
tours with those of intra nrienal pressure pulses Compare letters s 4 jn ope
records with those wn Sgure3 By placing eystohe and disstolie prossares datpr
mine by epty gmomanometry to top and bottom of 6uch eurves an or linate
scale on left ean be constructed Discussionin text

for the expteted average durations of systole ab dyfferpng Jgry rates
have been constructed by different investigatorgis 2 Drviations
from the normal standard can be measured A permagent nerease
the period of systole more than 0 2 second beyond th, figure, char
actenstic for o grven heart rate suggests that the diastolye ma of the
ventricle 13 mereased This may be caused by 8 greager s opione v
tum or through accumulation of blood dunng COMPH atea] pather
logie conditions Excessive abbreviation of systgle when the hes”

rate 1s rapid 13 frequently indieative of a predomypg, aceclers T

nervous or adrenergic humoral mfluence Systole 4 alsy decres™
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dunng myocardial fatlure such as supervenes durng anoxia atnal
fibrillation valvular msufficiency  or hypertension In such cases
abbreviation of ejection 1s usually ascocrated with an elevation of
venous pressure and merease m diastolic uze

The contour of the central pulse gives useful information with re
zard to the discharge process of the left ventricle under abnormal
conditions Several typical deviations from the normal are <hown
figure 10 When peripheral resistance 1s lngh and the aorta 1s normally
distensible the pulse exhibits an 1nitial steep rise follened by a nsing
plateau until the ineisura VWhen aorhie re 1stance 1s low while the
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DIMINISHED b aorTic
DISTENSIBILITY STENCSSS ACRTIC INSUFFICIENCY
Fro 10 —Illustrations of changes in cantnur and amphtude of subclavian

lar conditions D m

and radial pulses under
text “ote changes in transmission rates

stroke volume remains good the pulse curve displays a preliminary
peak due to a momentary fing of blood m the lax artenal system
This 15 followed by a lower systolic summit suceceded by a rapid de
chine and a deep mnaisural drop to o low diastolic level When the stroke
volume 1s small the pulse displays a smooth rounded curve during
systole and & lon flat segment duning drastole Dimmished distenst

bility of the aorta 1s charactertzed by a rapid ascent of 2 large pulse
wave o high masura and a gradual asymptotic dechne during dia

stole Lesions of the sortic valves cause distinctive pulse patterns
Aortic stenosis results in a small pulse imtiated by a brief sharp nse
which 1s succeeded by a sharp anacrotic mesura This 1n turn 1s
{ollowed by a slowly nng sy >tolic plateau upon which murmur sibra
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t1ons are superimposed Aortic regur,itation 1s always accompamed
by alarge pulse for the diastolie pre sure 1 low and the pulee pressure
large the magmtude of the regurgitation 1s yenerally reflected 1 the
diastolic decine 1 small leaks the decline oceurs gradually during
duastole 1n large leaks 1t takes place immediately after the masura
The reasons for these changes wre discussed m Chapter T

Clinical ¥ aluc of hodial and Femoral Pulses While the registration
or palpation of these pul es offers a convenicnt method for estimating
heart rate and for discovenng or esen identifying arrhythmias 1t
should be apparent that their value mr estimating performance of the
left ventrie 1s decsdedly reduced by virtue of physical changes
transmission ot the pressure pulse Nevertheless <ignificant changes
accompany some of the conditions discussed above Tor example m
arteriosclerosis the approach to a more ngid state allows a more
rapud and faithfuel transmi sion of pre ure to the periphery so that
as llustrated m figure 10 a4 definite incisura may be present Tn states
of high prripheril resistance or reduced cardiac output the curves
are chiefly charaetcnized by changes m their amplitude In aortic
stenosts the risc of the ascending limb 1s very much retarded ind may
display an anacrotic notch The chief charicteristies of <evere aortic
msuffictency consist of a rapid 1 e of pressure to a hioh mraumum
gnvng rise to the palpatory sensation deseribed as water hammer
and a rapid declme of pre <ure with abolition of the dicrotic nave
decribed as the palpatory scusation of collapse The water hammer and
collap g features together constitute the Corngan pulse

Reconstructed Pressure Pulses tn fan Obviously the pul e curves
just described give only the contour of pres ure vanations within an
artery they are devoid of ordinate values If at the time that central
pulse traangs wre recorded systolic and diastolic pressures are meas
ured m the braclual acters 1o great error 1s eurred m plaang these
values 4t the summit and foot of an arterial pulse and subdviding
these pre sure values proportionately over the <pin Thrs procedure
15 shown i figure 11 In this way a pressure pul ¢ such as could be
recorded ditectly from the mterior of n artery can be recon trueted
with a reasonable degree of fidehty

Trom such recon tructions i which the ordinate <cale 1s projected
to zero 1t 1s po sible to make a number of constructions from which
important dyvnamic mformition can be derved For mstance a pres
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sure pulse (sthematieally shown n figure 11) may be integrated to
determme mean pres ure (P,) durmg any «vele by measunng the
pressure area under such a curve and determsming 1ts 2y erage height
Since such mtegration takes cognizance of the contour of the pres
surc pulse the mean pressure <o determined 1s more reliable than var
wus propo ed formulations which arbitranly estimate /. as one
half systolic + diistohe prewure or diastolic pres ure + § pulse
pressure etc Obviously uch mean pressure 13 only a theoretic one

mmilg
150
B C
100 _ Pst . i
< [~ S~ fm
X E Pdm
50
0
p3) G

F16 11 —Diagram illustrating the 1ntegration of a central pressure pulse
for accurate determnations of mean eyche pressure (I ) mean systohie pres
sure (P ) mean disstolic pressure (Pem) and the fractions of systolic mean
pressure which represent static effort (1) and dynamic effort (\) Discusston
1n text (After C J Wiggers Physiology of Shock courtesy of the Common
wealth Fund )

out 1t 1s highly mmportant i caleulating peripheral resistance (see
below) It 1s also possible to determine the mean pressure which ex
1sts during systole (P a) or diastole (Py,) respectively by conserting
the pressure curve during these phases into tno theoretic rectangles
(ABCDand DETF G ) Under certain conditions s hnowledge of
the systolic and diastolic mean pressures s very important The mean
diastolic pressure 15 a dominant determmant of coronary flow whereas
the mean systolic pressure (P ,,) rather than the mean cj che pressure
(P.») should be used i calculations of cardiac work In artenosclerosis
aortic insufficiency  and hyperten 1on P greatly exceeds Pen mdi
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cating that the runoff from the artenial system 1s much greater during
systole than dunng diastole The capillary pulse often observed m
these conditions 1s thus explained by the altered dynamucs of the eir

culation Unfortunately changes from normal P /P, ratios cannot
be used as a quantitative index. of the relative mflux nto capillaries
during systole and diastole Apparentls different lengths and diame

ters of artenes leading from the «orta to capillanes affect regional
outflows through vanable damping and peripheral pressure chamber
effects **

The pressures during sy stole can agam be divided into components
Hlustrated by the areas X and Y of figure 11 The total pre -ure energy
represented by area Y equals the pressure energy that the left ven
tricle 1s required to expend as static effort 1n maintaming pressure at
a diastolic level If the ventriele should deyvelop only suffictent pres
sure for this purpose as frequently happens in early premature con
tractions no ejection could oceur (see Chapter III) The pressure de
veloped over and above thrs (area X) on the contrary 1s expended 1n
area \
area Y
ean be recorded as an dex of the economy of effort duning ejection
(Wiggers and Luatz 1) While such a quottent 1s not equivalent to the
mechanical efficiency of the left ventricle (work energy total energy)
studies on the energeties of muscular contractions suggest that it may
under varying dynamic conditions alter directionally 1if not quan
titatively as the mechanical efficiency

Estrmation of Stroke 1 olume and ( ardiac Output VMany attempts
have been made to utihze data supplied by pres ure pulses for est:
mation of stroke volume and through multiplicatron by heart rate
of cardiac output per minute The simplest ertterion involses the use
of pulse pressure In 1904 Erlanger and Hooker® suggested that the
pulse pressure 1v dominantly affected by changes in stroke volume
thus the product of pulse pressure and heart rate should serve as
fatr tndex of directional changes m cardiac output Whale this ertterion
mav have some predictive value when its use ss imted to the study of
changes m cardiac output 1n the same subject the current consen u
15 that 1t 15 not relible in companng the (ardiac outputs of different
indivduals because the artemal distenabilits encountered in differ
ent ndividuals vanes <o greatly ! Attempts to take cogmzance of the

the forward movement of blood Consequently the quotient
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distensibility characterstic of the aorta by reliting pulse pressure to
PP P

diastolic mean  or some arbitrary salue (eg Pd + (?) (7.,‘)
PP
m? P—) have aleo not proved suceessful #

\ number of mvestigators hmve made serious efforts to employ
ather mformation supplied by pres tre-pulses m the calculation of
stroke volume A discussion of the e procedures would earry us too
far afield A summary ean be found elsewhere ** The technic requires
specialized traming to avord pitfalls VMost important comp irisons
of cardiac output by these methods and usc of the Fick prinaple have
not been found consrstently fivorable Those who report consistent
results admut that the mtegration proce s cwnot be applied to ab
normal types of pressure contours and finally  the procedure 15 as
vet not applicable to humn beings @ (See also lexander )

The Dynarucs of Iypertension

Chinieal studies strongly support the view that essential hyvperten
ston 15 not basically accounted for through merease in heart rate
stroke volume or blood viscouty  hence the mference based on
Porceunlle s Liw thit increased peripheral resist ince must necessartly
be the primary factor

The € oncept of Peripheral Resislance Rewistance to flon of blood 15
encountercd throuout the artenal tree To judge from the decline
1n mean ¢ clie pressure from the aorta to the termin il branches of the
artenal tree in normal subjects this resistance according to I rank
amounts to about 20 per cent of the total rewstance However the
minute vessel ncluding arterioles metartenoles and capitlanes
constitute the chief areas of changing pernipheral resistance The
adjective peripheral  therefore 1efers solely to the munute distal
ves els of the artenal tree regardless of whether they are loeated
the interior ot on the surfice of the body Some confu ton on this
pont octasionally armses because m chmed prictiee arenlation m
superfical vessels 13 also referred to as the peripheral arculation

Penpheral resistance 15 determmed by all factors which tend to
mpede the flow of blood from branches of the artemal tice These n
clude (a) passnve factors such as the equilibrium between mtra
and extrarascular pres ures and the rewistance offered by venous pres
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sure di tal to capnflanies and {b) active factors such as changes 1 the
cabher of artertoles produced by sasomnter action Physically and
according to Poseutlle s law resistance 1s determined by the char
actenstie of the tube {length/dumeter and hlood siscosity (1)) In
apphing Poreile s lan - denved from the study of flow through ngid
tubes to pul ating flons m cistie systems swch as the arteres a
number of re ervations must be made m aleulations  Lecording to
formulation peripheral reustance 1 w ually treated as thaugh the
dismeter and length of mmute ves<ls remam v entially constant
with mereasing pre ure wd durmg ch wpey of pressure w the cardisy
aycle \etually dircet microsopic ob ervations wndieate that ves els
evpand and reteact passnely with chges m presaure They have
alg revealed that the mimute ves el of many regions undergn 1
termuttent changes m size--sometimes to the pont of complete ob
hteration The fact that this mtermittence sicurs ont of phase n
different regrons prohably actounts far the relatrely con tant arterwal
pressure mamtamed m the larger artertes When these vamations be
vome synchromzed they gne mwe to the well hnown vasomotor or
Traube Henng naves of artertil pressure

In order to symphfy hemodvnamie andy s mall arteres and
artertoles huse generally been treated ad though they branched dd
chotomausly mto capiflarses and the rewetince has been computed
from the respective fengths and diameters of succe ne hnear <&
ments Such a wcheme fuls to trhe cogmzance of large and small
arteniovenous shunts the cepitlary  hunts de cnbed by Chambers
and Zwefarh m vscery the numdrous anw es m the pleen hver
and best ete 1he possshihty  hosdd be hept m mid that dasure of
arternos enous shunt~ aind cantraction of precamilary phineters rather
thu retnve change in the artenoles lewdng directly wnto capallartes
constitute the true stopeochs of the orealation The viceowty factor
which enters o } osewile s equation 13 4 trichy component to eval
uate i the bods The sy costy of blood predetermmned 1 vitro s
entirely ifferent from that of the same blood flowmg through capil
faries of o argan Thixt o put due to effects that the small &
ametcrs of eqpiiianes hwve on Vo and w part ta the wter
chang of phy ma whith takes phiee s the ¢ regions Al o the red
corpus ks sites 1n swre tn thew pr e through etpiliaries as & result
of the mterchange of gises The concentration of corpuseles whuch
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takes place particularly in the hidney after extraction of the glomeru
lar filtrate 1s 2 vivid example of changes 1n viscosity which take place
within the capillaries themselves

It 13 therefore not <urprismg that most observers have failed to
find a lear relition between pre sure and flow 1n most organs stud
1ed includmng sheletal musele kidney and lungs (Ior references
see Wiggers ¥) According to Green * the minute vessels may dilate
passively or new capillanies and -V antstomoses may open as
arterial pressure elevates from low to high levels The effect whieh
these passive changes have on ealeulations of penpheral resistance
must be established before 1asomotor action can be mferred from
pressure/flow relations

The foregoing discussion should make 1t obvious that changes n
penipheral resistance m any region cannot be dernved from simple
application of Poisewlle s Iaw Nor can estimates of changes m vis
coaity be deduced by juggling the factors in Paiseuille s equation
Many tyros in hemods namie mvestigation have fallen mto the e
traps

The Concept of Total Pertpheral Resistance The re istance of the
arterial sy stem cannot be caleulated as n a branching and rebranch
mg tube mn which all of the hquid flows through a single et of termnal
vessels of mmute size The arclutecture of the artenal tree 1s such
that organs and tissues are supplied through many parallel arcuits
each with 1ts own resistince A mechanical concept of such shunts
each with 1ts own resistance (ry ry 73 etc ) 1s schematized 1 the
diagram of figure 12

The term  total pertpherd restistance  (1PR) translated from the
German Gesam! Taderstandt  sigmfies the resultant resistance to
efflux from many parallel errants such s enist i the body Theoret
cally such a total resistance may be caleulated asm eleetric eircuits

1 1 1 1 1
PR R e et ¢

Since, under stabilized conditions the efflux from W1 of these aircunts
over a certamn time 1nterval equals the cardiac output over the same
period TPR ean be expressed as men aortic pressure duided by
cardiac output Such caleulations have been used extensively mn at
tempts to diffetcntiate changes in arteral pres ure due to cardiac
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m others Wlile 1t 15 the consensus thit such Cileulations of PR n
the presence of moderitc chnges i mean arterial pressure lo mdicate
chirectional changes 1t 1s not a necessary anference that such changes
are acconed by 1 womotor actton Tinally the fuct that PR can
be expressed i numeric U units perhaps grves 1fal ¢ sense of qroantita
tiot which docs not exist

Umis of hesistance In electrical phy<ics the ritio of electromotne
force to current flow is dewignated by a unit hnown as the ohm It has
~cemed destrable to hawve sumular hydraulic umits of rewstance The
most widely used formuln reduees all values to e g & units

PR = MeW pressure x mm Hg x 136 x 950
cardiac output (cc /sec)

__mean pre sure x 1332

5
= o — = dynes sec/om
cardiac output {cc /~cc ) i

Lhe author has designated this as the ab olute umt (au ) but owmg
to 1ts small magnitude a lwge ab olute unit (3 U) cqualing 1000a v
secms more seriiceable mn the study of territonal resistanees * In
order to avoud caleulation of mm Hg mto absolute units Green end
his associates * <uggested 1 umt PRU an abbreviation for the term
penipheral resistance umt s 1 defined as

mean arterial pressure {mm Hg)
flow 1 ce /min

This umt 15 however so large that TPR would cqual approximatels
100 PRU Bazett has suggested the formula

R = gmean artenal pressure (mm Ig)
cardiac 1ndex

which gives @ normal value of about 100 However 1t has been ques
tioned whether 1t 1~ destrable to mtroduce suriace arca mnto such equa
tions A unit suitable for all occasions has so far not been evolved
(See distusston Wggers )

The Interprelation of Changes in Pressure Pulses and Pulse I ressure
of Hypertension If 2515 generally eonceded hypertension 1s chiefly
oceasioned by Increase i peripheral reststance, the pulse pres ure
would be expected to dimtnish at least untit diastolic pressure ex
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ceeds 100 mm Hg Actually climeal studies have revealed that sve
tolie pressure 15 eley ated comparatnely more than diastolic and that
the pul e pressure exceeds normal values The explanation would
appear to be that the processes which cauve contraction of the ar
terioles alo act to reduce the extensimlits of larger arteries com
prising the compression chamber and thus virtually act as milder
forms of arterio clerosis The following evidence has heen brought
fornard on previous oecasions * *7 to support this theory (1) If ne
compute total peripheral resistance (TPR) in normal subjeets and mn
patients with varving degrees of hypertension the curve of TPR
and mean blood pressure are not parallel mamv discrepancies exist
between the degree of hypertension and ealculated PR Thus cases
are found 1n which a hugh mean pressure 15 associated with a nearh
normal TPR and others m which a relatny ely <hight elevation of mean
pressure shows a lugh TPR (2) If the central and peripheral artenal
pul es are recorded from patients having diastolic pre~ ures over 90
mm Hg and a high systolic pressure they fail to show the contour
changes charactenstic of an mecrease m peripheral resistance alone
All have earmarhs of pres ures t 1 over less distensibl
tubes asllu trated m figure 10 (3) Expernimental evidence has been
adduced that acute hypertension produced by va ocon trictor drugs
1s accompanied by a reduetion 1n the caliber and disten 1bihity of the
aorta !

If these hemodynamic considerations are correct the common m
terpretation of the significance of diastolic pressure readings mn hy
pertensive states requires reviston It 15 a common mmpression that
elevation of systolic pressure even though considerable 15 not too
serious as long as diastolic pressure remams lon According to hemo-
dynamie laws and the evidence which has been submutted 1t would
seem to mndicate a reduction of artenal distensibility 1€ erther de
velopment of artenosclerotic changes or dimnution of aortie dis
tensibihty due to funetional mechanisms

‘The real reason why a lngh diastolic pre wure 1s apparently more
unfavorable for the left ventricle can be clanfied by agamn refernng
to figure 11 It 15 obvious that the higher ihe diastolic prew ure the
greater the static effort (1) which must be developed before blood
15 ejected 1nto the sorta Con equently the question presents 1t elf
whether the left ventricle contracting against a higher dia tohc pres

-~
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sure operates less efficiently than under normal conditions To study
this problem Wright and his assocites™ compired the economy of
effort in hearts of 81 normal and 54 hy pertensive subjects by determmn
g the ratio of the static and dynamic components accordmg to the
method outhned Their survey revealed that the economy of effort
1in hearts of normal medical students nstructors and attendants
ranges from 0215 to 0880 with a median of 0428 Ijpertensne
patients showed a wider range of the index namely from 0220 to
1030 However 70 per cent had an index above 0428 the meduan
of the normal group The encouraging fact emerges from such studies
that a large proportion of hy pertensives display an economy of effort
dex which equals or exceeds that of normal subjects Analyzed with
respect to age persons 50 years of age or more tend to have a better
econom;y of effort index than younger hy pertensives

Summary

1 The factors concerned with the flow of blood 1n the artersl 35
tem are basically expressed by Poiseuille s law  but this formulation
describes the dynamics of pulsating streams 1n elastic vessels only
partially

2 Each ventnicular systole forces blood into an already filled and
stretched aorta partly by moving the eusting column peripherzlly
and partly by further distension of the aorta and 1ts branches Dur
ing diastole the gradual recoil of the elastic wtlls causes the flow of
blood to continue out of the artertal system through artertoles nto
capillanes The steady flow through capillaries 15 thus achiesed by
the compression chamber funclion of the aorta and the volume of
capillary flow s determned by vasomotor changes in artertoles wiieh
act as the stopcocks of the curculation

3 The phasic changes of pressure durmg svstole and drastole—
directly recordable from the artenal system—are called the pulse
pressure Lhe haghest and lowest pressures momentarily reached dur
ng systole and drastole respectively are by defimtion the systolc
and dastolic pressures and therr difference 1s the pulse pressure The
changes n the diameters of large arteries wlich conform to internal
pressure changes constitute the pulse

4 The contour of the central pressurc pulse 18 altered 1 its trans
mis 1on to peripheral arteries such as the radial and femoral by
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(a) damping of the basic transmtted pressure wave and (b) by summa
tion with a diphasic reflected wave The former tends to reduce and
the latter to rase sy stohc pressure over that i the aorta
5 The mechamsm of the Korotkoff sounds commonly employed
as critena m the estimation of human arterial pressure 1s discussed
6 The relative changes 1n systolic and diastohe pressures often
allow inferences as to the cause of blood pressure readings which
destate from normal standards Thus assuming a normal state of
artertal distensibility pulse pressure mcreases as a result of augmented
strohe volume 1t 1s reduced by cardiac acceleration and up to dia
stol pres ure of approximately 100 mm Hg by imereased peripheral
resistance Above this diastolie pressure and at lower pressures when
aortic distensibility s reduced pulse pressure increases steadily The
reasons for these effects are given
7 Properly recorded pulses from central arteries permit important.
deductions regarding cardiac behavior (a) by calculation of the tem
poral relations of systole to eycle length (S/C ratio) and (b) by dis
tinctive changes n pulse contours The latter are described and 1l
lustrated
8 Central pulses cin be converted to central pressure pulses with
reasonable accuracy by placing systolic and diastolie pressure read
ings obtained from the brachial artery as ordinates for the summts
and troughs of pres ure curves Through integration of such curves
mean cyclic mean systolic and mean diastolic pressures can be est1
mated The value of each of these 1n hemodynamic analysis 13 dis
wus ed Peconstructed pressure pul es also enable one to evaluate the
economy of left ventricular effort
9 The architecture of the artena! system 1s such that many shunt
errcuits are derived from the aorta before 1ts bifurcation into the 1hac
arteries Each of these circuits has 1ts vanable regional re 1stance
The resultant or so called fotal peripheral resistance (TPR) 15 de
termined by 1anations 1n the vanous regional resistance A number
of units of resistance are defined and cautions are gren regarding the
possibihity of drawing unwarranted interpretations from numerical
data thus dern ed
10 The hemody namie principles discussed are apphed to the prob
Iem of human hyvpertension This condition 1s not sati factonly char
acterized as o i order of augmented total peripheral reststance
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reduced distensibility of large arteries organic or func tronal in nature,
must be assumed to account for the characteristic changes i artenal
pulses and pulse pressures The encouraging fact emerges that a large
proportion of hypertensines particularly n the older age groups
mantam an economy of effort of the left ventnde which equals or
exceeds that of normal subjects

REFERENCES

'Sasps JaNE Studies mn pulse wave veloests IIT Iulse velocity in patho
logical conditions im J Physiol 7/ 519 19%

*Bazert H C Corrov F 8§ Iapuace L B aspScorr J C Caleulation
of cardiac output and effective perspheral resistance from blood pressure
measurements w1th an appendix on the size of the sorta tn man Am J
Thysiol 115 312 193>

*Wricht G W anp Ineurs K Comparison of procedures for imcretsing
blood flow to hmbs using improved optical plethysmograph J Chn In
vestigation 19 273 1940

“Suipeey R L Greoa D E awp Scunorpen I' T An experimental
study of flow patterns 1o various peripheral arturies Am J Physiol
138 18 1943

#Wirrrtesey R T Dynamie changes 1n artenal pre sure pulses produced
by simulated ssccular ancurysm Am J Ihysiol 168 192 19,7

4 A\LEXANDER R S Faectors determining the contour of pre sure pulses re
corded from the norta Federatron Proe 1957 (in press)

"Borprey James III Covvor Cuamrtrs A R Hawniton W F Jere
W J asp Wiceers C J Recommendations for human blood pressure

by sphy ¢ 4 503 1951

#3Macvrey Aurce B oasp Wiccers C J Studies in human blood pressure
criterra and methods 1 Effect of partial and complete occlusion on actual
pressures 1n compressed arteries Am J Thysiol 160 604 193

»horvs H M The nature and time relations of the compression sounds of
Rorothoff 1n man Am J Ihsio]l 76 247 106

W IRLANCER J Studies 1n blood pressure estimatton by wndirect methods
11 “fechamsm of the compression sounds Am J Physiol 40 & 1016

t —— Studies 1n blood pressure estimation by indirect methods 11T Move
ments 1n the artery uuder compression during blood pressure determina
trons Am J Physiol §5 54 1921

#hraneLL J G The change in form of the pul ¢ nave in the course of
transmussion Heart 1% 23 1925

1Frank O aNp WEziiR B Die Bestimmung des Blutdrucks beim Men
schen Ztschr { Buol 91 439 1931

167 puavger J  Relation of longitudinal ten 10n of an artery to the preana

crotic (breaker) phenomenon Am Heart J 19 398 1940
1 Wiccers C J Influence of vascular factors on mean pressure pulse pres
sure and phasic peripheral flow Am J lhysiol 723 64 1933




BASIC HEMODYNAMIC PRINCIPLES 33

¥Hawtuzon W F ReEsineron J W asp Dow P Determination of the
propagatin selocity of the arterial pulde wave Am J Physiol 14§ 571
1945
Wiccers C J avp WECRIA R Active changes 1n size and distensibility
of the aorta during acute hypertension Am J Phvsiol 12, 603 1933
— Cireulationn Healthand D1 ease ed ° f hiladelfna Lea and Feliger
1993 Pp 190 &f
*Touearo W P anp CorE O M Duration of the systole of the lft ven
tricte of man Am J Phivsiol 77 263 19°6
* Wiccers C J  Ihymology 1n Healtl and Disease ed 5 Philalelphia
Lea and Febiger 194¢ Pp 6 9 and 08
t—— and harz L N Tte static and dynamie effort of the heart during
ejcetion 4m J Physol 85 29 19°8
* Hooker D R A\bLRUANGER J  An experimental study of bloo] pressure
and of pulse pressure Jhns Hophins Hosp Rep 12 145 1904
Iemiveron J W Noeiexk C R Hamturoy W F avp Gowp J J
Volume elastietty characteristics of the human aorta and prediction of the
strohe volume from the pressure pulse Am J Physiol 153 °98 1948
WicGers C J Pertpheral eirculation Ann Rev Physiol 8 %00 1944
Green H D Lewts B N Nicuer o N D ano HEwer A L Blood
flos perpteral re 1stance and vascular tonus with observations on the
relationship between tlond flow and cutaneous temperature Am J lhys
101 141 518 1944

*Wigoers C J Physical and p 1 aspects of and
hypertension Ann Int Med 6 17 193?
# —_ The dynamies of hypertension Am HeartJ 16 515 193

Wrtenr G W HaLcara¥ W R asp Wicesrs C J  Leonomy of effort
index for hearts of normal and Fvpertensive subjects Am J Physiob
196 89 1939



CHAPTLR II

Determinants of Cardiac Performance”

Durmng the past 50 years progress m the study of heart di case
has been achieved over diffcrent pathwavs ! \mong these i the <lin
1cal apphcation of mstrumentations and technies ongmally designed
m and hmeted to phystologie laboratories Suce my entrs inte med
1eal school 1 1901 T have witnessed the succesw1ve employment of
sphy gmographs phlebographs apex beat recorders sph}gmomunom
cters plethysmographs roent hs electr d and
phonocardiographs Some of these have not survived the dictates of
experimental fashions and are known to the prescnt generation only
as museum pieces or text figares 21f at all They were retircd from the
armamentarium of clinuians because the mformation gamed did not
appear commensurate with the time and effort 1equired for their
proper use With the development of lugh fidelity pressure recorders
1 laboratories and the demonstrited safety of arteral punctures®
and cardiac catheterization m hospitalst we hawve entered an era 1n
which cireutatory derang ments are beng intensnvely studied through
the interpretation of cardiac outputs and of pressure pulses recorded
directly from the cirdine chambers and large vessels The nterpreta
tion of axrculatory dynamies by such procedures requires not only &
comparison of data from human subjects 1n health and diseasc but
also the utihzation of nformation derned from more controllable
experiments on animals We can obstously not hope to comprehend
the processes through which organisms die unless we understand the
mechanisms which keep them alne

The purposes of this review are (1) to restate briefly some important
experimental results on cardiae performance (2) to re examine con
cisely the deduetions theories and concepts of cardiac behavtor to

Communication presented before Alphs of hentucky Alpha Omega Alpha
Lowswille hy Va3 18 1901 and zt Section Pattology & Physiology Amen
can Medieal Association Atlantie City N J June 13 1951

34
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which they have given 11 e and (3) to attempt a resynthesss of evi
dence mto a modern physiologic coneept of myocardial regulation
Such a process of moderntzation 1nvolves a dn orcement of factual
data from theories and the integration of successn e diseosenes with
classieal ones of the past When this 15 done 1t frequently happens
as 1 this mstance that very old laws of cardiac behavior have merely
been given more extended appheations rather than that escentially
new ones haie been discovered

Three Classic Discotertes

1 In 1869 a young Amencan Dr H P Bowditch undertook the
study of physiology mn Ludwig s laboratory in Leipzig His mvest:
gation on the apex of the frog s ventricle publi hed m 1871% has be
come a classic i physiology He showed that 1f the condition of the
heart muscle remains unaltered the contractions remain equal re
gardless of the strength of stimult apphed s Ranvier® expres-ed 1t
the heart s mottos all or none The paradox that the ventricles
can obviously alter the vigor of their contractions under normal as
well as pathologie conditions was explained by another observation
in the same mvestigation namely that excitation of the resting
frog s ventricle by successive shochs of the same ntensity at short in
tervals results 1n a progressive mcrease m amplitude of contractions
The phenomena called treppe or staircase 1s obviously occasioned
by the fact that each stimulus exerts a beneficial after-effect on the
responsi eness of cardiac mu cle

Summanzing the law of all or none imples that cardiac muscle
either does not contract at all or responds to the fullest extent but
the magnitude of the all or none response 1s determined by the in
herent conditton  of the muscle

2 In 1884 Howell and Donaldson’ presented unequiy ocal evidence
that the dog s heart has mtrmsic mechamsms by which its output 15
unicely adju ted to the venous mnput Using the \ewell Martin heart
lung preparation 1t was found that augmentation of venous mflon
to a heart wesghing 76 Gm caused the cardiac output to increase from
480 to 1964 cc per minute the strohe volume from 52 to 216 cc
and the nght atrial pressure from 10 to 60 em of blood The compen
satron for mncreasing olumes of venous return was not quite perfect
honever increses in output of the lefi yventricle lagged progressively
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behmd the available supply of blood 1n the venous reservoirs Upon
reducing venous mflow so that atral pressure fell to the ongnal level
of 10 am of bloud cardine output dropped to 400 cc and the stroke
volume to 238 ce which mdiated that the performance had de
teriorated shightly after a short perrod of stramn

3 In 1899, O Frank?® published his mnvestigations on  the dy
namrces of heart musele  His object was  to rorrelate as far as posst
ble the mechamical reactions of cardiac muscle with the well known
responses of sheletal muscle previously established by A Fieh J
von kries and Blix Tt <hould be recalled that these mnestigators
fiad established a relationship between the force of contraction and
the degree of stretch and ten<ion under which sheletal muscles were
placed previous to stimulation that s the so called imtial length and
tension Frank recorded 1semetnic and 1sotomc contractions of the
frog s atna and ventnele during vanous degrees of diastohe filling
and pressure He found that within Iimits stepwise mnereases 1n dia
stolie volume and pressure just before contraction—hereafter called
the presystolic tolume and pressurc—determme the magnitude of the
all or none response These studies emphasized that the cardiae re
sponse to artificial or natural excitation 1s determined wholly by
hemodvnamic events which precede excitation

Years of expenmentation have not only confirmed the basie laws
of cardiac behavior founded upon these observations but they have
also eluerdated the many vanables which tend to obscure their opera
tion 1 the control of the mammalian heart under normal and patho
logie conditions

The Law of Uniformaty of Behatvior

In 1906 Y Henderson® succeeded 1n improving previously u ed
p'ethvsmographie technes sufficiently to establish patterns of ven
tricular filing and emptymng under different circulatory conditions
A\ study of card nic records led Hend and s assouates’
to the conclusions (1) that the ventnicles have a fived pattern of re
laxation which determines their diastolic capacity as long as the
venous supply s at normal levels and (2) that further merease m
venous supply cannot sugment ventrcular filling and systohe di
charne Such a concept set un extremely fow hmut to the cardiac re
spon e to increasing mitral tension and length  \ccording to this view
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al-o the only way m which greater volumes of venous blood would L e
pumped to the aorta would be through an nfrease m heart rate
Lccording to bis faw of umformitsy of behavior  eardine output i
creases progressitely up to rates of 180 per nunute thereafter be
coming stationary and durwyg, extreme tuchy cardia damanhing rap
dly

A reapprar ab of Hender on s work sndicates that hrs analyss of
sentrienlar volume cur (s gives a valuable geometrie plan for c1al
uxting the effect of ye'e fength on systohie discharge and eardiae
output but his concluston that itreased venous return eannot sug
ment sentrcular fitling does not <eem t9 hase been supported by
vahd expenmental evidence Henderson was unqucstionsbly correct
in his deduction that ventrtcnlar filling oceurs largely m earh ustole
ag a result of 4V pressure differences but he underestimated the
additiond quantity of blood that the atna snject into the ventricles
partly beowee the slower beats m hi= expeniments were obtasnedd
dunnp vagus stimulstion and therefore assocated wath depre sion
of atria} contrartion

The Applicability of Laus of Instial Tension and
Length to Memmahlan Hearts

In 1984 the wniter™ reported ¢ ypenments which demunstrated that
every merease or devrease movotume of Bood retiuming to the nght
ateum wmuttaneously alters the minial tension hesght asd ¢ ontour
of the rght mntrasentneular pressure <urve Thewe expenments were
the first to demanstrate that the renctions established for the frog s
ventricle are also appheable to the naturally beiting nght veptricle
of dogs In breef the concunen vas reacked that the gradient, of the
wometrte pressire ri e and the pesk ssstolie pressure are determmed
by changes 1 the preystohe tension ae ong as mnrl.cd changes m
isherent contractihty are not i i) d
tal procedures

Concurrently and quite idependontly ather mi i ators netably
Stuhug and dus ascorted’ aud Strph 7 imvedsgated the effect of
changes 1 presy stolic tousponandiengthon o ponscsof ¥ obstedbensts
Suce the work of SEarhng, avd as group has aroused the greatest at
tention in rclation to chnel studies s reappr ssal of thewr ut extina
tians sl conetusons shauld be of timely mnterest The e miestagators

3 expermen
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utihzed their well known heart lung preparation® which was dewigned
to control heart rate mean arterial pressure and venous inflow, and
to sary any one of these factors at a time This was of signal im
portance despite the facts that the indivadual factors cannot be con
trolled as independently as the British m estigators beheyed and that
the dynamrc conditrons under which the heart operates deviate some
what from those which exst 1n the body "~ 7 The important results
and conclustons pertinent to our discussion can be summanzed 23
follows

1 When artenal ressstance and scnous inflow were hept constant
—within Limits of the preparation—i anations 1n heart rate from 60
to 160 per minuie caused no significant ehanges in cardiac output per
minute (Markwalder and Starling’) a conclusion diametrically op
poced to that of Henderson and his associates ¥ The inference was
drawn—and later 1t was cupported in a measure by registration of
volume curves—that ventricular filling 1s not dominated by a fixed
pattern of relaxation and elastic resistanee to filhng pressures (Pat
terson Prper and Starling!t)

2 At constant heart rate and mean arternl pressure progresene
augmentation of venous mnflow cwused progressne increases 1n dia
stolic size (stretch) systoh discharge and cardiac output per minute
up to a eritieal atrial pressure (compensation) Beyond this systolic
discharge and cardiac output decreased (decompensation) These
results were nterpreted as follows 1 compensitory merease 1n strohe
volumes tahes place as long as the tentricles can undergo additzonal
dustentzon When no further distention 1s possible owing to hmitations
mposed by the elastic ventricular streteh or the restraming acton of
the pencardium ** the rapidly inereasng presystolie tenston exerted
on mdividual fibers hinders the deelopment of contractile force
and systolic discharge dimmishes (Patter<on Piper and Starlng")

3 Dunng the compensatory state that s while cardrac output 1
creased with augmenting venous supply—pre sures rose par: passé
in both atria slowly at first and thereafter at a progressively mnereas
g rate During the stage of decompen ation {when cardiac output
of the left v entnicle began to dechine) pres ure rose rapdly in the nght
atrium but fell in the left {right heart failure) (Patterson and asso
ciates)

4 The fatigued or depressed heart could have an cutput equal to
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that ol a fresh heart but required o hugher atrial pressure and geater
presy stolie ventreular distention The corollary follows that at con
irolled heart rates the competence of the myocardum may be tested
by companng the systolie discharge at eqgunsalent ventous pressures
or by determunng the venous pressure fequired to produce equna
leat strohe volumes 1 tus procedure has been u=ed by hrayer'® in the
heart lung preparation and by the suthor'® i the mtact ammat

o In some expenments in which simultancous volume and pressuve
carves from the ventricles weve recorded 3t appeared that consider
able wcrease mn presyatolie veatrwular size took place whife the
presy stolie or mital tenswon i the left ventricle remamed unchanged
or actually fell (Patterson Piper and Stathing®) Howerer ot the ime
these myestigators worked 1t was not reatrzed that shght shifts m the
entire pres-ute eurse cannot be excluded unless a base hne for optacal
pressure curves 18 smultaneously recorded I'rom their cbsenvations
the nference scoraed warranted that the presystolie stze (streteh)
of the ventneles 13 not determaned solely by actual filling pressures
{mean atrial pressures) but 13 affected also by inherent vanations
thesr rate of relasation and elashic or tome resistance to stretchmy,
On the whole they beheved that the mammaban ventniele unbihe
that of the frog stucdied by Tranh rarely reaches a state of static
relaxation  before the succerding beat sapervenes

From these observations Stariing s oft quoted Jaw of the heart
was dermved 2 There is & general tmpres<ion that the graphie repre
sentation of the lan aften reproduced was by ed on data from theee
expariments The careful reader will discorer the frank statement
that the publinhed curves are reproductions of graphs previousiy
published by Bheand by O Frank (Patterson Piper and Starhngh)

B far our aralyss of the mechunieal condition of the heart s rontraction
does not dhffer easentsally from Franh s clwaieal exposition of the mechanseal
events sffecting contraction of the frogs heart In this worh howerer
Frank was dealing with contraetide tissve shich had long persods of diastole
so that 1t had reached & static conditson before the begmning of mvstole and
he found that the energy et free m the exaited condition (a8 mensured by
the tension set up) s a3 proportional to the mitial 10 dittolie tension on
the muscle But 1 tns case it 15 not vasy to decide wlhether the determumung
factor 55 reath the imtial tension or the smts ik length of the musele fibres

In the mammalien heart we sre deabing with s organ which 1 contract
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ing ripidly and rhethmicalh such contraction being n nece iy condition
for the preservation of its functional actnvity The condition of the heart
therefore as to both tension and length of 1ts muscle fibres 13 altering con
tinuously during diastole from one Leat to the next

In Frank s experiments on the frog s heart the imtul length was pro-
portional to the imtial ten.jon <o that the augmentation of energy et free
on contraction mught have been due either to the mcrey ed ten ton or to the
increased length In our experiments we have found that it 1 length rather
than ten 10n shich determines the energy of contraction

We thus find no constant connection betw een the drstohe tension and the
succeeding contraction though as a rule the e tno quantities will be sltered
together But we do find a direct proportion between the diastolie volume of
the heart (1e the length of 1ts muscle fibres) and the cnergy et free n the
following sy stole

The law of the heat 13 therefore the sume as that of sheletal mu cle
namely thit the mechanteal energy set fice on pa sage from the re tmg to
the contracted tate depends on the arey of chemically actine surfaces,
e on the length of the mu cle fibies Thas sunple formula scrues to explain
the whole behariour of the 1solated mammahian heart —ilg motement pouers o
adaptation to warying demands made wpon 1t s Lchaviour to faligue and the
influence of s nertes or chemical agencies such as acid rons or adrenalin
(Author s ttalies )

The baste 1dea underlying Starling s 11 of the heart nmels that
myocardial fesponse 1+ determned basically by the degree ta which
fibers are stretched has been supported with one exception # by all

ubsequent my estigators ™= Howcver attention may be directed to
the fact that all im estigators hase as umed the euistence of a lmear
relation between presystohie ventriculir eapaats and length of fibers
and between presystohic intracardiac pressure and mtial ten on on
muscle fibers The valdity of this assumption for the mimmahan
ventricles compo ed of complicated supertmposed muscle bands ar
ranged to pull 1n different directions has never been adequately ¢
tablished

In 1922 Wiggers and Ratz? restudied the mecham m of adaptation
to mcreasing Venous return by means of eardiometne techmie m &
controlled arculation preparation The preparition, as progressis ely
ymproved m subscquent re earches 1s diagrammatized i figure 13
The heart of a [ightly anesthetized dog 15 exposed under artificial
re piration just enough for the animal to retain natural diaphragmatic
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movements This offers a stmple mdication that blood gases remain
o sentially normal The eardiac nerves ave severed The heart rate is
controllable withtn wide ranges 1t 33 reduced to 40 or off per minute
by damping the smus node and then duvog the heart by eleetri
shoths applied to the nght atrum Y enous return ean be decreased
through graded compression of the mfertor vena caia ar mereased by
an mfusion of warm sabine into & jugutar vesn  The reduetion m bfood
visco ity which accompanies such infucion 1s adiautageous dynamse

ed

Ft 13 ~Deagram h estsculaty n
far &ty Lyang seyarate detcraunaaty of vertriealar reapon  Dseusa 8 o
text

ally for st has proved just about suflivsent to mamtain o constant
i wtobe pressure despiteincie wing strohe yolumes  wrtenal resatance
rar be controlled by tightewng or loo cnag an adjustable elamp
placed around the lowest portion of the theracse aorta

Y olume curves of the ventricle are recorded aptically together with
artertal pressure pulses ts de enbed ef ewherc* 2 Typreal cunyes are
<hown 1 figure 14 The volume triangs descend wath dimmution of
ventnoular volume dunng systole and nse durmg diastolic fithng
Changes i stope (1-9) indieate changes m the rate of sentmeular
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emptymng and filling During the pha e of 1sometric contraction (2-3)
the cures exther nise or fall shghtly  Lhese vanations are unayvoidable
artefacts created by slight shuft of the cardiac basc with respect to the
rubber diaphragm During systolic ejection (3-7) several changes m
rate of emptying corresponding to nfleetions of the aortic pressure
curve are indicated by vertical himes [he rapid ejection rate from
3-6 and the marked reductron from -7 are particularly noteworths
Systole ceases at 7 and the interval 7-8 demarcates the 1sometric

F16 14 —Simultancously recorded volume eurve of ventricles (upper) and
aortic pressure (loner) showing corresponding inflections during phases of
ejection and diviston of systole and diastole 1ato commonly acecpted phases
(1 2) atnal systole (2-3) 15ometric contractron (3 5) period of mavimal 518
tolic ezection (5-7) period of reduced systolic ejection (7) end of svstole
(7-8) 1s0metnic relaxation (8-9) rapid diastohe nliing (9-1) retarded diastolie
wnflow (diastasis) (After ¢ J Wiggers Physiology in Health and Disea e
courtesy of Les and Febiger Philadelphia )

relaxation phase of the ventricles Ventreular fillng occurs raprdly
at first (8-9) and then more gradually (0-1) dwiding the filhag into
phases of ripid mfow and diastasis This 1s followed by atral systole
1-2)

The results obtained by hatz and myself® m the mamn confirmed
those of Starling and his group but some amplificatron and certam
differences were found

1 During the compensatory stage of incrensed venous r turn (com
pare curves A and B n fig 15) ventnicular filling procecded more
rapudly throughout diastole that 1s during the succes 1ve penods of
rapid mflon  dmastasis, and atnal contraction The larger systolte
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discharge was accomplished by a greater velocity of ejection a pro
longation of the ejection period (compare a and b) and occasionally
even more complete emptying It 15 obvious at a glance that such
curves are not supenimposable as regards cither their systolic or dia
stolic imbs Optieal pres ure curves from the rght ventncle (lower
sertes fig 15) demonstrated that the presystohic intrasentncular

b

G

s

¥16 15 —Changes 1n configuration of ventricular volume carves (upper
series) and night ventrieular pressure pulses (lower series) during progres tve
Increas 1n rate of venous return Al curves matched at beginning of ventrieu
lar systole a b ¢ denote ends of systole and 1llustrate changes in relative
durations of systoles (A) control (B) during compensatory stage (C) during
decompensatory stage (After C J Wiggers Physiology 1a Health and Disease
couttesy of I'ea and Fehiger Philadelphis )

pressure (smitial {ension) mncreased steadily the gradient of pressure
before ejectron (isometrie phase) was steeper and the cury es reached
higher peaks The larger volumes ejected by the nght yventricle under
higher pressure necessarily caused an elevation of left atnal pressure
Contrary to Starling s observations, Opdyke and his associates™
have recently demonstrated that the increa e 1n pressure was much
larger n the left than mn the night atrtum oning to a les.er distens:
Lilaty of the left atnum and s tribatary ews
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2 Contrary to interpretations by Starbng and s associates we
found that reduetion n stroke yolume with cxcessive rates of venous
inflow was not conditioned by the fact that the ventricles had reached
therr distention imits  decompensation developed while the process
of drastolie distention was actually accelerating (fig 15 B () In
other words 1t appears that beyond a cntreal degrec of stretch addi
tional extenston either has a reversed effect on the relea e of mechan
ical energy or contraction 15 hindered by the greatly mcreasing dia
stolic tenston This alse accords with O Frank s observations on frog
hearts* and with those of Tundin® on stretched moteties of ventricu
lar muscle Analysis of volume and right yentricular pressure curves
(fig 1o C) indicated that despite a large merease mn dastolic size and
mamtil tension the mechanism of discharge changed the ventricles
emptied themselves less foreibly and completely ndeed the systohie
size was sometimes smaller than the normal dastolic size \n enor
mous inerease in residual volume was apparent (see a2 and ¢ cunves

A and C) ndicating that a conmderble effective solume of blood
stagnated m the heart during progressive decompensation The sve
tolic pressures i the nght ventridle and pulmonary artery decreased
and consonant with Starlng s results prossure i the left ateium fell

3 Viith constant venous return and rpht atual pres utes the eir
dac output w 1s found to be far from constant at different heart rates
as the Britssh Imestigators clatmed Undcr carefully controlled atrial
pres ure the alterations in stroke 1 olume with progressiv e acecleration
followed the predictions of ¥ Henderson rither better than the e
perimental results of Starlng and hys group However unless artent Al
and venous pressures were readjusted with evers change m heart
rate the beats were not supenmposable and accurate predictions as
to the relation of cirdiac output to heart rate could not he made

The rcasons for the vanable effects of heatt rate changes on stroke
volume and cardiac output per minute haye nradually become clearer
from the study of a large number of ventncular volume curves The
integration of a large number of phy i t and physiologic determinnt
on ventricular filling are imolved \n attempt 15 made to dissocte
the cham of events with the aid of the drapram m figuie 16 The
heavy curve (\) represents a ventricular volume curve under normal

conditions at a heart rate of 75 per minute The record 19 tithen stich
2 manncr that ventricular empty ing 15 indicated by the downstrohe
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and filling by the upstrohe The residual volume 1s indicated without
ordinate values The phases of systole and diastole for this beat are
numbered as i figure 14

An acceleration of the heart approximately to 120 per minute would
according to Y Henderson s scheme merely cut into the filling curve
as mndieated by the are A This however 15 an oversimplification of

E

a c

©

-- RESIDUAL
VOLUME

Fra 16 —Heavy curve (N) typieal volume curve for I eart cycle 08 second
(4% per minute) \umerals same a8 in figure 14 Assembly of supermmposed ven
tricular volume euryes 1llustrate vanable factors that mav 1nfluence stroke
volume when heart ratc ancreases to 120 per minute (A) Atndgement of
natural filing and reduction of stroke valume according to Henderson (B)
Turther reduetion m systolic hischarge owing to cotncident re fuction 1 atrial
pressure and reduced filing rate stown at F and dimimsted force of atnal
systoleat X (C) Restoration of stroke volume to control of curve A by grester
effectiveness of an atnal systole (1) shich supervenes immediately after or
during rapid inflow (D) Increa. 1n stroke volume to that of a beat with long
evele (N) as a re ult of aceelerator nerve action or adrenergic humoral effects
which increase force of atrial contraction 4 and more completely empty the
ventricles (re fuction of residual volume) (L) Further augmentation of systolie
discharge through simultaneous Incresse 1n venous return and more raped fill
ing asmexercise Lines on nght (N T') indieate at a glance comparative stroke
volumes for corresponding volume curves

chiinges that actually take place In the first plece desptle constancy
m returning blood volumes such acceleration very quickh reduces
the pressure and yvolume of blood 1n the atra in 2 mechanical nay
Simply stated more blood ts pumped per minute than s recened
\s a result the rite of filling during the rapid mflow phase tends to
become more gridual a<1n the cunve labeled ¥ Simee the atna start
their contractions at a shorter imtial length the vigor of their contrac
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tions would be diminished and 1t might be expected that their con
tribution to ventricular filling would be reduced as indicated mn the
ware X However this dimmiching effect of atrial contraction appears
to be offset by the fact that atnal contractions coming at the time of
meomplete ventricular filling are more effective than those that oceur
after a long diastasts as i the solid line curve \s 2 result the mcre
ment becomes somewhat greater as mdicated 1n the wave Y which
may restore the systolic strohe C approximatelsy to that of strohe 4
“ecewanly the diastolie filling curves are not supenimposable but
the net effect on strohe volume approvimates Henderson s predic tions
If 1n addition the merease m heart rate s mduced by actvaton of
the accelerator mechamism and release of the yagus mechanism the
foree of atmal systole may be mcreased sygmificantly and the contnt
bution to ventricular filling may be represented by wave Z Under
such hypothetic conditions the strohe volume D may almost cqual
that of the control beat "\ for the acceleritor mechansm Al o acts
directly on the ventricles to reduce therr residual volumes

Such an approwumate propartionality of cardiae output to heart
rate can obiiously be mantained enly as long as the volume of ve
nous return cquals the cardine output If g« a result of many cond!
tions—hemorrhage and shock for example—this 1s not accompl hed
these compensatory reactions cannot be matuned If on the other
hand venous return augments at the same time that the heart a¢
celerates s m exerase the strohe yvolumes can defimtely exered the
normal as illustrated i curve I This analyss of the many coefli
cients which affect ventricutar filng explains why investigators have
differed (1) as to the contribution of atrial sy stole to ventrcular filling
and (b) as to the effect of heart rate changes on cardiice output per
minute

It seems apparent now that the constant cardiac outputs obtamed
by Starling and his associates over wide rauges of heart rates were
due to a fortuttous balance betw cen these variable factors The British
s estigators failed to recogmze that the availible supply and pres
sure of blood n the night atrum 1s determined as much by chnges
i cycle length as by the pressure head in a venous reseryote Further
more as Irayer'® has pomted out these iy estigators altered heart
rate through changes of temperature of the mflowing hload whicl 19
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certamnly not without influence on the mherent contractuty of the
ventricles

Intrinsic Cardiac Factors

Our analyss of the relationship between atrial yolumes and pres
sures duratton of the mflow periods and force of atrial contractions
on the one hand and sy stolie discharge and cardiac output per mmnute
on the other accord basically with the law of mmtial length The re
wultant effect of fillng pressure, atrial activity and the ayatlable fill
ing time regulate the degree of ventricular distention (imital length)
realized at any grven cycle length and this in turn determines the
veloaity volume and duration of the systolic discharges However
this 1s only a first approumation to reactions of the heart muscle at
a given mtial length 1n the body As Starling and his group pomted
out at equivalent imtial fengths a heart m good condition responds
with a larger strohe volume than a fatigued heart Also as Wiggers and
Tiatz® pomted out the pattern of ventrcular emptying 1s not solely
governed by presystolic alling but 1t 1s also affected by reduction
coronary flow

Hearts stimulated or depressed by drugs chemrcal changes 1n the
blood or through nerve actions show sumilar varations In a study of
the dynamues of drug actions I ponted ont 1 1927° that the y1,0r
and pattern of ventreular contraction and consequently 1ts systohe
discharge can be mfluenced {a) by agents which pnmanly affect the
contractdity of the myocardum as well as (b} by those which see
ondanly affect contractihty through changes in mittal tension or
length such as are induced by lterations m venous return artersal
reststance and heart rate To the latter may be added hydrody namuc
effects produced by such pathologic conditrons as coronary nsuffi
aency valvularle 1ons anomalous cardios ascular eiretits pulmonary
vascular changes and pereardial effusions In short the ventricles
do not obey the law of all or nothing  at any given degree of fiber
stretch their magmitude of response depends on the physiologic state
of myocardial reactinity Starling was certamly aware of the impor
tance of the condition of the heart musele  but did not include this
m phrasing, the 11w of the heart

I would suggest thercfore that to avard ambrguity or misin
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terpretation the Iaw of the hewt be amended omewhat as
follows

The law of the heart 1s thus the same as the law of muscular tis ue
generally that the energy of contraction however measured 1s a
function of the length of the muscle fiber wnder equualent states of
responsieness Withm recent years the operation of the law of mitial
length has seriously been questioned on the basts of studies of the
human heart by cathetenization techuics 36 We may predict with con
fidence that when we are able to overcome the technical difficulties
that still impair the accuracs of pressure determinations in catheter
1ation studies 7 a cireful evaluation of results will demonstrite the
vahdity of the law of cardiae performance However I predut that
complete assessment of the regulation of cardiac performance 15 not
likely to succeed from analy es of hemodynamic data during health
and discase alone because mnumerable varables are bound to be
concerned The multiple factors which can separitely influence the
response of the myocardium at equivalent ymtial lengths must be
submutted to intensive expetimentl studies of a basic sort L wide
new field awnuts explorttion Nothing would giv ¢ me greater plet ure
than to attach the many ficets of this mnteresting problem However
smee I am approaching the end of my experimental carcer I can per
hapsbest <erve the causeof cardiac re eirch inexhortinga new genera
tion of 1nvestigators to accept the challenge of their execution

Summary

Three classic discoveries—by Bowditeh in 1869 by Howell and
Donald-on m 1884 and by O Trank in 1890— laid the foundation for
the basic laws which govern the regulation of ventricular r¢ ponses
Years of further experimentation have not only hown that the mam
mahan heart operates aceording to these basie lans but have al @
eluedated the many variables which sometimes obscure the evidence
that these basic laws are important under normal and pathologic
conditions

In 1906 Y Henderson evolved a law of umformity of cardise
behavior which offercd o geometrie plan for roughly evaluating the
relation of \entricular filing at different ¢y cle lengths to sy stolic dis
charge and cardiac output but his concluston that the systolic dig
charge at any giien heart rate cannot be mereascd above 1ts normat
value has not been supported by further studtes

n 1914 Straub and the wnter mdependently reported expenments
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on mammalian hearts which appeared to show that the reaetions of
the mammalian ventrieles to changes 1n venous return and arterial
resistance harmonrzed with laws denived by Frank from studies on
frogs hearts These experiments lLike those of O Frank were unable
to determne whether changes n presystolie pressure (initial tension)
or volume (imtial length) fundamentally regulate the degree of re
spon 1vencss howeser measured Shortly after the publication of these
researches Starhng and his associates on the basis of expertments on
the heart lung preparation wineh were nghly suggestn e but not quite
conclusive concluded that in the reaction of the heart to inereased
mflow and mereased resistance the only factor which constantly vanes
with the respon e of the ventricles 15 the volume of the heart that 1s
the length of its musele fibers The law of the heart was thus reduced
to the formula that the mechanical energy et free on passage from
ihe resting to the constricted state depends on the area of chem
1cally active surfaces 1e on the length of the muscle fibers This
basic concept has ub equently been validated by nearly all invests
gators

In 1922 the writer and hatz delineated the detailed changes 1n the
patterns of ventnicular filing and emptving occasioned by alterations
1m venous return arterral resistance and heart rate and analy zed their
relation to presystolic ventricular volume It was concluded that
Starling s mnterpretations required some modification For mstance
the rate and degree of ventricular filling are a resultant of the atrio
ventricular pre sure gradient the vanable effect of atnal systole and
the time ntery al available for ventricular filllng Furthermore these
and subsequent studies by the wrnter have revealed that while the
mode duratton and extent of ventricular emptying are in 2 measure
determined by the presystolic size primary factors which affect the
respon 1veness of the myocardium are ltkews e of great importance
These include such fictors as coronary bleod <upply humoral agents
and nerious actions on the yentricular muscle

It 15 suggested that the operation of the law of 1mnitial length will
al<o be found vahd m the buman heart under equivalent states of
myocardial responivene 8
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CHAPTER 11

Dynannes of Ventnieular Contraction
under Abnormal Conditions*

Weruny the past tuo decades ehiracal and experimental studies of
cardiac output—per mnute and per beat—have yrelded much 1m
portant wformation roneernung the nature of cardiovasuchr dis
orders However 3 bawe understanding of such condsbions alsa re
quires a comprehension of the wavs and means by whih cardine
output 1 either mantasned or altered The dynemucs of ventrcalar
rontrection whih concerns itself wath the mechamsme through whick
eardiae output s altered can bhe evaluated to & considerable extent
by a ngid anzhias of pres ure pul esaecorded from the vontseular
catities

Now it happens that duriog anous peniods since 1912 1 have ueed
such prewure pulses to study the baswe Lh:mgm m earding bebanior
produted durning abnormyl uiatory m epenmental
anmals e this work was published )argeh m journals of phyw
Avgy previous to the awakemng of climeal wterest m cardieds
namus much of 1t probably bies dormant on hbrary chelies Inview
af the curreat clumcal mterest the time ~octms appropriate for recatt
mg some of these studies and supgesting that expertmental work of thus
pature be guen conuderation in the evaluation of human cardio
sascntar probiems It remuns my considered judpment that dedue
tione nepmrding eardac bebavior demed from controliable acute
espenments on the dog » heart can be translerred to human hearts
provided that proper reserse and eantron are exercied

The Interpretation of ¥ entricular Pressure Pulses
An v estizator who attempts to draw conclusions from records of
ventncalar prew ure pul os must overer ¢ cortun preeations if he
The Menry Jacksrn Vemoral Lectare d hvered bef sre the Magsachy etle
Heart Ax ocatinn Ine Dostan Masa June 4 19a1
53
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wishes to avoid the formulation of wrong deductions Recorded curves
should always be examined and evaluated as to their relrability thatis
to say, whether they truly depiet pressure fluctuations or are dis
torted by artefacts of registration The latter arc more easily mtro
duced than avoided Distortion of ventricular pressure curves results
from the use of inadequate manometer systems * * Theoretic physieal
formulations and practical tests have demonsirated that relable
curves can be recorded only by a manometer system which has an
adequate frequency and proper damping charactenstics expressed

A
F1a 17 —Two graphs of & true left ventricular pressure pulse (M) and the
same deformed through artefacts (A) In the latter the delayed rise the super
1mnposed vibrations (X} the dip and after (Y) followmng
are artefacts common to undamped low frequency eystems The Iate systohe
nse (Z) which can generally be abolished by changing position of intracardiac
sound 1s probably produced by Jocation of sounds 1n pochets

by the loganithmic decrement of 1ts free 1ibrations There have been
and still are mvestigators who mamtain that curves with lugh fre
quency components can be mecribed with properly demped low ire
quency manometers Such a tash appears to resemble one which would
require & bass fiddle player to perform a musieal score written for
flute or piceolo

Attefacts are also produced through persodic obstruction of manon
eter tubes or through displacement of 2 catheter and the heatt
relation to one another dunng contraction and relaxation but these
are usually recognizable and when present must be discounted A
few common distortions of yentricular pressure curves are shown i
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the assembly of records m figure 17 The heavy curve (M) represents
the actual pressure fluctuations the other cunv e {A) cominnes vanous
distortions which mas sppear singly or 1w combinstion n reccxds
Curves recorded by of low 1 3y ure ¢h

by retardation of the pressure nise {rurie 4) the producnou of vibra
tions at the onset of ejection {x} and a negative dip and/or after
vibration shown at 3 Location of a trocar or sound 1n intratentre

Fio 18 —Identical ventnculas pressure pulses recor lo I with manometers
of diffevent sensituvity {A B)an 1on paper traveling at different speeds (B C)

ular pochets eg  belund papitlary mu cles or 1ahes probably gives
1150 to curses with a secondary peak at the end of 83stole as shown
ey

\entrirular pressure cun es may i plas apparent rather than real
differences m thew patterns depending on the sensit ity of the manom
eters employed and the speed at which curves are recorded on mam
mg prper Thus curse Lan hgure 1515 8 typreal normal curse If the
same presure pube ts recordesd by & manometer hauing tnie the
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sensttn ity curve B emerges and if this record be taken at half the
paper speed curve G develops It 1s apparent that important in
flections tend to be obscured 1n curve C and that artefacts might not
be recognizable 1f m addition the amphtude of such a cune s re
duced to 10 em by u e of direct recorders contour changes cannot
be mferred A judicious balanee between ordinate and abserssal values
13 obviously important in the regstration of pressure ptlses

Successiwe Myocardial and Dynamic Erents during
the Cardiac Cycle

A proper interpret v1on of myocardial wtnity through analy«s of
the ventnicutar pre sure pulse requires a knowledge of tts relationship
to othrr eardiodynamic events [he relation of sentricular pressure
vanations during succe sive phases of the heart (vdle to pressure
changes in the aorta ind left atrium to 2 surface myogram to acous
tic phenomena to volume changes of the ventrides and to an electio
cardiogram (standard lead IT) are shown m figure 19 The persistence
with which curves of maccurate contours and crroneous time relations
contnue to appcar m papers and textbooks makes publication of such
a chart desirable \ comprehension of correlated etents expressed in

uch a scres of curves was once regarded as an aeademic exercse
mn the current era of hemody namic studses 1t becomes an mescapable
requirement

The subdivtsion of the cardine evcle whih I uggested® m 1021 has
apparently gamed rather general scceptance Accordmg to th
scheme sy stole begms with the r1se of ventreular pressure at A and
ends with the release of fen ton mn all muscle umts at F (g 19) 1t
15 divrded mto phases of tsometric contraction (A-C) marmmum ()¢
ton (C D) and reduced eection (D-F) The subsequent perod of
duastole 1s drvided into phases of prolodiastole representing thy Hime
required for closure of the semuunar talies (F~G) 1sometric relaxs
tion (G-H) rapud tentricular filing (H-1) diastasis (I-J) and fillmg
by atral contraction (1-h)

Abnormal patterns of ventricular contraction cannet be 1nferred
from ‘entrieular pressure pulses unless an investigator or reader
POSResSes the eapaaty for translating the traungs into mental pi
tures of processes which take place 1 the heart and waseular svstem
during the period of the heart cycle outimed by the yentrrcular pres

sure curse We may thercfore revtew briefly the mun muscular and
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the e re pectrve pha es may be compared to the tash of (1) rasmg
a pail of wter from the ground to a hugh level (2) holding 1t at this
level while most of its contents are thrown with <ome force over 2
wall and (3) bnngmg the pail back to the ground for refilling

At the onset of mechanteal systole at A the entire my ocardium of
the left ventricle has been cvated Thisis e idenced by 1ts cotnesdence
with the peak of R of a standard or dircet eleetrocardiographic lead * ¢
Owing to a latency however, only the imtially exated fractions have
started to contract As more and more contractile fractions summate
the pressure rises slowly at first (A-B) but very rapidly as soon as
all fractions partietpate m the summation process (B-C) Since the
mutral and <mtlunar valves are dosed during the interval A-C and
blood neither enters nor leaves the left ventricle contraction 15 es
sentially 1sometnc that 1 energy of contraction 1s comerted to
tension Actually howevir a Dhittle energy 1s lost through a shght
y1elding of the valvular structures and 1n readjustments in the form
and posttion of the heart In the de elopment of a ngid museular state
the ventricles rotatc assume a more globular shape and excrt a trac
tion on the atrn and large sessels Vyogrims recorded from the left
ventricular surfiec such as are reproduced mn figure 19 reveal that
the surface Iny ers may even lengthen as a result of changes i form of
the ventnicle However reduction m the base to apex s demon
strates that the septal fibers undergo v hortemin,, Thus atterloaded
mode of ventricular contraction has the ads wntage thu «ufficient
vis a tergo 15 developed to stirt quickly and contimue a brusque and
foreeful ejection of blood 1nto the aort 1 agamst a relativ ely high aortic
resistance

The ejection of blood takes place withm a rcdatively short period
(C-F) 1t 15 about 020 sccond 1n man and less in lower animals
Reference to volume curves of the ventncles (fig 19) reveals that
iwo thirds of the whole stroke 1olume 1s ejected during the first half
of this peniod (C-D) and 4 comparatively small fraction during the
latter half (D-F) Smce efflux of blood from aortic branches cxeecds
uptahe from the ventricles dunng the latter half of ejection the pres
«ures in the aorta and left ventricle dechne (D-1) Thus the summits
of the ventncular and aortic pressurcs demarcate the iran 1tion from
rapid to reduced systolic ejection \fore than thie, the mflections of
th ventrcular as well as of the aortic pres. ure curves from C to F
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refleet mmor ch mges m the rate of 3stohie ejection Thiv 1s clearly
Mustrated by comparing changes 1 ventricular yolume with pressure
variattons in the root of the aorta m figure 20 The nut1al steep rse of
aortic pressure {3—3) 1> accompanied by a brusque mos ement of only
a small solume of blood inte the aorta The continued elevation of
aortic pressure from 4 ta 5 Is attended by a raprd emptying of the
ventriele Durnng the slower 1 ¢ of aortie pressure to a ummit (2-6)
the rate of s entrreular emptying dimimshes progressively and during
the systolic dechine of pres ure (6-7) 1t 15 very lon It rs npparent that

1 20f,

—]

Fte 0 - “amultaneous records of changes i & narmal ventneular volume
(uj per) and sortic pre ure (lower) demonstrating the corre pon leace of
fle tions (1 +) during systolic ejection Yolum curve is insenibed s> that
enpting of ventricl 3 18 recor led as d vn troke filhng a3 upstrohe (After
¢ J Wiggers Phys logy 1n Health anl Disen.e courtess Lea snd Febiger
1 heladelphia )

de pite the vanable efffux from the aorts the configuration of the
aortte {and ventrienlar) pressure pulses 1s dominated by the changmg
rites of ventricular emptving
Trom o dynamic standpomt mechameal v tole termmates at F
(he 19} for il mu dle fractions have ceased to develop tenon?
the completion of the T deflechon by this time mdreates that re
pol triz wtion has been completed ¢ Honeser theoretic conaiderations®
i the re ponses to electnieal stimuh® tronghy favor the view that
me hbers have vea ed to deselop ten 1on earher for example at F
}ir dves not mean that a Jengthenmg of my ocardiil hibers has com
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the ¢ rcspective phases mav be compared to the task of (1) rusing
a pul of water from the ground to 2 fugh level (2) holding 1t at this
level winle most of its contents ate thrown with ome force over a
wall and (3) bringing the pail back to the ground for refilling
At the onset of mcchanical systole at A the entire myocardum of
the left ventricle has been cxated Thisis evidenced by its comerdenie
with the peak of R of a standard or direct electrocardiographic Jead * *
Owing to a latency honever only the mitially exated fractions have
started to contract \s more and more contractile fractions summate
the pres ure n es slowly at first (1-B) but verv rapidly as <oon as
all fractions partiapate in the summation proce s (B~C) Since the
mitral and semttunar vahes are dosed dunng the mterval A-C and
blood nerther enters nor leaves the left ventricle contraction is es
senttilly 1sometrie that 1 energy of contraction 15 comerted to
ten.ron  Actually however a little energy 15 lost through a <hight
sieldmg of the valvular structures and m readjustments i the form
and position of the heart In the deselopment of a ngid mu cular state
the ventneles rotate assume 2 more globular hape and exert a4 trac
tion on the atrin and large veels Myogrims recorded from the left
ventreular <urface such s are reproduced m figure 19 revesl that
the surf we hwers may even len, then as a re ult of changes in form of
the ventricle However reduction mn the bise to apex avis demon
strates that the ¢ptal fibers undergo 2 shortenmng This afterloaded
mode of ventricuhwr contraction has the adv intage that ~ufficient
vis a tergo 15 developed to start quichly and contmue 4 bru que and
forceful ejection of blood into the orta agamn t 4 relatinely hegh aortic
resistance
The ejection of blood takes place withm 4 rehitnvely <hort period

(C-F), 1t 15 about 025 second in man and less m lower ammals
Reference to 1olume curves of the ventricles (fig 19) reveals that
two thirds of the whole stroke v olume 1s ¢jected dunng the first half
of this period (C-D) and 4 compiratnvely small fraction during the
Jatter half (D-F) Since effiun of blood from aortic branches exceeds
uptake from the ventricles dunng the latter hlf of ejection the pres

ures m the aorta and left ventricle dechine (D-F) Thu~ the summuts
of the ventrcular and aortic pres ures demnrcate the tranation from
rapid to reduced systolic ejection More than this, the mflections of
th ventrncular as well as of the aortic pressure curves from CtoF
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refiect minor changes i the rate of <3stolic ezection This 15 clearly
lystrated by comparing changes m ventricular volume with pressure
varagions 1n the root of the wrta i figure 20 The mutsal steep rise of
aortic pres ure (3~1) 1 accompamed by 4 brusyue mosvement of only
a mall volume of blood into the aorta The continued elevation of
aortic pressure from -4 to 5 1s attended by a rapid emptymng of the
sentricde During the slower rise of aortw pres ure to 2 .ummit (5-6)
the rate of sentncular emptyving dimun hes progressively and durmg
the sy stolic decline of pressure (6-7) 1t 15 very Jon It ss apparent that

t 23l

—

Fre 0 “imultaneous re ords of changes in a7 rma! ventnicular volume
fuj per) and aottic pre sure (1n et d manstrating the corvespon lence of I
 ctions (1 ¢} dunng systolie ejectron Vohime curve 15 imscribed sa that

mpty ag of ventricles i3 recorded as downstrohe 6)ing as upstroke (Alter
C J Wiggers Physol v 11 Health anl D; exse courtesy Lea and Febiger
Philadch lna }

de pite the vanable efflux from the aorta the configuration of the
aortic (and ventnenlar) pres wre pul o< 1s dominated by the changing,
rates of ventnenlar emptyng
From < dvnamic d, i svstole at F
(hg 19) for 1} mu cle fractions have cea ed to develop ten on?
Lhe completion of the T deflection by this ime indiestes that re-
polarization as bern completed ¢ However theoretie con iderations*®
wd the responses to electrical ctumult? strongh favor the view that
ome fibers have eea ed to dovclop tension earber for esample at F
Ihrs doc nof mean that a lengthenming of my ocardil fibers has com

1
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menced On the contrary myogtams reproduced m fgures 19 and
21 demonstrate that the ventricular relaxation starts wath a reduc tion
of tension for 08 second or longer (G-H) before the fibers lengthen
(H-I) and ventricular filing begins * It has been tempting to relate
the gradient of pressure decline and the duration of the sometric
relaxation pha es (G-H) to phystologie differences in the relaxation
process However the effects of phywcal forces cannot be wholly
excluded Thewe melude (1) the rehlling of coroniry vessels (2) the
volume of residual blood remaimng after ejection (3) the pressure

A

S e
Tic 21 —Simultaneous records of the changes in length of a small area of
the left ventricular surface (upper curve) relited to a ventncular pre sure
pulse (lower curve) A C 1sometric contraction C D maxuimal systolic ejec
tion D F reduced ejection and protodiastole } H 1sometric relaxation Noté
that shortemng of surface fibers begins at C and terminates at I Time 0
second

at the onset of 1sometric relaxation and (4) the atnal pressure which
determines the time at which curves intercept at H It may be added
however that myograms such as are reproduced 1n figure 21 offer po
support for the view that refilling of the coronary vessels during 150-
metric relasation stretches the myocardium

Determinants of Myocardial Responses

The contraction pattern of the ventricles 1s determined by factors
that affcet the phy stologic condition of the heart muscle directly and
by those that art through changes mn 1nput and output Joads The
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former have been termed primary and the latter sccondary coefficient
(see Chapter 1I) Primary coefficients? include the direct myocardial
effects of local metabolitcs fatigue abnormal chemical constituents
of the blood mcluding drugs coronary msufficiency and nervous
mpulses Through these true cardiac strmulation or depression 13
produced Secondary coefficients? cause alterations in cardiac vutput
by modifying the diastolic filling or arterial resistance In pathologic
condittons tertiary coefficients can significantly modify the ventnc
ular contraction patterns m mechameal ways These mclude such
factors as an abnormal sequence or deletion of fractionate contractions
and valvutar lesions which cause the ventricles to contract i g loaded
or isometric rather than an afterloaded manner

As Starlmg and his assoatest® inferred from studies on a heart
lung preparation the responses of a 1entricle under many normal and
pathologic conditions are determmed by 1ts presystolie wize or the
mitial length from which fibers start thewr contraction Personal ex
penence has confirmed Frank s earlier postulate that with exceptions
to be noted later changes m mnitsal length are produced by alterations
n ventricular pressure at the onset of contraction mamely by the
mitial ten 1on Such changes though small are usually divcernible 1n
optical records of suffiient amphtude However controlled conditrons
are required for studying the effects of such a secondary coefficient
These conditions are that the heart rate remans constant and that
the my ocardial reactions are not simultancously affected hy primary
or tertiary factors enumerated above

In Chapter IT experimental procedures were described by which
heart ratc can be hept constant in the mtact arrculation while venous
mflow and arterial resistance are independently adjustable (see fig
13 p 41) Basie studies on such controlled cireulation preparation
have revealed that alterations 1n the pattern of sentrcular contrac
tions produced by primary and secondary coefficients can be dis
tinguished by the relation that the amplitude form and duration of
contractions bear to mitial tension Thus as itustrated by curves 1
and 2 of figure 221 progres tve clevatrons of mtial ten 10n at A are
accompanied by nereasing force and duration of contractions up to
a entical level After the entical degree of stretch has been exceeded
inttial tenson mereascs more rapidly and 13 folloned by contractions
phtude and a shorter duration

-

having a more gradual 1 ¢ a lower am|
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as depicted m curve 3 of figure 221 Theee changes from a normal
curve \ allustrate compensation ind decompensation with mereasing
mput loxds It mav be added that the decompensatory responses
must probably be assigned to some innate effect on the my ocardium,
240
210
180
150
Li2o
oo
F60

Te 22 of bed pressure pulses comparing
the effect of progressive inerease 1o tmtial length and tenston (secondary cocflii
cients} and the effects of primary m)ccardml coefficients

I N normal curve 1 2 to
sron following rapid sahine infusien 3 decompensnnnz response from over
distention by a Jarge infuston Note progressive increase in ymitial tension at

A and lengtheming of systole A B

I N normal curve ! augmentation of contraction with fall in initral
tension (1) and ehortentng of aystole (A B) following a dosc of epinephrine 1n
+ preparation with controlled heart rate 2 depression of contraction with
elevation of imtial tension slower gradient and abbrevtation of contraction
(A B) following a small dose of ehloral hydrate beart rate controlled

mitial ten

perhaps a fatigue process The effects of primary cocflicients are 1l
lustrated by the curves of figure 2217 If the myocardium 15 stimu
lated as by epinephrme or accelerator nervous impulses while heart
rate and venous return are hept constant the contractions become
larger steeper and shorter in duration the strobe 1olume nerea ¢4
and consequentls the mitial tension dechnes Such a response 15 shown
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m earie T I oon the contrary  the ventneular musde 15 depresed
23 by chlioral hvdrate or Pitressin the ventricular contractions be
come more gradud reach o lower summt and are abbresiated the
strohe 1olume 15 reduced and mubial teason 19 efevated through de
velopment of a larger reserie yolume

From these obser ations the rule can be deduced (1) that secondary
changes m ventneular response ean be mferred from ventriewlar pres
sure curves when mitial tension and amphtude of contraction alter
15 the same direc ion and {2) that primery changes m ventrrcular re
sponse are charactenzed by opposite changes m mstial ten<son and
amplitude of contraction It must be recognized of course that w the
body primary and secondary fastors frenventhy operate at the «ume
time Thus even when tertiary factors are not miohved 1t often he
cames diffieult sf not imposable to determine the basic mechanisms
which gov ern ventricular performance As was emphasized w Chapter
11 sueh « dilerama anses when compuaratn e obsery atwny are made at
differmg hreart rates for the duration of diastehe filling affects pistial
tersion and length and therefore the magnitude vigor wd dmation
of sentncular contractions The adiantages of studving the metha
nr-m of abnormal cardiac re ponses m Cperuvental awimals m which
heart rate s well as wput und output loads are controllable rither
than in human subjects m whom this cannot be achiesed should be
obiious

With this bref onentabion ne vhall proceed to analyze the mech
mrsms which determme entncular contraction priterns moa sum
ber of expenimental conditions which umulate churaal crculatory
disarders

Percardial Effusion

The dspamic changes produced by degrees of persrardnl eflivnon
which sigmfieantly interfere wath ventrcubir fithng and thereby ¢ yee
reduction n cardize output have been thoroughly worked out by 2
number of v estigators 4 Our discussian s ndvr edfy bmsted to 4
considerntion of the support that studies o perscardind effusion have
siven 1o the thesis that chan,e i bl denoth rather than antiad
$611 s0n 34 the base secondary detumunant of sentnicnlar re pon e

Stace it d tensom and length generally alter in the same dures tron
1t ks proved difficult to dran anferenees as to which of the vanables
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basically affects my ocardial re ponse The deduction of Starlng and
his assocrates'? that the energy of contraction howeser measured 1s
determined by changes mn imtial length of the muscle fibers has been
smnee confirmed by numerous studies m whick a discocation of mtial
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Fi 23 —Senies of left ventricular pre sure curves showing how progressive
increases 1n pericardial flusd and pressure steadily elevate 1mitia) tension in
relation to a ba.e hine but decrease maximal ventricular pressures and gra li
ents of contraction Iencardial pressures expres ed 1n mm Hg 23 follovs

Curve \=15mm B~7mm C=%mm D=10mm L =% mm
F very ugh reading doubtful

length and tenston was achieved by esperimental expedients (For
bibliography see refs 22-31 page 51)

When the volume of hquid withm the pencardium exceeds the
natural asaulable space the mtraperieardial struc tures are compressed
by mereasing pressure around them * The imtial tension within the
ventrieles rises almost proportionally with mtrapencrdal pres ure
but thetr dractolte size decreases owing to the imparrment of filling
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The fact that changes i mutial tension and length are dissociated thus
afforded an epportunity to determme expenmentally which of these
factors domumates cardiac respouse ' Some of the changes found m
yentneular pressure pul ¢s are tustiated by records of figure 23

Each mcrease m pencardial and mmtial ventneular tension 1s recom

panied b development of less pre sure aud slower gradients The
durations of 1sometste contraction and ejection decre we despate some
tengthenuy,, of the heart cyele A1 of these reaetsons are obuioush the
oppostte of those notmally assor1ated with meresse v mitial tension

whereas they accord with chan,es resuitmg from veduction m presys

tohe ssze or imstial length of m3 ocardial fibers

Hyperiolemia
Fhe basie renctions which azcompamy an mercase i plasma ol
ume can be redupheated ¢xpes iy by vanous inf of saline

solutsons or plasma Briefly recaprtulated the followmg chamof events
takes place the greater output of the mght ventricle not onlv ele
vates feft atrnuf pressure at the moment when the matral 1ah es open
but also snduces more vigorous atnal syutoles Through thewe tuo
mechanmsems the feft sentnle 13 more completely filled and mitial
tenston 1 elevated The ventricul i responses are those exemphfied
by cunes I and I of figure 22 Charactenstic effects conswt of a4
steeper wometrie gradient ueker nse of pressure to o higher peak
duzsg (ertion and & prolongation of systole The larger stroke
vodime whis accomp usses these pressure changes 1s achies ed through
the combmed offe ¢t of & hagher velovty of epe ction and prolongation
of the egection ph e 8

Lcute production of pohyeythemie hyperiolemx evohes wmilar
responses Tigure 24 shous representatise curves recorded by Grege
and my 37 after mjeetion of sedimented matehed corpuselcs over a
penod of five minutes € omparison of curves § and B reveals an
elevation of matid tension a steeper pometne gradient o hugher
systahie prosare and m extension of sustole  AH are ty preal changes
snduced by concordant merenses bl tenvon and length The
effects perast for a consuderable time ww <hown w curves £ and D
16 nided respeectrsehy 80 and 31 manutes after the infusion of eryth
i3yt hut cea ed An amabyas of aortie pressure pulses Jed to the
Cmchrn that the augmented penpheral e 1 fance ocasioned by

L
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greater visconty of the blood and the strain of a higher mput Joad
were less mmportant determinants of Jeft ventricular re ponse How

iy

A, S —
A B

NS

SRR A
[4

c D

Fic 24 —Four left ventnicular pressure curves 1 contral B shortly after
Infusion of °00 cc sedimented matched corpuscles in 5 minttes € S0 munutes
later D 115 minutes later Observe elevation of initral tension at a an ! higher
pressure mauuma Durattons of systole as follons nseconds 1 0172 B 018+
C 010D o012

ever 1t may be noted in these records that whereas systole 1s some
whal prolonged m curve B 1t shortens again m curves Cand b
suggesting an influence of the higher output load (sce later)
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The recently reported obsery ations from Gregg s Iaborators ¥ that
following blood transfusion no consistent refationship was found be
tueen strohe volume and presystohc pressure m the left ventricle
do not neeewsantly negate the preceding conelusion They could
equaliy well be mterpreted as evidence for the hmitations of the dye
dilutson method employed

Ohgemua

Reduction sn blood volume such as exists after a severe hemorrhage
has reversed effects on ventricular pressure curves Humenver of a
state of hy potension 1s mantaned for long intervals the my orardinm

= =

{Qaan
Fie % —Aweamblago of trameribed curves shoving prossure changes i
the right ventriele after h h and i in text

4fter Opdvke and Tggers }

1+ depressed presumably through defectn e coronary flow A< a result
the ventricles capel ematler strohe volumes therr residual volume
becomes farger and uutial tension returns to normal fevels

Sinee pressure and resstance dechine Jess m the pulmenary artery
than w the aorta the basic effeets of prolonged diminution 1 venous
return are exhibited better i the nght heart Some changes m nght
ventricul ir beha ror reported by Opdy ke and wy <elf'*® are reproduced
m figure 25 Cunve ! represents 2 nght ventrieular prossure curse
taken as a control Curve 2 was recorded shortly after artersal mein
pressure had been reduced to 6> mm g by a sesere hemorrhage
The wometne ascent remmns steep despste a fall s iitial ten yon
but wetole 1 typreally abndged and the w <tohe =ummit 1< lover
Curve 3 was recorded after a state of by poten 10n at a 50 mm Hg
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level had persisted for 88 minutes The slower e of pressure to a
lower summit and a further abbreviation of svstole regardless of the
s1,ht recovery of mitial tension are obvious Curve 4 was recorded
immediately after a further reduction of artenal pressure to 30 mm
Hg and curve 5 4o munutes later Imitial tenston 1s elesated abave
that of the control curve 1 but the gradieits and summits of the
pressure curves are deadedly reduced Such deterioration of contrac
tion with nung mtial tension strongly suggests that a pnimary myo
cardial depression has supervened (For further discussion sce refer
ence 2)

Arterial Hypertension of Peripheral Origin

The effects of mcrea ed peripheral resistance on ventricular con
traction patterns can be analyzed best by applying a mechamcil
constrictor to the aorta just above the draphragm ' ¥ Even so adapta
tion occura n two stages The first stage llustrated by curves labeled
2 and 4 figure 20 persists only for the first tno to five beats after o
sudden constriction The changes in the ventrieular pressure pulses
are solely attnbutable to mcreaced aortic resistance for the nitial
tenston remams unaltered Since ventricular pressure must be ele
vated to higher levels before the semulunar vahes open 1wometric
contraction (1-C) 1s <hghtly prolonged The 1sometric pressure gra
dient 1s not affected because the ventnicle 1> not exposed to the
higher sortie pres. ure during this peniod

In response to a higher aortic pres.ure the systolic ejectson penod
(C-F) 1 typreally abndged*® and to such an extcnt that systole asa
whole (A~F) 15 al o <horter The pressure 1t es to a higher summit
(D) These mmedtate reactions are mmportant m demonstrating that
the basic re panse to a sudden increase m aortic resistance consists
1 deselopment of greater tension with abbreviation of contraction
However with each contraction the stroke volume 13 not quite nor
mal a small amount of blood 15 retamned and with a normal inflow
volume quiekly 1nereases the presy tolie size and 1mitial teneron The
<econd stage then superienes

Cunie 10 of figure 20 1llustrates the ¢ secondary effectsin the tenth
beat following aortse compre ston Initial tension s slihtly clevated
the 1 ometnie gradient 1 steeper the peniod of 1sometric contraction
deereases and the cjection phase (~F 15 now prolonged The reactions
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of the ventricle to mcreased mstial ten 1on and length obiroush he-
come dormmant Changes i the contour of the pressure summits
reven! that the pattern of sistalie ejection bas changed

Responses of & smilar nature follow generalized nugmentstion of
arlenolar resistance such as (an be snduced by stimulating the cen

L.180
L1680
1140
L1200

L.80
160
L. 40
.20 A

§ S SO IUUUR N N S S |

Fi b~ tssemblage of tran ertbed carves in reating ebanges 1n Jeft ven
triculac p essur frem normal (%) dunng the secon i fourth and tenth beats
after sudden comy 4100 of th aorts just alove the diaphragm In beats 2
and 4 note same ymual tension prolongatien of 1sometne conttactacn (A C)
disy lacement of summst (D} Jater wn mstole and exrher termination of systole
stk Inteat 10 note additional effects of ineressing tmtial tensran at \ such
a1 steeper 1sometnic gradient higher yystahe pressure (D) and prolsngstion
of systole (A F)

trat ends of the vogus nerves The myocardial responses are comph
tated howeser by the greater venous retumn which folows displace
ment of blood {rom miaute penpheral 1exels and the pleen and by
augmentation of coronars flow Con equently the output of the mght
Beart quickly inereases and larger volumes of blood are detivered to
the left heart @ The n-e of mitial pres ure and the left ventneular
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responses are thus accentuated to such an extent that the stroke
volume actually exceeds the normal

Aortic Coarctation

Chnual types of aortic coarctation can be simulated by stepwise
constriction of the aorta proximil to the left subclavian artery Re
cent studtes by Gupta and myself”" have shown that the lumen of
the torta must be reduced by 55 to G0 per cent before an eleratron

Fia 9 —Assemblage of transeribed records showing deviatiops from a
normal left ventricular pressure curve (\) following reduction in aortic lumen
Just penipheral to subclavian artery by 60 per eentan curve 1 and by 87 per
cent in curve 2 Note abbreviation of the 1wometnic phase (A C) the delayed
summit (D) and the abbreviation of contraction (A F} curve ] Also observe
the higher inttial tension (A} the higher rounded summit (D) and lengthening
of systole (A F) in curve 2

of aortic and left ventricular pressures ehsues Figure 27 shows some
consequences of effective degrees of coarctatron Comparison of the ¢
curses with those of figure 26 reveals many similanities but there arc
two tmportant differences In the former aortic dustolic pressure rises

1n the laiter 1t declines Conscquently 1n coirctation 1sometne con

traction 1s terminated earher as dicated at Cs and Cz on curves of
figure 27 Also imtal tenston (A) fatls to ncrease until the aorta has
been onstricted to 80 per cent of 1ts natural diameter As soon 28
1mitial tenston increases systolic ventricular pressure 14 clevated stalt
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mare &s <hown mcurve 2 of figure 27 and the vs stohie dsscharge al o
becomes greater

Sance, aygmented strohe volumes are realized despite & marked re
duction s aorti pressure betow the coarciation and hence a drasti
decreace an infenor caval flon the mferente foltow s that total venous
return 19 rebalanced through corrcsponding augment twon me supertor
casal and coronary flows The correctness of this deduction had been
pressously demonstrated m amilar expenments performed i son
Junction with hatz 2 which indieated that nght atnal and entrienlar
preseurcs may even elevate shghtly owing to o somenhat greater
total venous return

1t has been cmaph ssized that the augmented pulse pressure contral
10 2 coarctation 1 assouated with 4 dechine of diwstolie pressure
Such humodyname effects cannot be attnbuted to an merease n
aorire resistance at the site of narrowing or to an augmented stroke
1olume It bed xme obssous to us howerer that when an effectine
constriction exi<ts the capaesty of the gorfre Lompression thamber
becomts very small and ita volume elastiessy cocfficrent (dP d¥)
13 greatly merc1sed Now 1t can be demonstrated on artifical crcula
tion models™ * that when equitalent stroke tolumes need to be
taken up m 2 compression chambes whuel 1s fess distensible (macrease
1n dP dV) the mean pressure alters very little but systohe preswure
r1 es and diastelie pressure falis® Hence € upta and Wiggers ! con
viuded that the reatral effects of aortic eostctation are not sholls
due ta mirea rid resistance at the Jocus of coaretation but that they
af o unoh ¢ redu tton in eapacaty and disten thihity of the compression
chamber The latter 1s wholly re ponssble for the reduction of diastohie
prissiive and contrbutes o the elecation of sy«tolic pres ure m the
aorta and left vantncle

Aortic Stenosis

This pathologte condition 13 usually studied expenmentally by
tightcng o cond around the dorta i clos proumity to the aortic
onfice Such & stenosts differs phyweally from that preented by co
e tatson in that the zortte compres son chamber 15 entirely aboliched
and eireylators <hannels proumal o the steno s return less blood ta
the night heart A mvecugators agrec that ae m the ease of aortic
courctation the aortic onfice mu t be narroned to between 60 and

Bee frur 70 page 15
e
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70 per cent of ats ornal diameter before carduae output per beat
or per minute 1s reduced (For bibliogrphy see reference 24) Never
theless narrowmg of 15 to 30 per cent suffices to ereate audible and
recordable mumurs

The changes 1n left vcntrcular contraction depend on the degree
of aortie narrowing In mild degrees of stenosis exemplified by curte

A

F1e "% —Transertbed left ventricular pressure curves showing effeets of
diff rent degrees of sortic stenosis N normal eurve 1 = 27 per eent constric
tion eurve 2 = 4o per cent constriction curve 3 = S5 per cent constriction
Lettering as 1o previous figures Deseription i text

1 of figure 28 the ventricular pressure curves resemble those produced
by moderate augmentation of aortic reswtance shown in figure 26
imtial tension and the 1sometric pressurc gradient remain wnaltercd
but the pressurc summut 1s higher and displaced to a later moment of
svstole Irometnic contraction (A-C) 1s prolonged shghtly but the
duration of total systole (A-D) 1s not affccted Do Heer ** who re
corded stmilar curves belteved that such reactions typify the effects
of aartic stetosis augmentation of aortic resistance was considered



VYEVTRICULAR CONTRACTION LADER ABNORVAL CONDITIONS 73

to be the el detenmanant of myocardsal response However hatz
and his associates ® found that the sentnoular prossure curves are
more peahed as seon as the degree of stenows becomes dynamically
segttficant The pressure sumnit s reached eazfier not later m systole
Such contraction patterns are shown m the transended cures 2 and
3 of figure 27 When ventricwdar egection 1s sertously wapeded the
1entnicles approach an 1cometnic type of contractton i which the
mereased rewdual volume and marhed elevation of imtial tension
contribute o the production of very high sy stoht ventniuler pressure

1t should be hept m mund that the reactions of the left ventricle
may be more favorable 1n expenmental than wn chinteal stenosis In
the former the constrition 1 peripheral (o the coronary orfiees and
coronary blood flow 1sdecidedly enhanced w the latter the narrowwmg
15 prossmal to the coronary ostiz and coransry flow 15 unquestion
ably reduced In order to determune whether superposition of coro
nary wafliciency alters the mechamsm of «entncular respunse the
effects of severe pulmoniny stenosis may be analy zed

Pulmonary Stenosis

Figure 20 (ontatng wix <egments of rerords obtamed by Fineberg
and myself” duning prosressne areular compresson of the pulmo
nary netery Segments 1 1o 3 show steady wmercases in itk tension
higher syatohc summsts and contours amslar to thawe ob<erved m
Ptonses sse aosti stenosts [t may be noted that the aortic prosures
w1t boan to be affected m segment 7 wieh 4 o2 per cont redur
tien i the lumen of the pulmonary wrters had been progduced A
saghtly greder eunstruction mtates o greater dectme of artenal
pressare s shown by egments 4+ and € winch respectively repre
~ent canstrietions of ot w9 and 63 per cent of the lumen The nght
s entricular pressure eury es all displag contours ty pical of an 1sometrie
mode of contrachion Howeser ag shown m segments 5 and 6 the
systohe sumemit rapidly falls with mereang stenows wistead of nomg
farther as m nortic stenoss (g 28) Smee uch deehne of pres ure
1« gesgerated with marked elevation of wmitiad tenwon 1t = g togiea!
wiftience that myocardsal depresson due to mnadequate coranary flow
hi supervened

summanzing the ability of the right or left 1entricle to overcome
th re istance of a narrowed aortic ortfice depends as murh upon the
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Fra 20 —Segments of records shawing changes in sortic pressure (upper)
and nght ventricular pressures (lower) following stepnise increases of yul
monaty stenasia 1 control ? = 20 per cent constriction 3 = 52 per cent con
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ahility of the myocardium to compensate as upon the actual degrec
of narrowing The re ponsn eness of the myocardium m turn depend
on the adequacy or msufficiency of coronary blood Aow

The abnormaltties of sentnicular contraction <o far con idered 1!
lustrate conditions i which prmary and secondary factors separately
or together determine the nature of ventricular responses We tumn
fow to consideration of a few conditions m which tertiary factors
play important roles
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Fra 30 —%ortic (upper) and left veatncular (lower) curves depicting

changes during an effective premature contraction I 1 ometric phae E
ejection phase Time 02 zecond D)1 cus ion n test

Wil

Idworentricilar Ry ehms

It 13 well establiched that premature vertricular contractions or a
suecession of such beats durning \entricular tachy cardia are charae
terized by delisery of smaller stroke volumes The contraction patterns
of a normal and a premature ventncular svstole can be compared n
the ventriculwr pre sure curves shown m figure 30 The premature
beat differs from the preceding normal one i several wavs namely
the lower systolic pres ure summut the changes i contour the pro-
longatton of 3 ometric contraction (I} and an abbresiition of the
ejection period (L) ruffictent to shorten <) tole as a whole (I + F)
The reduced force and duration of contraction are related to the
sharter penod of filling 1n the fent beat and il h a




76 CIRCULATORY DYNAMICS

reduction 1n presystolic size and mitial length  Attention may be
directed to the fact that the premature contraction starts at a higher
mitial tension because 1t begtns before relaxation of the previous
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F1a 31 —Comparison of left ventricular pressure curves of same cyole length
when excited over normal pathways (/) and from a ventnicular focus (/1)
The duagrams below compare the approvimate order time and direction of
the exaitation protess dunng excitation from a supraventneulas (1) sad ven
tricular focus (I1) Lettenng as before Note prolongation of 1sometric con
traction (A C) and ejection (C F) m /7 Time 02 second Discussion in tert

beat has been complcted  [hus 15 another sflustrition of a conditton
1 which mtial tension and length change 1n oppostte dircetions and
as previou 1y explamed the reactions seem to follow changesin utaal
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length not thowe mn stttial tension However the shorter mitial length
1s 10t the domimnant factor which determines the mp urment of ven
trieular contraction

The basic factor concetned was di covered m 10227 by comparng
beats of the same cyele length exerted from supraventreular and ven
tricular foer Such records arc shown s figure 31 The idios entricular
beats (right) an e from the same 1itnl tension as normal heats
therehy excluding scvondary reactions to imtial length Nevertheless
beats due to dircet venlpeular stimulatton display a longer 1sometric
contraction (A-C) a prolongation of systohc ejection (C-F) and a
con«preuously lower systolic summit Thewe changes are due to the
abnormal order and spread of ventricular excrtatton from an idio
venincular pacemahker The concept deselaped 13 allustrated by the
ad of the diagrams beneath the pressare curves of figure 31 Dunng
normal exert1tion (I) 1mpulscs are conducted with great speed to all
fractions of the mjyocardium hence a raptd summation of fractionate
contractions tahes place When impul es an e from a ventncular
focus (I1) they spread more slowly al first and m a random fashion
With the result that the phasie entry of contractions 15 delayed s
analyzed elewhere 7 this results m prolongation of contraction and
development of le<s mavimal ten ton Innaddition the order and diree
tion of spread of the ventnculir exatation process determines the
mechangcat cffierency of eontraction Durning normal excitation over
bundle branches the interyentrcular septum 13 primanly excited
and contracts first A rigid fisation 1s thus prov wled around which
the ventricular muscle serolls can contract and empty the ventncles
effiiently When excitation artees from the ventneular focus 1m
pulses eventually reach the bundle branches but they travel m a
Teverse direction the septum s excited Iast and from apex to bave
Lhe resultmg contraction of the ventricle as a whole would appear to
be lo 3 effteient and may contribute to the lower pres ure dexeloped
duning sy stolye ejection

Lo «ummarze 1dioyentricular beats ire Joss effiaent than normal
ones beeyu e the ventrcular pattern of contraction 1s affected by
two ficlars (a) the abnormal sequence m which fractionate contrac
tions develop and (b) the changes i ventricular filhing which occur
when the diastole of a preceding, bet 15 abndged The former retards
the rate of prsure development and prolongs contraction but re
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duces the maximl pressure developed The latter contributes to the
slow development of tenston and lower systolic pressure through
chinges 1 amtid length but reduces the penod of contraction to such
an extent that the lengthenmg effect duc to aberrant exatation 15
ovarlanced hence the ejection phase shortens

Ventricular Alternation

It appears to be the consensus that ventricular alternation s
pumary disorder imv ol mg abnormal exeitation and or contraction
of myocardial fractions In 1914 Wenchebach * adianced cogent a
ption re isons for the concept that some types of alternation mas be

Fia 3° ~T bed curves of left v lar pressure I econtrol eurve
before alternation II larger beat and III smaller beat of an alternating
couple Lettering as before Li 1: and Isndicate the effect that different
levels of atrial pressure may have on the time when ventricular inflon begans

wduced and sustaned by hemodynamic mechantsms which e ¢
alterations of ventricular filing in alternate beats The question therc
fore arose whether there are two types of ventricular alternation
myogenie and dynamic and of so whether means ew t for ther
differentiation One of the first questions that interested the wrnter
et the study of alternation w1s whether the large as well as the small
heat of an alternans couple 1s abnormal When records were fortus
tously obtamed at the moment when alternation st uted spontane
ously the surpristng discovery was made that the larger beat of an
alternans couple 13 never maller than the preceding normal one and
trequently 1s even lnrger (fig 32 curves T II) In such supernormal
beats the gradient of rsometric contraction 15 a tnfle steeper and
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svstolic ejection and total systole are both a tnfle longcr than m prc
ceding normal beats It would appear that the large alternans eat
mvolves no fewer contractin, frictions than a precedin,, normal vne
Several explanations for such aupernormal beats are posable (1) 4
state of potential alternation my have evisted m the beats re arded
as normal that 15 to say an equal numba of contracting tractions
may be delcted i every beat (2) The mcrer ed umplitude and dura
tion may be secondary to a shoht increase m presystolic 1ze and 1im
tial tension whach for ~ome rea on accomp inies the on et of afterna
tion {fig 32 curve II)

The dynamic differences between large and small beats of an alter
nans couple re illustrated by curves IT and III of figure 32 The
smaller beat starts from a shightly lower presystolic pre ure 1t dis

Fia 33 —Aortic (upper) and left ventricular (lower) pres ure curves show
1ng the d (1 2 3 1) after a compensatory

pora
pase (). following & premature contraction (1) 15 normal Leat Tyme
04 pecond

plays a more gradual 1 ometnc gradient 2 longer 1sometnie phasc
(a—c) = shorter systolic ejection pha e (c-d) and a rhorter penod of
total gystole (a—d) ‘1hese changes were attitbuted by Ialn?® to dele
tion of contracting fractions Since pressure also degrades more slowly
durnng 1~ometrie relaxation {d-e) Straub?® laid greater stre < on ciffer
ences 1n relaxation concluding that alternans develops only when
the heart rate 15 so fast or the contour of the pres ure curves o broad
that the pressure does not have sufficient time to declme before the
next ventncular excitation superenes

Dunng an myestigation of premature ventricular systole  the ob
servation was made that a temporary altarmation often follows a
long diastolic pau e ® # A typical re ponse 15 shown 1n figure 33
A premature systole (P) suceeeds a normal contraction (\) The long
compensatory pause (C) allows greater filing of the ventrcles and
clevates imitial ten 1on hightly This coull account for the lnrger
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and prolonged post compensitory beat However it 15 not at once
obrious why beat 2 1s so much <maller and why alternation persisted
n beats 3 and 4 and m two more beats not included 1n the record
Turther studies revealed thit similar reactions follos bnef vagal

Fic 34 —Two sets of aortic pressure pulses and ventticular velume curves
systolic emptying indicated by downstrohe 1 the Jatter Upper set normal
beats lowerset changesin larger beat (I} and smaller beat (8 after develop
ment of &lternation The stroke volume of emaller teat (S) 18 less complete
and 18 followed by more gradual filling (U \) The stroke volume of the larger
heat exceeds that of normal ones shown in the upper set Discussion in text
Time 002second (\fter C J Wiggera Pressure I ulses in the Cardiovascufar
System courtesy of Longmans Green London )

stimulation or a temporary \-Y block Volume surves of the ven
tricles such as are reproduced 1 figure 34 demonstrate that the rate
of drastohic nflow 13 slower m the <mnller beat but since the ventricu
lar expulsion 15 less complete the presystolic volume and il
length preceding the larger heat are greater 1 (On the basis of such
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Tesults 1t was obvious that altern itron ean anse dunng the period of
1cadjustment from a momentary mercase 1 diastolic size It was
emphaszed however that such alternation 15 temporary and takes
place only when the heart beats rapdly It 15 therefore pos ible that
a tendney to alternation exists previous to the disturbinee of ven
tricular filling

Summarizing my anrent views 1t appears fughly probable that
ventricahir alternation alwayvs mvolves the defection of some frac
tionate contractions dunn,, the smaller beat However changes i the
ntenaty of alternation do not necessanly sigmfy quantal vanations
m the deletion of fractionate contractions They can be induced by
secondary dyn e factors which alter diastolic distention and 1mitial
tension For example if the residual volume of blood 13 suddenly
mereased dunng a smaller contraction the addition of a normal 1
flow 1 olume during succeeding relaxation leads to a larger presyvstolie
volume and mutial ten 1on with the result that the amphtude of the
larger contraction 15 wugmented It 1s for uch dvnamic renson that
a casual nregulwnty may intenwafy an eusting alternation

While ventricular alternation u ually molves deletion of fractions
distributed throughout the myocardinm 1t may be caused by alter
nate changes of contraction m only one regron The fact that periodic
nterruption of blood flow mm a coronary ramus frecquently renlts i
alternatiom of the ventricdle as a whole afforded € reen™ an opportunity
to study the dynamues of alternation accompany ing coronary in uf
tictency  VMycographic records from the region of 1mp ured blood sup
ply revealed that three ty pes of altcmation may eccur (1) The region
may shorten les dunng the smaller than durmg the larger beat (2)
It may <horten dunmg the larger and actuallv stretch dunng the
smaller beit indicating, alternate ab ence of contractions (3) It may
expand in both the smail and the iarge beats but to a feser extent 1n
the latter C reen® al o found that the surface fibers m an ischemic
arey arc stretched to o groater extent before mceeption of the smaller
Deats than previous to the onsct of the larger ones He interpreted this
as proving, that alternation following coronany 1w uflierency 1s due to
penodie deletion of contractife umts andd not to alternate responses to
changes momtial length Turther upport for the locahzed ource of
Aternating Foats 1 my ocardial sschema was recently offered by the
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observations of Hellerstem and Iiebow * They rported that the S T
segment and T wave more rarely the QRS complex alter m ept
cardial leads from regions overlymny, the molied area

The<e discussions of altcrnation following coronary m-ufficiency
offer a natural transition to our next topic

Coronary Qcclusion—>Myocardial Ischera

The mmedrate dynamue effects following experimental coronary
ocelusion were first analy zed by Onas™ and haye recently been con
firmed by Kupfer ¥ Representatine immediate effects are shown m
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F1c 35 —Aortse {(upper) and left ventricular (lower) pressure curves show
wng the immediate and delayed effects follan ing acclusion of the ramus descen
densantenor 4 contro] B one minute after coronary occlusion € compensa
tion four minutes after occlusion X econtrol from another experiment 1 eflect

two munutes after coronary occluston Z decompensation 15 minutes after
occlusion Discussion 1 text

scgment B figure 35 1 and B Within a minute after interruption of
coronary flow aortic pressures and pulse pressure are reduced and
the form of the nortic pressure pulee 19 altered two phenomena that
defimtely mdicate immediate reduction 1n systohie discharge The left
yentnular pressure curs es furiush the explanation for such ventricu

lar mpairment  The 1cometne pressure rise 18 slower but smee the
emilunar valves open at a lower pre ure this phase may not be



TENTRICULAR CONTRACTION UNDER ABVORJAL CONDITIONS 83

prolonged The pertod of sy stolic ejection 1s abbreviated considerably
and the pressure summit 1s loner and more rounded Orras % applymng
basic mformation gumed from previous studies ¢ inferred that these
mmediate changes are raused by a deletion or mmparment of con
tractions m the block of myocardium within the terntory of the oc
cluded vesel In 1930 Tennant and Wiggers® demonstrated objec
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I n
Fro % ~Tao record of myograms from the antenos susface of the feft
ventricle {upper curve) with gortic pressure pul es and an elecirocardiogram
(Jead ¥I) T 8 normal control fI records obtaire } iwo minutes after oceluding
the ramus descendens aate 1or Note that m T shortening of the areasinht
cated by an upnard deviation of tte eurve winle i JI marked expansion 1s.
d by a donnward t betwe B the 11 0 virtieal hine

tively by rayographie tracings that this mterpretation 1y correct s
shown mn figure 3bJJ approumately within & minute after coronary
ocelusion the 1schemue area no longer shortens but expands brusque s
during wometrte contractian and either remains so dunng the re
mamder of systole or undergoes a shight hortemng Cinen suth a
tunt through cxpenimental ob ersations a muimber of investigr
tor ™ hne ub equently hown iy mem of fhroroseopn roentgeno~
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graphic and clectrohvimographic tochmcs that the mfarcted area m
human cases expands in a similar fashion Such defectrve contraction
i the potentially mfarcted are reduces the total myocardial force
for raisng intrayentricudar pressure In wddition some of the pre sure
created by still viable portions of the myorardium 15 pent m stretch
g the schemre area and 1s thus unay ulable for expething blood mto
the aorta

1s shown 1n segment € of figure 35 tahen four minutes after coro
nary occlusion the heart has compensatory mechansms by means of
which dynamic conditions cn be quickly restored to normal pro
vided the remarmng myvocirdium 1s n good condition VWhile ths
interpret ition accords with the general clmieal opmion the ¢xpen
ments just quoted are tomy knowuledge the only ones on record which
really demon trated that compensation occur  not through mpiove
ment of collateral arculatron m the affcc ted area * but through en
hanced action of the unmyolved myocardium  Laperiments such as
these 1lso eluaidate the mechamesms by which the rest of the mu cle
respondy promptly and compensates through mcia e m dvestohe
stze and elevation of snitial tension * Briefly  the following <hamn of
evenis takes place Durmg hy podynamic beats such as are exlubred
m segment 72 the ventriele expel I¢ s blood the aecumul tting s
talie rematnders added to oncoming blood projressvely indica ¢ the
presystolic volume and pressure m the Jeft ventricde and stretch the
viable muscle this muscle m accordance with the law of imtial ten
ston and length contracts more vigorou 1y therehs restoring eardie
output and arterial pressures to normil Such compen<aton is illus
trated mn scgment

If on the contrary the viable yentrcular musde 13 not 10 pood
¢ poasive condition pro.res e diterror stion upersenes Sepmaont
1} and 7 of fiaure 3o taken fiom nother espument Hlustrate
this type of response The ventriculat pres ure summut lowers ste wlily
systole 19 shortened and artenal pul ¢ pres ures fall prosres s ohy
desprte the fact that mtial tension 1y es steadily  As far as my cxpert
mental evidence goes the arculatory farure which fotlons s untirdy
due to myocardial decompensation  there has never been evidence m
our studics s huch wdieates that peripher I factors are involved in the
curculatory fatlure # # Crrculatory ymbalance mus howeser super
vene through the development of cardiac mregularitic - For mvshlnrn,
repeated promature contractions or atn 11 fibritation & place b aod
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from the arteral to the venous wde and to the pulmonary vesels
with the result that a sigmfirant Iy potension may develop which
15 often confused with a true state of hock

The Importance of Cardwac ¥ altes

Yandell Hendersan® pomted out that the LV and semilunu
valves ewse the ventrdes to contract and relax v a manner milar
to thit of a <heletal muscle attached to an mstrument devised by

Eic 3 - Diagram iflu trating tie yrineiple T ch s work adder D serp
tion i text (After ¥ Ilenlers)n  courte 3 Am J Ihysol)

Fich and known as 2 worh adder s iffustrated in figure 37 the upper
end of & muscle 15 attached to a suff prng which can be arranged to
record the muscular tension before and duning eontraction The lower
end of the musele 19 attached to a movable lever on which a <mall
wei ht 1s hung Thos weight which coreespond to the mpat load of
the ventricles lengthens the musdle lightly and creates a small ten

st previous to contriction (mitial length and tenoson) A ratchet
AV upon the toothed wheel of the work adder comparable to the A}

vales prevents the lever from moung until sufficent ten son hiag
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heen developed to avercome the force of a larger werght attached to
the toothed wheel This wetght which correspondy to the output load
of the ventricle 15 supported duning the phases of 1ometnc contrac
tron and rdaxation by a second ratehet SL which corresponds to the
semulunar valves Such an arrangement causes the muscle to contract
m an gfter loaded manner

If we release the ratchet SL the larpe loid acts upon the mu cle
before contraction starts and a loaded type of contraction re ults
4 smmilar wtuation miht be expected when the aortw valves are
grossh mmcompetent If we releise the ritchet AV no conneetion
ensts with the large vheel to which the heavier weight 1s attached
hence contraction of the muscle would merels rawse and lower the
small weight and never mos e the Iarge one A similar sttuation might
be postufated durmg gross mitri} mcompetency nimely that blood
would merely be moted back and forth between the left atrium and
ventricle without any discharge mto the sorta Obviously nerther
of these postulated effects actually takes place in the heart which
can still propel blood after deletion of all valves The phy 1cal and
phystologic reactions which make this possible necd to be considered

Aortie Regurgitation

The dynamuces of this valvular lesson which has mtercsted me siee
1915 nvolves three problems (1) the mechamsms by which systohe
discharge 1s essentially restored to normat (2) the time of regurgta
tion duning diastole and (3) the factors whuch determme the regurg:
tated volume (Tor trbliography see references 24 46 47 )

The 1mmedaate effect of an aortic Jeak 15 2 reduction n the net
stroke volume a smalier aortic pulsc pressure and an murease m the
din tole ventrreular volume When the myocardnun s m good con
dition 1t responds at once to the greater mitial length and tenston
with 2 more vigorous contraction s a result the tidal volume ex
pelled from the ventricle mcreases considerably The lo s of pres ure
which orcurs durng diastole results n a very Jow end disstolie pres
sure m the aorta Since s stolie pressure 1s ceneraily elevated through
the augmented sy stolte discharge the avrtie pul ¢ pressure s extremely
large The e changes are Allustrated i figures 38 and 39

Vggers and Maltby* di covered that the 1eaction patterns of the
Jeft ventricle depend to a considerable ¢xtent on the size of the aper
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ture The effects produced by <mall icaks are shown mn figure 38
The mitial tension 15 1ncreased at A and the wometre contraction
phase (A-C) 1s shorter because expulvon of blood starts at a lower
aortie pressure (C) The increased durations of ejection (C-F) and
of total sy stole (A—F) are reactions to the higher inttial tension The
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Fic 33 —Upper records normal nortic and left ventsicular pressure pulses
Lower recor Is same after production of a comparatively small aortic valvular

leak A C isometnc contraction C-F ejection phased F I relaxationtotasic

Presaure levels

summut of the pressure curve ts renched carlier beewse the ventncle
empties 1tself more completely dunng the early portion of ejection
when aortic pres ure 19 still ubnormal Summanzing the pittern
of ventricular contraction as exhibited by the form of left ventricutar
pressure curves 18 a re ultant of (1) the lowered aortic re stance dur
ng the early part of contraction and (2) the compen atory effect
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produced by a greater presystolie stretch and elevation of mutial
tenston

When the aortic leaflets are spread wide apart so as to low man
mum reflux durng, diastole the pattern of ventricular contiaction
1s further changed because the full aortic load plays on the left ven

VAN WA MW,

Fro 39 —Upper records normal zortic and left ventricular pressure pul e
Lower records same after production of a maximum aortsc valvalar wmsuli
ciency Lettering as in figure 3%

tricle and 1t contracts 1n a Joaded manner Such contractions tend to
be of shorter duration than some tric ty pes of contraction The effccts
on left ventricular pressure curves are llustrited m fiure 39 The
evation of mittal tension 15 unquestionably re potsible for the e

velopment of 4 hiher systolic pre sure and the cjection of );rur
tidal 1 olumes mto the aorta [he latter can be mferred dirc ctly from
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the large aortic pule pressure whieh starts from o lower dustotic
pressure However, m the majonity of cases the expected lengthening
of total systole 18 neutrahzed by the Joaded manner of contraction

It might be expected that an 1vometric contraction period could not
el m a loaded contraction Actually records that are reproduced
m figure 39 indicate that a bref n e of ventnicular pressure {\-C)
still occurs before aortic pressure starts to nse This delay 15 ex
Plained by the facts that the current of blood n the v entricle must be
reversed and that aortic dastohe pressure shghtly exceeds that in the
ventreles

The records of figures 38 and 39 show clearly that the time of dia
stolic regurgitation depends on the size of the aortic orifice With
openings of small and moderate size (fig 38) the gradient and dura
tion of 1sometne relavation remams unaltered the chief declme of
aortic pressure occurnng after completion of 1sometrie relaxation at
T Hence the mference that sigmificant regurgitation does not take
place until relaxation has progres ed to a pressure level at wheh the
mitral valves open In this way a dynamic situstion 1s created n
which flow from the left atrum competes for ventricular space with
that through a leaking aortic valve (See also fig 10 Chapter I')

On the contrary when the emilunar valies are widely eparated
aortic pressure falls abruptly to a low level duning the time the left
ventricdle relaxes (fig 89 F-I) and consequently declines compara
tively little during the remamder of diastole The mference follous
loglcull) that 1n very large leaks regurgitation takes place immed
ately during the decrease of ventricular tenston It may be added
parenthetieally that thrs period corresponds to sometric relaxation
1 the normal heart but cannot be de ignated as such since the ven
tricle contracts as a loaded not as an afterloaded muscle The slow
elevation of tension after I i figure 39 1s attnbutable to ventneular
fillimg from the left atrum

The mfluence thit the 1ze of the lenkg aortic onfice has on the
regurgttant volume has been studied from physical and engineering
standpoints on models as well as on dead hearts (For ibliography
~ce references 24 40 47) [iperimental work convinces us however
that the magmtude of regurmtation dependsasmuch on the weces ne
pressure differences as on the stze of the leaking orifice \s a matter
of faet for purels ply 1cal rea ons the total pres ure difference di
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minshes as the size of the leaking orihice tcreases The hvdratlic
prnerples can be gleaned from the iflustration i figure 40 n which
aortic pre sure curyes simulating those obtamed after large and small
leaks are superimpo cd on a common ventricular pressure curve The
successivediastohie gradientsinthecwseof smallerleaks arerepresented
by the area Cy and those m the case of larger leaks by the aren
Cx + Cy
In former years I defended the view previously suggested by Stew

art that the percentage of the tidal volume which regurgitates re
mains relatsvel) small esen when valves are grosely deficsent Sub e
quent observations 1 our onwn'® 9 and other® laboratories demon

Fro 40 —Diagram ! owing that the diastolc pressure differential between
aorta and left ventricle 13 less in the case of small sized 2ortic onfices (Cy)
than 1n farge ones (Cx + Cv)

.lllllll

strated honwever that rezurgitatron volume may mercise up to G0
per cent of the tidal yolume with Jarge aortic opemngs

Mitral Insuflictency

It 1s generally conceded on the basts of ammal experiments that
the reduction m svstolic drscharge which results from refiux of blood
mto the left atntm 1 h ated by bilization of a
larger tdal volume In 1922 Wiggers and Fedl elicidated the com
pensatory mechanisms concemed through registration of pressure
pulees from the left atrum and ventricle Our stuties ndicated that
the sudden creation of 4 mutral leak 13 succeeded by the followmg
trun of events By vsrtue of the systolie backflow through meompe
teat saltes the volume of bood dicharged mto the aorta dunng each
systole 3s reduced As dlustrated w figurc 41 maximal yentnculr
ten son 18 lowered immediately, but it mereases gradually as il
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pressure rises At the same time the pres ure m the left atoum
reases and the cures show a marhed s stolic eles ation with murmur
yibmations supenmposed Under the greater head of prescure at F
the Teft yentrcle fills more completels and the effects of augmented
mitial tenston and presystolic volume come into play Maumal intra
tentricular pressure merea<es steadily and the duration of 3 tole 1
slightly prolonged

F1G 41 —Pressure curves 1n left atnum (upper) and left ventncle (lower)
Hlustrating immediate and stabilizel effect of rendening the mutral valves
suddenlv insufficient A B atnal systole B-C, 1sometnic ventncular contrac
tion CD ejection phase E F rom tne relaxation Time 0 second Note
Buperposition of evstolic murmur vibrations on atnal curve Description in
text (After Wiggers and Feil  courtesy of shaw and “oas London)

The records of figure 41 show other interesting details Compan ons
of phase presure changes 1 the left atnum and ventnele demon
strate that even when a static equilibnium has been reached left
atrial pres ure r1es only to a mimmal extent during 1 ometnie con
traction indicating that no sigmfieant regurpitation takes place dur
1ng this phase The main elevation of left atnal pres ure and the real

100 orcur 1 1y with di charge of blood into the
aorta Furthermore regurgitation docs not terminate prea ey with
systole for atral pressure continues to nwe at a reduced rate dunng
the period of 1sometne relaxation These t mes of regurgitation ar
corroborated by registration of volumc changes of the lelt atnum Ty
special forms of cardiometers Such records are hown m figure 42
When regunntation exists the left atnal volume decrcn e dunng
atnal systole (A-B) mereases very little dunng 1 cmetne ventnenlar
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cantraction (B-C) augments rapidly and con iderably durmg the
penod of systolie ejection (C-D), and continues to nerease for 008
second during 1sometric relnation of the ventnele (D-E) Dunng
the sueceedng rapid inflow phase (F-T) the volume of the left atrum
decreases raprdly as it emptics mto the left ventricle

Phy steal factors alone account for such a time coursc of regurgita
tron Since the 1sometric contraction phase 1s very short (0 04 to 000
«econd) and the pressure mereases roughly from 4 to 70 mm Hg the
1nertia of blood within the sentricle cannot be quichly ot ercome and
the blood 15 not set in backward motion until the aortic vahes have
opened Thus any considerable reflux is dy namteally impossible even
nhen opemings of con iderable size cvist Un the contrary systohic
egection lasts from 0 15 to 0 20 econd and the intrayentricular pres
sure, ranges from 70 to 160 mm Hg The contmuance of such pressures
over a longer time interyal determmes the considerable bachfiow dur
ing svstolte ejection Finally since ventricular pres ure still cxceeds
mtr atrial duning sometrie relaxation equal to 9 08 to 009 <econd
regurgitation continues despite the fact that diastole 1s actually
progress

That the e types of repurgtintion do not imolye mechamems pe
cultir to the heart but are determuned by physical faclors ean be
demonstrated successfully by simple apparatus dlustrated m figure
43 The device consists of a chamber (1) to whith an optiea) manom
eter (M) recording the pres ure wathin 1t 3s attached The pressure s
mereased by rapid compression of 1 large bufb (B) Thnd 15 thus dis
placed erther through a valveless tube mto a bottle (C) agunst a
furd column varving from 60 to 100 mm H.0 or by a lareer tube
through a valie mnto a sccond receptacle (F) contuming a mercury
column equal to 60 or 80 mm Hg Tmme rclations of regirgstation ta
pressure development, 15 well as the volume actually segurpitated
snto the bottle (0) under different pressure condittons may he op
tically recorded Iy connecting the bottle (C) to a tambour (D) at
tached to an optical capsule (F)

Figure 44 shows a record i which the pre sure varations m the

stem smulate those m the hewrt  4s pressure mws rapudly to
pomt corresponding approvimately to the ssometre phase (1-B)

ed by the darher cunve s exccellingly hght

the regurgitation ndicat o

During the subsequent 11 ¢ and falt of pressure (B-C) corre pon
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Tie 49 —%Yolume change of the Jeft atrium relate ! to a ¥ ft ventneular
BC s ure eurve Upj r volume eurves dumnk n rmal artion «f A-4 valves
Lower volume curves adju te | to sume ventriealar pressure curve but taken
after production of mitral ineufercney A B deereas 11 atnal volum lunng
atrialsyatsl B-C shght sneres n volune during i metnc contraction 1n
bath curves C I3 m re marhed 1nere ¢ in valume (urng svstoh  ejeetron
mlower curve D1 continurd volume inerca o dutin, 1ometne relaxati n
1 Dwer cutve 1 T more marke ] re luction 1 atrial volume dunng raji
nflow phase 1n Dwer curve (AMter Wigg 8 and Teil # courte 3 Ghaw ar ¥
Sons 1ondon )
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T1c 43 ~Physical model to demonstrate regurgitation and forward move
ment or a iqud Deseription in text (After Wiggers and Ferl * courtesy Shaw

and Sons London }
I /"\

fomriagy oy
LAY

it
ANV AN

Fre 44 —Records of pressure {highter curve) and periods of regurpitstion
obtamed when bulb of aprarttus shown in figure 43 13 compressc 1 lo simulate
yentncular pr sure elang 3 A B isometne ni e of pressure B € p rodof
oatput 1nto mescury chamber C D relaxation of bull Descriy tron n text
(After Wiggers and Feil * courte 3 of Shaw and “ors London }



VFNTRICULAR CONTRACTION UNDLR AB\ORMAL CONDITIONs 9

roughly to the ejection phase u larger 1 olume 15 regurgitited A< n
the heart this backflow does not cease when compression 13 stopped
at C but contmues until D Tt can al o be demonstrated that such 2
physteal phenomenon 13 conditioned upon a raptd compression of the
bulb If the bulb 1 squeezed very lowly and the pressure elevated
very gradually bachflow starts at once and regurgitation becomes
large duning the 15ometric period which 1s thereby al o prolonged
The bulb may indeed be compre sed so stowly that 1ts entire contento
are emptied 1nto the bottle The mference 15 clear the volume of re
gur,itation 1s conditioned not only by the size of the leah and the
mean pressure 1 the ventricle but also by the veloaity of tension
development, during wometric contraction Guven the same orifice
mort blood regur, states when ventricular contractions become hyvpo
dynarme

Heremn he- the real compensatory mmportance of good muscular
action during mutral msufficiency  Frulure of the myocardium to
Tespond adequately to the merease 1n mthal ten 1on results in a senes
of events which end in decompen atton The seriousnes of the valvu
lar lesion consists 1n the fact that the patient or animal with meom
petent mutral vali es has lost a factor of safety by which shght carciac
depression can be readity with tood \Ditral weufficiency 1 dangerous
pumarnlsy not by virtue of the arculatory changes mnduced throngh
valvulir defictency but on account of the constant hability to de
¢ompensation from tny «au e which weakens s entricular contraction
Tinylly attention may be duceted 1o the fact that since the rate of
Pressure increase 1s surh an mmportant determmant of the volume re
Burmtated caloulatson of the 1ze of leahng onfices from laws ba ed
on static equations do not necessanly apph to the beatin, heart
Mutral Stenosts

Tt has been recognized for centures on a prior: reasontngs (Vieus ens
1715) that narrowmg of the mitral onfice troduces 1 resistance to
the flow of blood from the left atnum into the ventnicle thereby
tmpairn,, 1ts filing and 1 stohe output This Was confirmed by care
ful studie on artificial models and by early expenimental work It
was generally agreed that marhed degrees of mitral nirroning cause
a reduction m strohe votume % declne of artenil presure and a

decroa ed s enous return to the right heart The con 1 lent 1 ¢ of left
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atnal pressure causes pulmon 1ty congestion and accordmg to most
observers an increa ¢ 1 pulmonary artenal pre <ure The con ensus
has been thit nght atnal and svstolic nght ventrcular pressures fall
(For revitws «ec refercnce 24 )

In 1931 KAtz and Stegel® properly called attentron to the difficulty
of producing this leston expcriment ally without introducng sccondary
changes m the arculition Using the purse string suture methed
however they consistently found an immediite rechiction 1n sy stoli
left ventrieular and aortic pressures with o reductton m aortic ptlse
pressure and a pronounced elevation of lefe atral pressure The am
p ttude of the atral contraction wave ncreased markedly The effeets
on pulmonary artenal and right veatricular pressures agun proved
variable probably depending on the condition of the cireulation ut the
time of obscrvation In some experiments systolic prossure rose 1
the right ventricle and pulmonary artery pulse pressure mqreasing
1n other experiments however 1t decrea ed and with 1t the systo i
and pul e pressures m the pulmonary artery fell

In restudymg the mterrdlations of night and lft atrnl pressure
Brecher and Opdyke® found that night atnal pressure shows a shght
mean elevation chiefly due to an merense m the atrial contraction
wate for the pressure at the trme the trncuspid valie opens was
shightly reduced It 1s improbable therefore that results indicating a
decreased force of nght ventricular contraction represent standard
dvnamic consequenc es of mitral stenosis Current studies by Anheney
reveal thit pulmonary capullary pressure also nises but the pulmonary
vascular resistance prevents the transmission of phasie pressure
change as dammed by <ome my estigators

The dvnamc effects of extreme mitral stenosis are of course de
tesmined by the aze of the mtral onfice for it 13 obvrous that suff
cient pres ure cannot be developed tn the left atrium to overcome the
wreat resistance to flow through a very smalt shi or ba,gng funncl
When the stenosis 1s not too extreme howcier the dyname con e
quences are governed as much by the effectnene s of compen alort
mechanisms as by the size of the nutral ontfice hatz and Stegel®
|ist three important mech inrsms by which avan able improyvanont
\entrreular mflus can be brought about (1) the elevation of Jeft
qtrial pres ure dunng, the earh drstofic period of sentricalae ﬁumf

(2) the coun tent abbreviatien of ventricular sy stole and corre pond
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tng extension of the diastehe fillng period (3) the augmentation of
feft atral contraction as g result of its greater dirstohie stretch and
the conseqquent dey elopment of 4 high atrial pressure 3 further sug,
gested meeham m has not stood the test of time When these com
Pensatory mechamesms are abrogated as during tachycardia or atral
fibrlfatron cireulatory decompensation ecan deselop suddenly

In view of the relation of compensatory mechant ms to the size of
the mtral onifiee a number of tttempts have been made to determme
the mavimum degree of stenosis congt tent with approximately nor
mal cardiae output during rest and exercise Hsdrody namic studies
by Allan® on artsfieral valves i a physical svstem Jed to the condlu
s1on that a reduction of urface arex by 75 per cent can take place
withont marked tncrea e m resistance “umple tects by the witer®
on exeised hearts of recently hlled dogs eemed to conhrm the e
fndings for the yalvular onhee could be occluded by <ounds equal to
b1 per cent of the onfice without impeding flow from the left atmm
under a pressure of only 14 um H,0 The problem has recently been
attacked 1in a morc thorough manner by Corlin and Gorlin ® They
deeloped a formula which permuts caleulation of the wze of the m
tral omfice by means of mformation now obtainable fiom patients viz

Dtral mitral valve flow
Hratarea. = 314/pulmonary capillary pressure minus 5 mm Hg

Patients with mtral orifices of 25 sq em compensated well Those
with onfites of 13 to 16 ¢ em espesienced hmitation of actiaty
Subject With valve arcas of 06 to Y 15y am had very himted ae
tinity and tho ¢ n which reduction to 0 4 t0 09 q em evisted were
confined to bed or char

In tonclu 10n 1t 15 apparent that expcnmental work has not as yet
sate factanby establi hed the dynamie reactions of the right ventncl
o varous grades of mitral steno 1s The common obsersation that
Imitial tension and sy stolic pre ure are reduced n the nght ventnele
1sdifheutt to quare with the frequent development of nght s entncular
hypertrophy  However 1t hould be remembered that chinieal forma
of wovcre mutrat steno s al o lead to alterations 1 the pulmonany
vascular svstem the uperimposed effects of which have not as yet
been reproduced expenmentally For these r rwons the chineal study

L~
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of the dynamics of mutral stenosts contmnues to remam a fruitiul
field for further exploratton

Summary
Selected tvpes of experiments carried out 1n our laboratory during
the past 33 vears 1elevant to the mterpretation of chnical disorders
are reviewed Erom an analysms of ventneular pressure pulses mfer
ences were drawn as to basic determnants of eardiac performance
i expertmental conditions smulating those which anse chinically
The apalys1s mcluded alterations o sentricular contraction patterns
produced by pencardial effusion hypervolemia  oligemua artertal
hy pertension of perapheral ongin and that due to coarctation of the
aorta aortie and pulmonary stenosis 1dios entricular rhythms ven
trrcular alternation coronary oceluston and m)ocardial 1schemit
aortic regurgrtation and rmtral insufficrency
1 The following principles were emphasized for guidince 1n nter
preting ventricular pressure turves Investigators who attempt to
analyze the mechanisms of cardrae adaptation from ventricular pres
sure pulses should first satisfy themselves that the recorded curves
accurately depict the pressure changes 1¢  that they are not de
formed by artefacts or that when present these can be di counted
They must be able to translate changing pressure values gradhients
and mflections presented by ventnicular pressure curves mnto menta
pictures of dvnamic processes Ihe integration of pressure pulses from
the left atrta ventricle and aorta with myographie and acoustic
phenomena volume chan.es m the ventricles and electrical pheno
mena once considered as academie exerase, has become an meseap
able requirement 1n the curtent era of hemodynamie Imyestiaations
2 As Starltng has pomted out the responses of the myocardu®
under many normal and pathologie condittons are determned lv;l
changes 1 the presy stolic size of a ventricle thatis the Jnsteal lengt
of its fibers Per onal expertence has confirmed Frank s carlter potu
late that under ordinary conditions changes 1n mtsal lengthare ¢
dueed by alterations m ventrcular pressure at the on ot of cont
tractions, that 15 the imtial ten<ion
3 The law of 1mtial length and tenwon <o formulated
eustence of controlled conditions Con equently their
effect on force magnitude and duration of contraction €an

gasumes the
determna 1
besatd
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factontly studied only when the following conditions obtun (a) the
eyele length must remam constant (b) the ba 1c condition of the
myorardium must remam the same otherw: e 1ts re ponse vanes at
rdentienl mtial tension and length and (¢) conditions which change
the mode of ventricular contraction 1n mechanieal nays must not be
operatine
4 Under such controlled conditions changes in the foree amph
tude and duration of ventricular pressure curves accompanied by an
elevation of imtidl ten 1on can be referred to the benefiesal effects of
tretch Such a dominant control of the contraction patterns 1s 1k
lustrated by re ponses to inereased and decrea_ed venous return dur
mg respective states of hypervolemia and ohgemia
o When the reactivaty of the myocardium 15 enhanced or depressed
through focal metabolites fatigue humoral agents ner ous actions
or madequate coronary flow the ventrieular re pon es alter without
changes 1 mital tension or more commonly with changes 1n an op
po 1te direcion Thus folloning the u e of cardiac depre~sant drugs
or prolonged hvpotension such as occurs in hock the force magnt
tude and duration of ventricular contractions decrea e through pn
man myocardial depression and this leads to elevation of imtial
fength and tension
6 Under speeal conditions imtial ten 1on and length may deviate
n opposite directions 1n which case the reactions are determined by
<hanges 1n 1itial length This happens dunng large perneirdial effu
1ong for the elevated pencardial pre ure 1s transferred to the ven
tricular cavity at the same time that diastohe fillng 1s hindered
The ventricles develop less pressure and their contraction « abridged
de pite an elevation of mitial tenmon \ imilar dissociation of mitial
tension and length fupersenes when a premature entricular <y stole
starts befor¢ the preceding beat has relaxed completely Mechanical
impairment of filing al o operates to divsociate imtal tenwon and
pre~ure m ventuicular tachycardia and alternation but it 13 not
basieally important m determmming the contraction pattern
7 The stower and smaller contractions i played by beats of ven
trieylar ongm are produced by a slower entry of fractionate contrac
tions combuned with failure to fix the septum pnmanly Simularly
the apparent depression of myocardial contraction exhibited by the
«mallcr beat of an altern ins couple 15 caused by deletion of ome frac
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tionate contrictions There s 1o e rdence that the mherent reac tiy ity
of muscle fractions partietpating m contraction 1s changed There 15
£00d evidence that they re pond to secondars changes in imtial ten
ston and length which may erther augment or counteract the effect
of aberrant myocardial contractions Depression of ventricular con
traction whach follows coronary occluson almost immedhately 15 hke
wise due to enfeeblement or absence of contraction m the mfarcted
area but complete compensation may result from response of viable
muscle to mncresses 1t mtial tension and length On the other hand
mjy ocardial depression may superyene and mtensfy the by podynami
response of the left ventricle lcading to arculatory fatlure

8 It must be obvious from data so far analy zed that the establish
ment of concordant or discordant changes m imtial tension (or atrral
pressures) and contraction patterns in uncontrolled or abnarmal con
ditions cannot be eited to validate or invahdite the operation of the
law of instial tension and length

9 A careful study of left ventricular pres ure curves has revealed
that the law of mmtial tension and length determines the ventrcular
responses under grossly abnormal conditions but the resulting con
traction patterns are modified more or less through operation of
other coefficients (a) In aortie by pertension due to inereased perph
eral resistance the force of contraction 1s enhanced and 1ts duratron
tends to be curtailed through action of a greater output load (b) In
aortic coarctation the ventncular cffects of merea od re 1 tance and
rice of imtial tension are decidedly modified In the fact that the left
ventneular contents must be displaced into a smaller and less drs
ten thle compre-sion chamber (e) In rortic steno 1s the effects of
wnereased mibial length and angmented re »stance on santricular con
traction are modified by the shift from an afterlonded to a more nearly
scometrie type of contractton {d) In severe aortic msutheiency the
inereased mitial length and tension are responsible for the compen<a
tory increase mn force of contraction but their effects on the ventrin
Jar contraction pattern are modified through a <hift from an after
loaded to a loaded type of contraction (e) Existence of mcompetent
matral valve modifies the ventncular re ponse through changes m
\nttial tenon bt the ventricular contraction patiemn 1s modifiedd
beeause a part of the tidal volume regurgitates 1nto the left atnum



VENTRICULAR CONTRACTION UNDFR ABNORMAL CONDTRIONS 101

() While the dy namic effects of mitral stenosis are dominantly deter
mined by the size of the mutral orfice 1 the case of very severe
lesions they are largely a result of the effectivencss or meffectisencss
of compensatory Teactions when lesions are not extreme

REFERENCES

PWicGERS C J  Pressure Pulses in the Cardiovaseular System New York
and London Longmans Green 1973

*~— Physwology of Shock New York The Commonnealth Fynd 1940
(Cambridge \iass Harvard Umiversity Press)

!~— Studies on the consecutive phases of the eardiac eycle 1 The duration
of the consecutive phases of the cardiac e1cle and the critena for their
precise determination Am J Physio) 56 115 199)

~— The electrocardiogram 1ts relation to tardiody namic events Arch
Int Med 0 93 1917
“— The independence of electrical and mechanical reactions in the mam
mahan heart Am Heart J 1 173 19°5
~— Interpretation of the ntraventricular pressure curve on the basis of

rapidly summated fractionate contractions Am J Physol 80 12 1977

¥~— The muscular reactions of the mammahan ventricles to artif eral sur
face stimul Am J Physal § 316 19%
ExMANT R anp WiccErs € J  The effect of coronary occlusion on myo
cardial contraction Am J Physiol £/ 3al 193>

*Wigcers C J Studies on the card odynamic acti ns of drugs 1 The ap
pheations of optical metlods of [ressure registration in the study of
cardiac stimulants and depres ants J Pharmacol % Exper Therap 30
217 10,7

! YTarrerson & W Iiper H awp Smaruing b IT The regulation of tie
heart beat J 1hysiol 48 465 1914

Cavno W B aspCarrrur Mch I xperimental traumatie shock erstical
! vel uafalinghl od pressure Arch Surg § 300 19>

Iitno Yas Mechanical effect of flur11n the pericar ium on the function
theteart J Uhysol 81 >1 191

Wieson J 1 asp Mrek W J Ifleet of t1e pericandium on car [ ac din
tent 1 as deternune 1 by the xrav Am J 113 10l & 31 197

Trsestne M 11 Tunctional capac ty of the normal pericardium 4m Heart
T 11 ™48 1038

*WieerRs € J  The dominant control of msmmalian ventricular Jynam cs
11 utiallength Rev S ¢ argent de B ol Supyl 10 516 194

% and hatz L N\ Tle contour of the ver tricular volume curves under
ifferent con htions Am J Plysiol §8 439 19>

Crici D1 aspWicerrs € J  The eirculatory effects of acute expers
m ntalLapervolemia Am J Plysol 10§ 471 1933



02 CIRCULATORY DYNAMICS

7 Feratson T B Suaste O anp GeeGe D B Effect of blood afuson
on left ventricular pressure and stroke volume m the closed cheat dog
Federation Proc 11 46 19,2

#0rpyRE D F anp Wiceers C J  Studies of pight and left ventricular
activity during hemorshagic hy potenston and shock Am J Phuvaol 247
270 1946

#WioGERs C J Studies on the consecutsve cases of the cardiac cvele 1T
The laws g ung the relatnve d of v lar systole and d
astole Am J Physio! 66 439 1971

®Rarz L N anpWiceers C J Thenfluence of high systemrc bloo { pres
sures on the right ventricle and pulmonary erremt Am J Phyar)) 8§
01 197

#Gopra T C anp Wiceers ( J  Basic hemodynamic changes produced
by aerlic cosrctation of different degrees Ciretlatron 3 17 195t

# WiacERS C J  The influence of vascular factors on mesn pressure pulic
pressure and phasic peripheral flow im J DPhysrol 129 644 13

#5—— Physiology in Health and Disease ed 5 Phaladelphia Lea  Febger
1019

*—— Dic pathologische I hy stalogie des Breislaafs ber hlappenerkrankungen
des Herzens Lrgebn d Physiol 25 250 1999

#pp Heer J L Die Dynamik des Saugetrerherzens im Rrerslauf 1o der Norm
ber Aortenstenose und nach Strophanthin Arch f d ges Physiol 148
11912

#harz L N Ratut T'F avo Cover § N The cardio Iynsmic changes in
the aorty and l.ft ventricle due to steno 19 of the agrta J Chn JTovestiga
tion & 91 1928

# Frserere M H avp Wicarrs € J Compensation and failure of the right
ventricle Am Meart J 11 %25 193%

#Wescree cu b F Dv Unregelmassigo Herztitighest und ibre Mimsche

Bedeutung Berln Englemann 1914
#\1ecErs C J The dynamics of ventrscular alternation Ann Chn Med

& 1027 1927

#hany R H  Zum Problem des Herzslternans Arch fd ges Phystol
181 6> 1920

agrraoe H Dynamuk der Herzalternans Deutsch grch f Alin Med 13

403 1917
3t WicoErs € J The cause of temporary ventncular alternation {illwiag

a long diastalc pause Proc Soc Fxper Biol & Med g4 356 19°7
3 —— The cause of temporary ventricular alternation following a keng dia
stolic pause Contributions to Viedical Szience dedicated to A 3 War

thin Ann Arbor George Wahr 1927 P 6o \

3 Grers I D The nature of ventriculsr alternation resulting from v¢ luce
407 19°

coranary blood flow Am J Physto} 11§ 6 S

1
s fletrrstees H R anp Ttrmow I M 1 ketrical alterna
wmental coronary Actery oecluuon Am J Yhysio) 160 366 ma



VENTRICULAR CONTRACTION UNDER ABNORMAL CONDITIONS 103

* Omias Oscar The dynamuc changes mn the ventncles folloning Ligation of
"I\the ramus de cendens anterior Am J Physio} 100 6% 1937
VPFER 8  Can evperimental shock be induced by coronary ocelusion?
, o Proc Soc Exper Brol &Med 7§ 131 1951
Guener R avp Crawrorn J H Roentgenhymographic studies of myo
" cardial infarction Am HeartJ 18 8 1939
StssMav M L Dick § anpMaster A M Tre roentgenkymogram 1n
dial I Theab n left.
Am Heart J 19 453 1940
®MastER A M Gueser R Dack § awnJdaess I L The diagnos s of
coronaty occlusion and myoeardial nfaretion by fluoroscopic examination
Am Heart J 00 475 1940
!Dack S Patey D H anpSussuay M L A comparison of electrokymog
raphy and roentgenkymography in the study of myocarcial infarction
Circulation 1 551 1950
Scaweper J B Samer P avp Meowick H Flectrokymographic studiey
of abnormal left ventricular pulsations Am Heart J 40 410 19,0
*WiGcERs C J The problem of functional coronary collaterals Exper Med
& Surg 8 40> 1950
M —l— he functional importance of coronary collaterals Circulation § €09
952
‘— Tb functional consequ nces of coronsrs occlusion Anp Int Med
23 158 1945
¢ IenpErsow 3 The volume curve of the ventnicles of the mammalian heart
and the significance of this curve in respect to the mechanies of the heart
beat and the filing of the ventricles Am J Physiol 76 375 1906
* Wioeers C J The magmitude of regurmitation wath aortic lesks of different
sizes J A M A 7 1359 1031
—— axpGreexn H D Expenimental sortic insuff esency I Regurgmitation
ane withm the
ventricle Proc Soc Exper Piol & Med 7 500 1930
7 —— Tartsen H avp Wintaws H A Further observations on expent
mental aortic nsuffcrency I1I Cinematographic studies of changes
ventricular size and sn left ventneutar discharge J Chin Investigation 9
25 1930
®— avpAacrer A B Further of servations on expenimental aortic 1n
3¢ factors the
changes 1n sortic and ventricular pressure pulses Am J Phisiol 97 6\
931

“hiys A Fruppee H L Cimtaso I H awp Mapmazo M F Tie
valvular eff ciency an mitral and aortic msufficiency 4m J Physiol 129
307 1950

— avp Fen 11
19

% Syraur 11 Die Dynamk dec Rlappenfel ler des 1 nken Herzens Deutsche

Arch f Lhin Med 2 150 1917

Cardiodynamtics of mtral insuff ciency  Heart 9 149



plizY CIRCULATORY DYNAMICS

“hatz LM anp SifeEL M T The cardiodyramic effects of scute mitral
stenosis Am Heart J 6 672 1931

#0royxr D F Asp Brecner G A Modifying effects of interatral septal
defect on the cardiody namses of mriral stenosis Am J Thisel 264 53
1%1

8 Asperey J 1 In preparation

#iruan G 1 A schema of the eirculation with expertments fo determine
the a lditional load on the apparatus pro luced by enn htians repee enting
valvular lesions Ieart 12 181 19%6

#Gorury R anp Gorun 8 G Hydraulie formula for ealeulstion of the
area of the stenotic mitral valve other eardiac valves and cen sal eveuls
tory shunts Am Heart J 41 1 1951



Subject Index

All-or none law 3, 47
Alternation of ventricular teats ™8
Aortic eoaretation 70
compression chimber &
regurgitation 86/
effect of on aystoli and dustolic
pressure 86
effect of on arterial pulses %0 86/
sienosis 1S
artenal pul s 1n °0
volume-elastieity coefficient 17 71
Artenal
lyper::smn of peripheral ontgin

pressure(s)
factors affecting 1/
human 10f
mean calculation of 2
pulse(s) 5 7
clinieal importance of 15/ &6/
femoral 8 71
radal 8 19 21
Arterioaclero 13 effect of
on systolic and liastohe pre sure
15 16 18 8
on arter al pul es %0 %0
Atnal contraction an! ventricul r
filling 37 44
Atmal 1+ ssures and augmente | ven
ous return 37f

Bloo11 reseure § e Artenal Duastole
and Systolic | ressures
Cardiae (sec af o Heurt nl ten
tricles)
cyele dynsme eve ta during off
performance leterminants of 3,
4 6f

valves umportance of 8o

Circulatory disorders basic hemo
dvnamte principles 1

Compression ¢t amber &

Controlled circulation prepiration
10 41

Coronary occlusion %f

Corngan rulse 2t

Damying of pressure pulse 8 9
Iierotic wave 8
Diastehe pressure 7 (see atso My
pertension)
factors affecting 14/
human me isurement of 10/
Distensibality of artertes 16 17
1n 1ypertension 16 %0 %%
Drugs a8 intnnsic cardiac factors 4¢
Dvnamies of hyp rtension 3/
Dynamies of ventrcular contraction
3

60/
un ler ai norml conditions 53/

Le¢ nomy of car liac effort index .3
in by pertens on 30
1 leetrocardiogram  and
car hac events 57f

dynamie

Femoral palse 8 71
Frank s studies of cirdiolynsmics
36 4

Neart
ompensatory m cl in sms of 3%
4 61

after ¢ ronary ocelu ion 82
n aortic € aretation 0

in aortic regurgitation SO
In aortic stenosis 1

100



106

Heart—Continued
compensatory mechanisms of —Con
finued
m hypertension 68
m mutral 1nsufficiency 90
1 mutral stenosis 96
1n pulmonary stenosis 73
decompensation of 33 44
fatigue of 38 40 62
lung preparation 48
muscle  condition of
dynamics of 33/ 47/
performance determination of 34f
rate and cardiac output 37 38 44f
rate and artersal pressures 14 1%
Hemodynamc(s) elementary 1f
of hypertension 74f
Tuman blood pressure 10f (see also
Arterial pres ure Hyp rten

40 47

SUBJFCT INDEY

appheabtlity of to mammalian
hearts 37f 60f
Tosewlle 3 25 %6
umiformity of behavior 36

itral msuffictency 90/
itral stenosis Quf
Myocardial 1schemia 87
Myocardium (see Heart and Ven
tricles)
Myograms of ventricle 57 60
after coronary oeclusion 83

Oligemin 67/

Pericardial effusion 63 64
Leripheral resistance 3
concepts of 24f
umts of 28

s1on} Poisewlle s law 3 25 o
in d 1on of 10f yih 65
Hypertension Pre anacrotic phenomenon 12
dypamies of 24f remature ventreular beats dy
of peripheral ongin 687 namcs of 75/
pressure pulse and pulse pressure [Dressure(s)
m 16 20 2% artemal (see  Arterial Systohe
Hypervoleria 65/ Diastolie and Pulse pres
sure)
I rhythms atnal 37/
of «5f curves (see Aortic Atmal Ven
Iscisura 8 tricular and I ressure Pulses)
Imtial length and tenston 36 37 43 pulse(s)
43 61 63 68 8. definition of 7
Instrumentation 1o study of heart 1n hypertension 20
disease 31 reconstructed tn man 19 2(

Tsometnie contraction and relaxation
of ventricles 42 56 72

Thorotkofl sounds mechanism of 12f

Law
all-or none 35 47
hesrt Starhings 3% 61
amendment of 47 48
imtial tension and length 36 30

ventrieular nterpretation of
53,
Presystolic volume and pressure See
Imtial length and tension
Pulmonary stenosis 73f
Pulse(s)
climeal significance of 181
fermoral 8 21
radial 8 19 21
pressure T



BUBJECT INDEX

fsctors affecting 18/
1 hypertension 28]
relotty §
yolume See Stroke volume
Pulsus alternans See \entrreular
slternstion

Radial pulec § 10 21
Resistance, See Total snd Perspheral
Tessstances

RIC ratio 19
Starhng g tas of heart 0 1
amendment of 4 18
Statiopary wave in  compressiol
chamber 10
Stenows
sattic 7Y
mitral 965
yulmonary 73f
Stroke volume (yee aizo Ventsieulsr
voluyme curves)
effect on systolic and Aisstobie
pressure 34 15
estomation of by pul  pressuse 23
venous return and 3 47
Summatron of waves an sstesisl
system 3 10
Syatolie discharge S & Strohe velume
Byslohie pres ure {see alo Hypo

factors affecting 1/
buman 10/

107

Tachycardta dynamies of 4o 46 2

Total penipheral reststance (F§ Ry ¥
units of 28

Traube Herng naves 20

Umsforuty  of tehavior baw ¥

% eloctty of pulse nave §
Yenous return xnd stroke volum
of 421
S entricular
afterastion i#
contraction
aft rloaded and loade 1 tyjev of
8o 86

cooffcrents affecting 4 €1
dynarmes of 34f
under ot rormal cond tron i
myogramy 8

pr ssure pulses mt rpretation 1
53]

\stole anl fastele phass f
3f 47

1nehycardia  Dynunies of 4 df
“a

v lume urves anatie 417
4 olame Jastie 1y coeffoent of sor
t1e cou 164 100 chemter 1
H

Waerdsnme 1









